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A. INTRODUCTION 

The earliest high-pressure studies were made by Amagat [l], but the impor- 
tant and fundamental studies on high pressure were conducted by Bridgman 
12-161 who has been called the father of high-pressure chemistry_ Bridgman 

* Work performed under the auspices of the Division of Basic Energy Sciences of the U.S. 
Department of Energy. Based on a series of lectures presented at the Universities of Florence 
and Rome, Italy, May 1978, as Visiting Professor of the Italian Consiglio Nationale della 
Ricerche and as NATO recipient of a 1978 Senior Scientist Fellowship Award. 
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was able to attain pressures to 10’ atm. His work still finds extensive use 
today, and his compressibility data as a function of pressure for common 
liquids was a classical achievement. 

There are several books and reviews [3,17--263 on high pressure, some of 
which cover the history of high pressure comprehensively. It is not intended 
in this review article to dwell on the history of high pressure to any large 
degree for fear of being redundant with already published material. 

The general effects of pressure on matter have been discussed by Sinn 1261. 
It is the aim of this review to discuss the effects of pressure to 150 kbar on 

the vibrational transitions occurring in solid materials such as inorganic com- 
pounds and coordination complexes. The magnitudes of these effects are 
measured by IR and Raman scattering methods. The review restricts itself 
chiefly with the versatile diamond anvil cell. Electronic transitions have been 
discussed by Drickamer and Frank [27]. 

(i) Units 0 f pressure 

A brief discussion on the units of pressure is necessary at this point. The 
international standard (SI) unit of pressure is the Pascal or Newton per 
square meter. The interrelationships between various units in use today and 
the SI units are given as follows 

1 bar = 10’ N me2 (or Pascal) = lo6 dyne cm-* = 0.9869 atm = 1.0197 kg cm-’ 

1 atm = 1.01325 X lo6 dyne cm-’ 

We will use kbar in this discussion, which corresponds to lo3 bar, and at 
extremely high pressures, Mbar, where 1 Mbar = lo3 kbar. 

To provide the newcomer with an idea of the magnitude of some of these 
pressure values, Table 1 has been compiled. 

TABLE 1 

Naturally occurring pressures [ 261 

Pressure 
(kbar) 

Site of occurrence 

1 Deepest part of ocean - Marianas trench 
10. Crust-mantle interface - Mohorovicic discontinuity 

1.37 x 103 Mantle-core interface - Wichert-Gutenburg discontinuity 
3.64 x lo3 Center of earth 
1 x 108 Center of sun 

10’0-lo’4 White dwarf star 
lo”-lo*l Neutron stars 
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B. INSTRUMENTATION FOR OPTICAL MEASUREMENTS AT HIGH PRESSURES 

t281 

The instrumentation necessary to make spectroscopic measurements at 
non ambient pressures includes an optical high pressure cell, a spectrophoto- 
meter, and the interface or optical link of the cell with the spectrophotometer. 
The optical link of the pressure cell to an IR spectrophotometer necessitates 
the use of a beam condenser, and to an interferometer a light-pipe or a beam 
condenser may be necessary. Very important considerations of this instrumen- 
tation are the windows used in the optical high pressure cell. The properties 
of the windows are of prime importance since they must be transparent to 
the electromagnetic radiation of interest and must be of sufficient strength to 
withstand high pressures. Ancillary equipment for some systems may include 
pressure-transmitting and pressure-measuring devices. 

(i) Optical high pressure cells 

The high pressure cells which can be used for optical purposes may be of 
three main types: (1) shock wave cell; (2) piston-cylinder cell; and (3) opposed 
anvil cell. Table 2 summarizes advantages and disadvantages of the three types 
of cells. 

(I) Shock wave cell 
The shock wave cell utilizes high explosives to obtain pressure and will give 

the highest pressures of any cell discussed in this paper [29]. However, the 
pressures are of short duration and may be destructive to the sample and opti- 
cal equipment; moreover making the optical link to a spectrophotometer is 
difficult. Since the effects of pressure are of short duration (lOes s) fast- 
scanning spectrophotometers are necessary_ Except in specialized cases where 
extreme pressures are necessary to demonstrate some phenomenon, the shock 
wave cell and technique are less practical than the piston-cylinder or the 
opposed anvil cell. Many of the physical measurements that are possible with 
the latter two cells on in situ samples are not possible with shock-waves. 

(2) Piston-cylinder cell 
The piston-cylinder type cell or variations thereof have made notable con- 

tributions and can be used in an extended region of the electromagnetic spec- 
trum from the UV region to the IR. The piston-cylinder cell has been used 
primarily for solids, although it has been adapted for use with liquids or solu- 
tions as well. 

The best known cell of this type is the supported taper Drickamer cell, 
which was developed by Drickamer and his students [30-331, and is a cross 
between an anvil and a piston-cylinder apparatus. Several variations of this 

cell have now been made. Tables 3 and 4 summarize details of the pressure 
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TABLE 2 

Types of optical high pressure cells 

Type of cell Pressure 
(kbar) 

Advantages Disadvantages 

Shock wave >> 1000 1. Highest obtainable 1. Pressure exerted over 

pressures short time 
2. May be destructive to 

optical equipment and 
sample 

3. High esplosivcs needed to 
obtain shock wave 

Piston and 
cylinder a 180 1. Largest specimen volume 

2. Gives more nearly 
hydrostatic pressures 

1. Insufficient optical clarity 

to permit microscopic ob- 
servation or photography 

of sample 
3. Can be used for liquids 2. Specimen may interact with 

or solutions salt matrix 
3. Difficult to use 

Opposed anvils 

(diamonds) 

1700 1. Only micro quantities 
of material necessary. 

2. Compact - can be used 

with spectrophoto- 
meters and microscope 
easily 

3. Can use for liquids or 
solutions 

4. No matrix interference 

1. Pressure gradient exists in 

cell 
2. Absorption of diamonds 

may be troublesome 

3. Cannot use large specimen 
of solids 

a Or modifications thereof. 

cells that are in use for optical studies of solids and liquids or solutions. 
The piston-cylinder cell is considered to give essentially hydrostatic pres- 

sures, an important consideration in pressure studies. The Drickamer cell has 
two versions, one capable of providing pressures up to 60 kbar and the other 
to 200 kbar. Figure 1 shows the design of one of these cells. The pressure is 
exerted perpendicular to the light path. Sodium chloride serves as the spectro- 
scopic window and the pressure-transmitting fluid. 

The sample is loaded into the center of a small disc of NaCl. Although the 
cell accommodates the largest possible sample specimen for pressure measure- 
ments, the sample is surrounded by a salt matrix. If one wishes to study 
pressure effects on ionic solids, this could present a problem. Additionally, 
the hyg-roscopic nature of the salt matrix is detrimental. Other materials 
besides NaCl may be substituted for the center disc. This has the disadvantage 
in that it would shorten the life of the NaCl windows, and the matrix problem 
would always exist. 



TABLE 3 

Piston-cylinder cell (solids) a 

Pressure 
limits (kbnr) 

Optical instrument Windows Rcmilrks Ref. 

1GO 

30 
3oc 
55 

Beckman DU (0.25-10 pm), 
Perkin-Elmer sinfilc beam, 
double prism instrument 
in IR 

Beckman 
IKS-12 
RIIC, GrulhParsons Cube 

inter~crometcr 

10-20 c&I 

9 

50 

Pcrkin-Elmer 
Coderg 
RIIC 720FS interfcrometcr 

and f-2 single pass grating 
instrument of Ebcrt type 

PE 421,400, JACO 

N&l 

Qunrtz, sapphire 
Diamond 
Sapphire, diamonds 

(lypc II) MgO, ruscd 
silica, Irtrnn 

Sapphire 
Diamond 
Qui\rtz 

NaCI 77-500 I< 46 IJ 

UV, Visible NIR, 
MIR to 10 

0.36-0.40 
5-G 
1-1000 

1-5 
100-1000 

90-500 

Sapphire, CnF2 windows 
I~;IVC ;tlso been used; 
SO-450 K 

30-33 

36 
37 

77-500 l(“W’” 35 

“-300 K _ 

For FIR, hytlroshtic 
f$lS prcssurc Cell 

vu ” 

38” 

B Abbreviations: NIR, near infrnrcd; MIR, mid-infrared; FIR, fur infrared. ’ PCrSUllill c0nl~l~llllicilti0tl. ’ Can he used for liquids i\s WCII. 

d Can be used ror gnscs us well. 



200 = 

40 

10-12 

1.5 
10 
12c 

1 

6 

TABLE 4 

Piston-cylinder cells (liquids or solution) 

Pressure 
limits 
(kbar) 

Optical 
instrument 

Windows Wavelength 

range (pm) 

Remarks Ref. 

Perkin-Elmer KBr or NaCl 5-6 Used to study car- 39 
model 521 bony1 reactions in 

metal carbonyls 
Beckman Sapphire 0.2-0.33 Solutions of inorg- 40 

DK-2 anic salts in Hz0 
Perkin-Elmer Sapphire 0.2-5 Studied VOH band in 41 

model 112 butanol solutions 
of CSI 

E F;$;;n 
I Irtran -6 Study of C=C vibration 42 
‘lor2 

(?) Sapphire Studies of Ha0 43 

(?) Sapphire (“?) Cell claimed to be 44 
suitable for use 
to 6 kbar 

a Can be used to 373 K. b With grating monochromator. c Similar to Drickamer cell in 
Table 3. 

m6150 
stee 

Steel Jacket , Movat/:,mxboloy 

m Brass m Solar steel! 

Fused Na 
k wlndow 

Insert 

Stationary carboloy paston 

Fig. 1. Drickamer cell used for high pressure optical measurements [30-331. (Figure repro- 
duced through the courtesy of the authors and John Wiley and Sons, Inc., New York.) 



7 

The use of this cell requires a high degree of expertise and further requires 
high precision machine shop facilities to construct it. The cell has been used 
for pressure applications of 180 kbar at 773 K [34] and 55 kbar at 77 K [35]. 
The cell has been modified to be used for liquids or solutions [41,43]. The 
Drickamer cell or modifications thereof have also been used for Raman mea- 
surements at high pressures [45,46]. This application will be discussed in a 
later section. A Drickamer-type apparatus for pressures to 400 kbar has been 
reported [ 47]_ 

(3) Anvil-type cell 
Perhaps the most versatile pressure cell that has been used for optical 

studies has been the diamond anvil cell (DAC), as developed by Weir and asso- 
ciates [48]. Figure 2 shows the details of this cell. The diamonds serve as the 
pressure transmitting material as well at the windows. Pressures close to 100 
kbar, depending on the size of the diamonds, are routinely reached. However, 
t-he DAC has been used with pressure as high as 300 kbar [49], and conceiv- 
ably smaller diamonds could generate even higher pressures. The cell can be 
used for solutions or liquids, although a gasket’is necessary for this applica- 
tion. Figure 3 illustrates a gasketing technique used with liquids [50]. The 

Detail of diamond cell 

Side view 

W 

Front view 

Fig. 2. Diamond anvil high pressure optical cell. A and B, parts of pistons; C, hardened 
steel insert; D, pressure plate; E, lever; G, screw; H, calibrated spring. (Figure reproduced 
through the courtesy of the authors and Applied Spectroscopy.) 



Fig. 3. A gasket technique with DAC [ 50 ]_ (Figure reproduced through the courtesy of 
the authors and Applied Spectroscopy.) 

DAC has also been used at temperatures of ca. 3000 K [51] and cooled down 
to liquid nitrogen temperatures [ 521. 

Recently improved versions of the DAC were developed [ 53,541, and Fig. 
4 illustrates the details of the modifications used by Adams and Payne. 
Pressure in this cell is applied through a small hydraulic ram instead of the 
calibrated screw of the original version. The other improved version of the 
DAC is the Waspaloy cell [ 541. Figure 5 shows the essential parts of the 
design. The diamond alignment is improved from the original design. One 
diamond is mounted in a hemisphere, while the other diamond is mounted on a 
plate which is translationally positioned for axial alignment by screw adjust- 
ments. _Y loose fitting heating coil is placed in the cell. The cell can be used 
with gaskets for hydrostatic pressure to 100 kbar, and has been used to 
973 K and 200 kbar pressure. 

An ultrahigh pressure diamond cell has now been developed 1553, and mega- 
bar pressures can be generated. The cell is made of hardened (RWC-55) 4340 
alloy steel. For high temperature studies the cell can be made from Inconel. 
Mao and Bell [ 561 have described an ultrahigh-pressure diamond cell, which 
they claim to have used to 1.7 Mbar [ 571. These new ultrahigh pressure cells 
now make experiments simulating geochemical reactions in the mantle of the 
earth possible_ 

One shortcoming of the DAC is the lack of hydrostatic pressure across the 
diamond faces. This pressure gradient, which may demonstrate pressures 1.5 
times greater at the center than the edges [58], may not be entirely disadvan- 
tageous. However, with the use of a gasket and a pressure transmitting fluid the 



Fig. -1. Modified DAC cell [53]. (Figure reproduced through the courtesy of the :luthors 

and Applied Spectroscopy.) 

the problem of non-hydrostatic pressure can be circumvented. Phase changes 
may be readily identified in the DAC, using a microscope, by the change in 
color occurring and the sharp demarcation between phases. Color changes 
alone, particularly in coordination compounds, do not necessarily indicate a 
phase change. A primary requisite is the appearance of the Becke line of de- 
marcation. In colorless materials, the phase changes may be identified by the 
Becke line, which demaxates the phases. The DAC is compact and can be 
readily used with a microscope. All loadings of solid materials into the DAC 
should be monitored microscopically to ensure a proper distribution in the 
cell. This procedure prevents any diamond-diamond contact, which could 
cause chipping or gouging of the diamonds. Additionally, such monitoring 
can alert the experimenter to any phase change or other phenomena occurr- 

ing. 
The DAC has also been used for Raman work at high pressures, and this 

instrumentation will be discussed later [ 53,59-611. 
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PHOTOMULTIPLIER 

PHOTOC4THODE 

FILTER -6 - CONVERGISG LENS 

TV EYEPIECE 

IRIS DIAPHRAGM 

ADJUSTABLE 
OBJECT-WE L 

PRESSURE 

lNSULATt0N 

ADJUSTABLE 
CONDENSER 

LENS 

CONOEN>ER LENS 

Fig. 5. Details of the Waspaloy pressure cell [54 1. (Figure I 
of the authors and Review of Scientific Instruments.) 

-eproduced through the courtesy 

Table 5 summarizes the detaiIs of some of the anvil cells that are in use for 
optical studies. 

(ii) Optical link of pressure cell with spectrophotometer or interferometer 

Owing to the small optical aperture in the DAC (ca. 0.25 mm2 in area or 
larger) and in the piston-cylinder cell (Drickamer cell I, 0.028 in. and cell II, 



TABLE 5 

Anvil-Lype pressure cells (solids) used for optical spcclroscopy i’ 

Pressure 
limits (kbar) a 

Optical Inslrument Windows Wnvclcngth 
range @m) 

Remarks IiCl’. 

100 

200 

100 
100 
100 
100 

100 
100 

100 
35 
50’ 

150 
200 

10 
100 

Pcrkin-Elmer models 421, 
360, Beckman IR-4 

Pcrkin-Elmer models 22!i, 
350, FTS-14 

Pcrkin-Elmer model 301 
Beckman IR-11 
Beckman IR-12 
Cary-14 

Digilab FTS 20 A 
Beckman FS-520 intcr- 

Ieromcter 
Beckman #4260 

Michelson Intcrfcromelcr 

(?) 

FTS-14 
PE 421, 210, Cary 14R, 

Spex 1700 
FTS-14 
Cary 14R 
Perkin-Elmer model 225 

Diamond estl 2-35 6 x beam condenser 48 

Diamond 0.27-40 6 X IWiHIl conrltwscr 62,63 

Diamoncl 16-200 
Diamond 16-200 
Diamond d 2.5-16 
Diamond 0.25-2.5 

Diamond 1-1000 
Diamond FIR + 250 

Diamond d 
Quarlz 
Diamond 

Diamond 2.5-200 
Diamond 0.2-4 0 

Diamond 
Diamond 
Diamond 

2-50 

NIR 

2.5-500 
0.19-5 

6 x beam condcnscr 
6 x beam condcnscr 
G X beam conclcnscr 
Wilh or without a beam 

condenser 
With beam condcnscr 
LighL pipe necessary 

Wilh beam condenser 
Cube-anvil Lypc cell 
Cube-anvil Lypc cell; sample 

contained in NaCI; uses 
quartz or sapphire for lower 
pressures 

298-673 1~ 
To 973 I< 

123-623 K 
Refracting beam condenser 

64 
65 
G5 
6G 

68 
67 

69 
70 
71 

c(l) 
e(2) 

c(3) 

e(4) 

73 

a DAC can be used for liquid or solutions if a gasket is used hclwccn Lhe anvils. u DAC can be used routinely Lo 100 kbar iI diamonds 
are properly aligned. c Diamond-Type I has absorptions al 3 pm (weak), 4-5.5 flrn (intense), 7-10 I_tm (intense); Type II has absorp- 
Lions at 3 I.cm (weak), 4-5.5 pm (intense). d Sapphire windows may bc used from 2-5 pm. e Personal communication: (1) R.J. 
Jakobscn, Batlcllc Memorial Insl.; (2) C.J. Picrmarini, Nat. Bur. Sland.; (3) C. Carlson, Westinghouse, Pittsburgh, Pa.; (4) C.A. Angcll, 
Purdue Univ. f Claimed Lo bc used to 1273 K. + 

+ 
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0.037 in.) a means of condensing the source beam becomes necessary. In the 

case of a grating double beam spectrophotometer a beam condensation pro- 
cess is used (usually from 4-6X condensation) [48,62-661. In the case of 
interferometric measurements a light-pipe has been used both for the entrance 
energy and the esit energy in the far IR region [67]. Recently, a new Harrick 
6X beam condenser has been interfaced with the Digilab 20A interferometer 
[68]. A 4X beam condenser has also been coupled with a Beckman Model 

no. 4260 [69]. 
Using diamonds as the optical windows puts a stringent requirement on the 

properties of the beam condenser. The critical angle of diamonds is 26”. As a 
result the beam condenser should condense the light in a cone having an angle 
less than 52”. Also, since the faces of the diamonds are so small, the spot size 
of the condensed light should be as small as feasible, 1 mm7 or less. One can 
then be sure that most of the condensed light is reaching the sample between 
the two diamonds and is not clipped by the large size of the DAC. Adams and 
Sharma [73] have recently reported a refracting beam condenser for IR use 
with the DAC. The optical problems associated with IR spectroscopy with a 
DAC are discussed [73]. 

For Raman scattering esperiments both the DAC and the piston-cylinder 
may be used without any condensation of source energy, since lasers are used 
as the exciting sources with narrow beam radii. The laser light can be focussed 
directly into the small optical aperture of the pressure ceil without too much 

difficulty. 

(iii) Instrrtnzentatiorl for Raman spectroscopy at high pressure 

Both the piston-cylinder and anvil-type cells have been used for obtaining 
Raman spectra at high pressure_ _-\ithough energy problems are severe in IR 
spectroscopy because of the small optical aperture in the high pressure cells, 
the advent of laser sources for Raman spectroscopy has overcome a great deal 
of these problems. 

The first Raman spectra obtained in a DAC were made in 196s [59,60]. 
The red --, yellow transition in HgI, followed. In both cases 0” scattering 
geometry was used, although it was cited that 180” scattering could be used 

[59]. The DAC was also used for the study of liquid Brz and CS1 [61]. How- 

ever, except for solids with high Raman scattering efficiencies, the final results 
were disappointing. Recently, the DAC has been used with certain modifica- 
tions and with improved results [53]. Adams et al. used a tungsten carbide 

window in place of one of the diamonds in the DAC [53]. The details are 
illustrated in Fig. 6. Both 90” and 180” scattering geometries were used. One 
limitation is that the tungsten carbide limits the maximal pressures to ca. 30 

kbar. The tungsten carbide allows the Raman intensity to build up by allow-. 
ing the excitation energy to traverse twice through the sample and additionally 

acts as a mirror. It has been suggested that back-silvering of one diamond 

anvil would give comparable results in the DAC and allow the DAC to be used 



TABLE G 

Pressure cells used in Raman spectroscopy 

Type or cell Optical Prcssurc Temp. 
instrument 1imiL.s (kbar) limits (I<) 

Windows Remarks RCI-. 

Opposed anvil 
Drickamer 
Opposed anvil 

Hydrostatic gas 
pressure 

Waspaloy (opposed 
anvil) 

Drickamer 

spcs 1401 
spcx 1401 
spcx 1401 

Cary 81 
spex 1401 

100 
100 
200 

75-350 
77-350 

573 

DiilltlOllCl 
Dimoncl 
Diamond 

9 77-290 Silpphirc, C~llin’lZ 

Spex 1401 200 lo 973 Diamoncl 

Spex 1400 100 4-I 300 NaCI, diamond 

Danicls 
Sapphire, back- 

scattering 
Piston-cylinder 
Piston-cylinder 

spcs 1400 10 R.T. Sapphire 
Cary 81 11 473-573 Sapphire 

Jarrcll-Ash c.3 
Codcrg 10 2-300 

Sapphire 
Silpphire 

Opposed anvil Coderg 30 

Daniels Spex 1401 10 77-400 

Diamond, 
SilppllilI! 

Silppllirc 

Piston-cylinder Spex 1401 I 1.4 to R.T. Sapphire 
Pressure vessel Jarrcll-Ash 220 100-700 Diamond 

Special cell Spex 1405 3 223-473 Quartz 
Drickamcr Cary 81 55 77-500 Silpphirc 

Solids 

Solids 

Solids, liquids 

Solids, gases 

Solids, liquids, 
solutions 

Solids, liquids 
solutions 

Solids 
Solutions, solids, 

liquids 
Solutions, liquids 
Solids, liquids, 

solutions, f$lSCS 

Solids 

Solicls, liquids, and 
Brillouin specLr;\ 

Solids 
Solids, liquids, 

solutions 
Liquids, gases 
Solids 

59 
4 5 
GO, Gl 

38 

54 

4 G 

79 
80,81 

82 
83 

53,74 

84-86 

87 
88 

89 
il 

n Personal communication wilh W.F. Slmrman, Physics Department, King’s Collcgc, University ol’ London, Strand, Lonclon WCBR 2L5, 
Gt. Britain. 

L 



TABLE 7 

High pressure in optical materials il 

Material Spectral Rerrnctivc Modulus Young’s Com- I-iardncss Solubility 
range (pm) index b 0r rup- modulus b prcssivc hoop No. k/l00 6 

at h (pm) lure b (p.s.i.) slrcnglli I-W) 
(pk.) (p.s.i.) 

NaCl 

Lithium fluoride, LiF 

Irtran 1, MgF2 l-8 

Calcium fluoride, 
CaF2 

Irtran 3, CaF2 

Irtran 2, ZnS 

Irtran 4, ZnSc 

Magnesium oxide, 

M@ 

Irtran 5, MgO 

0.2-15 

0.11-G 

0.13-9 

l-10 

2-14 

0.5-20 

l-8 

1.52 at 4 
1.4 at 10 

1.35 at 4 
1.1 at 10 

1.35 at 4 

1.41 at 4 

1.41 at 4 
1.34 at 8.3 

2.25 at 4 
2.20 at 10 

2.5 at 4 
2.4 at 10 

1.7 ilt 2.2 
l.GG at 4.3 

1.67 at 4 
l.GO at G 

21800 

5 300 

14 100 

G 100 

19 200 

5.8 x 10” 

9.40-11 x 10” 

1G.G x 10h 

11-15x 10” 

14.3 x 10‘ 

0.0076 
(18°C) 

O.OOlG 
(18°C) 

200 Insolulh! 

14 x 10” 21200 

10.3 x 10‘ 

354 O.OOOG9 
(WC) 

150 Insoluble 

3.6 x 10’ 690-692 0.000012 

48.2 x 10” 64 0 O.OOOG2 

15.2-18.2 35*7(O”C) 

102-113 

57 GO0 57G 

158 

0,27(18”C) 



Sapphire, A1203 

Diamond * 

5Pc I 

Type II 

Ceramic barium 
titanate, BaTi 

Calcite, CaC03 
Germanium 

Silicon 

Fused silica SiOz 
(Corning 7905, GE 
type 101-100, Infrasil) 

NBS F158 $02 

Bausch b Lomb d 
RIR-2 
RIR-lO,ll, 12 
RIR-20 

Q5.5 1.73 at 2.2 

c 

2-4, 5.5-7, 
10-16 
0 2G--4#5.5 
tlirough FIR 

96.9 

o-2-5.5 
1.8-2.3 

1-9 

0.3-3.5 

2.4173 7000 Illsoluble 

2.4 at 2.2, 
4.3 

2 1.7 
c4.0 

3.43 
3.43 

1.43 

4.5 1.80 

4.5 1.75 
5.0 1.62 
5.5 1.82 

50.5ti x 10‘ 

lG.50 x 106 

1370 
1525-2000 

9.8 x lo+ 

* Diamond has the highest Dcbyc tempcraturc and type II diamonds dcmonstratc higher thermal conductivity than type I diamonds (see 
C.Y. Ho, R.W. Powell and P.E. Lilly, J. Phys. Chem. Ref. Data, Supp. 1, 3 (1974) L-118. “Taken in part from ref. 72. b 298 K, C UV 
and visible absorption and FIR depend upon particular type of diamonds used here. d Calcium aluminate (CaO-A1~03) and similar 
materials. C Note that UV limitations exist for all of thcsc materials in addition to those of clinmonds. 
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with both diamonds. An improved method for coupling the DAC optically 
with a Raman spectrometer has been discussed by Adams et al. [74]. The 
fluorescence problem of diamonds under laser excitation and its effects on the 
Raman measurements in a DAC are discussed by Adams and co-workers 
[53,72,75]. 

The first high pressure Raman study with a piston-cylinder cell was made 
by Gonikberg and co-workers [ 76 J. A Raman study using a piston-cylinder 
cell (Daniel type) which gives hydrostatic pressure has been made [ 77-791. 
Figure 7 illustrates this cell. Walrafen used a back-scattering Raman cell 
equipped with windows made of single crystals of sapphire [SO]. Nicol et al. 
[46] and Ferraro 1451 have used the Drickamer cell for Raman studies. 

Table 6 summarizes the various pressure cells used for Raman spectroscopy 
at high pressures. 

(iv) Optical wirldows for use at high pressures 

For the anvil-type high pressure cells the window material serves the dual 
purpose of transmitting the pressure and being transpxent to the electromag- 
netic radiation of interest. In the Drickamer piston-cylinder cell this is also 
true in part, although the mechanism of pressure transmission is not done by 
the window. Table 7 lists a number of possible windows for use at high 

s Collecling Lens & t 

Fig. 6. Details of DAC with one tungsten carbide anvil [53]. (Figure reproduced through 

the courtesy of the authors and Applied Spectroscopy.) 

Fig. 7. Daniels-type Raman cell [77-791. High pressure optical cell with three oriented 
single crystal synthetic sapphire windows. The C axes of the sapphire windows are 
oriented normal to the flat window faces. (Figure reproduced through the courtesy of the 
authors and Review of Scientific Instruments.) 
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pressures_ The diamond window is by far the most valuable for high pressure 
studies. It is the hardest material known and is transmissive throughout most 
of the electromagnetic regions. Generally, two types of diamonds are used - 
type I and type II. However, there may be variations from diamond to dia- 
mond, as has heen indicated [53,72,75]. Type I shows absorption at ca. 3, 
ca. 4-5.5, ca. 7-10 pm while type II absorbs at ca. 3 and ca. 4-5.5 I.tm. 
Sapphires may be used in the IR region from 2-5 pm, although pressures are 
limited to about 12 kbar. Sapphire is promising for Raman pressure studies, 
since it may be used from AY of 500-2000 cm-‘, before fluorescence 
becomes a problem. However, pressure limits are low with sapphire windows. 

Other measurements have been made with pressure, but these are beyond 
the scope of this review. For example, electrical conductivities [ 55,90,91], 
magnetic susceptibilities [92-lOO], the Miissbnuer effect [lOl--1041, magne- 
tic resonance [105-1131, nuclear quadrupole resonance [114-1171, X-ray 
[ 118-1243, and viscosity [ 1251 have all been studied under pressure. How- 
ever not all these studies have been made with the DAC. 

C. PRESSURE CALIBRATION 

It il;.s ?-r?en mentioned that a pressure gradient esists in the DAC. Duecker 
and Lippincott 1581 have demonstrated that the pressure gradient face is 
parabolic, with pressures in the center reaching l--l/2 times those on the 
edges. Any pressure in the contact area of the diamond is in reality only an 
average pressure, unless a gasket and a pressure-transmitting fluid is used. 

Calibration of the D_4C and for that matter other anvil-type cells can be 
made by several methods_ Unfortunately, a number of these methods involve 
internal calibration incorporating a foreign substance, and the problem of a 
matrix effect is omnipresent_ The methods are listed as follows: (1) The com- 
pression of the spring is measured by a Dillon force gauge. The contact area 
of the diamond is determined by means of microphotographs. One can thus 
obtain force per unit area of pressure. (2) Solids which undergo phase transi- 
tions at known pressure may be used to calibrate the cells. For example, KBr 
shows a phase transition at 1s kbar; KC1 at 20 kbar; NaNOz at 14 kbar; Hg12 
at 13 kbar. These phase transformations can be followed with pressure using 
a microscope as well as being followed spectroscopically. (3) Calibration may 
be made by following the change in nickel dimethylglyoxime (NDMG) in the 
visible absorption region [ 58,126]. These changes have been related to 
pressures by the National Bureau of Standards_ However, NDMG tends to lose 
intensity with pressure and the band being monitored is eventually too weak 
to follow. Other nickel complexes have been suggested [ 127,12S]. (4) Scien- 
tists at the National Bureau of Standards [54,55,129-1311 suggested calibra- 
tion of the DAC by following the n ,R 2 doublet fluorescence lines at 694.2 
and 692.8 nm with a pressure increase. Figure 8 shows the pressure calibra- 
tion of the ruby R , fluorescence line. The freezing points of several liquids 
(e-g-, CCla, H,O, n-&H,,,, and C,H,Br) and two solids, which have character- 
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RUBY RI FREQUENCY SHIFT -A:;cm-‘1 

40 80 120 160 

I I I I 

I I I I 
20 40 60 80 

RUBY Rt WAVELENGTH SHIFT Ah (A, 

Fig. 8. Pressure calibration of ruby RI fluorescence line to ca. 160 kbar [55,129-1311. 
(Figure reproduced through the courtesy of the authors and the American Institute of 
Physics, New York.) 

ized pressure transitions, were used in establishing the pressure response with 
cm-‘. It was suggested that the method can be used to high pressures (mbar 
region) since no significant departure from linearity in the curve occurs, and 
further that the method is useful to ca. 973 K. 

The use of the ruby R 1 fluorescence line as a function of pressure has now 
been extended into the megabar region [90,132-1351. This was done by 
simultaneously measuring the specific volume of Cu, MO, Ag and Pb, and 
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referring the results to isothermal equations of state derived from shock-wave 
experiments. 

The piston-cylinder type cells have been calibrated by measuring bismuth 
and barium transition pressures or the resistance changes with pressure of vari- 

ous metals (e.g., manganese, lead, iron, barium, caIcium and rubidium) [ 333. 
In some cases, pressure transducers are used to measure the pressures [ 1361. 
Alternatively, the NDMG or ruby methods, crystals showing phase changes, or 
a change in the index of refraction may be used. For reviews on pressure cali- 
bration see refs. 17 and 137. 

D. CHOICE OF OPTICAL REGIONS TO USE AS A PROBE 

The optical region one chooses for pressure studies depends on the particu- 
lar application. For ionic or pseudo-ionic crystals the far IR region (FIR) is 
the most useful, since all of the lattice modes occur in this region. For organic 

compounds the “fingerprint” (mid-IR) region is the most useful. For coordi- 
nation compounds of the MX, type, where X = halogen, pseudo-halogen or 
inorganic anion, the low frequency region is useful as the metal-X vibrations 
are located there. However, the visible region should be examined conjunc- 
tively to monitor the “d-d” transitions_ For coordination compounds involv- 
ing organic ligands (of the type ML,,X,,, where L = organic ligand) the FIR 

may offer some complications since the organic ligands’ strong absorptions 
could mask the M-X or M-L vibrations. In that case, the visible region may 
be used. If L = CO or en, one can resort to the mid-IR region using sapphire 
windows (vco in 5 pm range), since diamond has absorption in this region. If 

L = NO one may use the mid-IR region likewise, but in this case one must use 

diamond windows (z+o in the range 6-6.5 pm), since sapphire shows absorp- 
tion in this region. For heavy element complexes such as the actinide or lan- 
thanide complexes, the FIR is perhaps the most useful, as “f--f” transitions 
appear to be less pressure-sensitive than “d-d” transitions [ 1381. Whenever 
possible, it would be better to use several optical probes to study a particular 
pressure change. 

E. VIBRATIONAL STUDIES AT HIGH PRESSURES 

The opportunity to subject a molecule to an external perturbation such as 
pressure and measure the resultant changes by spectroscopic techniques, 
affords the scientist an additional mechanism whereby he can study physical 
and/or chemical changes. Vibrational spectroscopy becomes a viable method 
of studying these changes, for in most cases the space group is changed and 
this is reflected by changes in the vibrational selection rules. 

The area of vibrational spectroscopy of molecules subjected to pressure was 
long neglected [ 139 1. The reasons for the neglect were probably experimental 
since it was easier to cool or heat a material, and these non-ambient tempera- 
ture experiments did not require microtechniques in IR or Raman that are 
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required with pressure measurements. The strides that the matrix isolation 
technique has made in the past 10 years attests to this. However, the advent 
of the DAC in 1959 [48] generated the notion that vibrational spectroscopic 
techniques used conjunctively with pressure were possible. This paper is 
planned to present a review of the accomplishments of the past 20 or so years, 
since Weir and co-workers constructed the DAC [48]. In most cases the review 
will concern itself with results obtained with‘the DAC. 

(i) Inorganic compounds 

Primary motivations in studying solid inorganic systems have been based 
on studying pressure effects on various polymorphs, those stable under am- 
bient conditions and those achieved only under hig!l pressures. In this way 
phase diagrams, previously unknown, can be constructed or adjusted_ In cases 
where no X-ray is known (e.g., phases obtainable only at elevated conditions 
of temperature and pressure) some inference may be obtained on the nature 
of the space group involved from the spectroscopic results. In certain instances 
interest has been based on obtaining order-disorder information existing in 
the various phases of a material (for example, electrical conducting phases). 
Comparisons of intra- and intermolecular forces, the latter being pressure sensi- 
tive, are also of interest. Of interest are hydrogen bonded systems where 
pressure shows effects which can be observed by studying the vibrational 
spectra. 

(1) Mercuric halides 
Adams and Appleby [ 1401 have investigated the halides of Hg(I1) under 

high pressure. The three phases (I, II and IV), of HgCl, have been subjected 
to pressures up to 30 kbar. Results are shown in Table 8. The Raman and IR 
spectra of phases I and IV were found to be similar, and it was concluded that 
a second-order transition charact’erized by molecular orientation with reten- 
tion of the space group was involved. Phase II was found to be tintirely differ- 
ent and to approximate a Tz structure with z = 4, based on the spectroscopic 
results. Phases I and IV possess a 0;: space group with z = 4. 

All four phases of HgBrz (I, II, III and IV) were investigated by Raman and 
IR techniques to 50 kbar [141]. Phases I and II were considered to have simi- 
lar structures. Phase III appears to possess a CPh space group, and phase IV 
probably has a CdI, structure. These conclusions were reached, based on the 
spectroscopic results obtained. Table 9 tabulates the Raman frequencies at 
various pressures. 

Early superficial Raman experiments with Hg12 have been made [59,60]. 
In a more thorough study the high temperature (127°C) phase and the high 
pressure phase (ca. 13 kbar) of HgI, were compared, using Raman and far IR 
data [142]. The red, ambient temperature, HgIz has a P4Jnmc (II:‘,) space 
group, z = 2, with 4 iodine atoms around the mercury atom [.143]. At 127°C 
it turns yellow and this phase has a Cmc2, space group with z = 4 [ 1443. At 
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TABLE S 

Raman and IR results for phases I, IV and II in the H&12 system [ 1401 

Phase Raman (cm-’ ) IR (cm-‘) 

I (Ambient pressure) 

IV (S.5 kbar) 

II (30 kbar) 

383 (ww) 

315 (s, SP) 
167 (VW) 
126 (xv) 

74 (m) 
43 (VW) 

23 (m) 

1S (s) 

386 (VW) 

316 (s, SP) 
150 (vvw) 
14-l (w) 
133 (w) 

i7 (m) 

51 (w,sh) 
41 (VW) 

21 (m) 

312 (vs) 
17s (s) 

370 (vs) 
330 (vw) 

310 (w) 
100 (vs) 

75 (sh) 

370 (vs) 
330 (w) 
310 (w) 
100 (vs) 

7’7 (sh) 

369 (vs) 
100 (vs) 

72 (vs) 

13 kbar red HgIz converts to a yellow phase. Differences are observed in both 
the IR and Raman spectra of the two yellow phases. The high pressure phase 
has a more complex far IR spectrum than the high temperature phase, especi- 
ally in the 80 cm-’ region. In the Raman spectrum the 145 cm-’ band in the 
high pressure phase has a shoulder, which is missing in the low temperature 

TABLE 9 

Raman frequencies (cm-’ ) for HgBrz at various pressures (R-T.) [ ld11 ] 

Pressure (kbar) 

0 6.3 18.8 23.3 31.6 35.7 49.5 

Phase I II II III III IV IV 
191 191 

186 185 184 184 184 179 176 
74 77 78.5 77 

57 61 60 60 69 
50 49 

40 38 
17.5 22 24 
15 17 18 
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phase. The low temperature phase has Raman bands at 15 and 11.5 cm-‘, 
which are missing in the pressure phase. Although the high pressure phase of 
HgIz remains unknown, the vibrational spectrum resembles that of phase III 
of HgBr,, and would thus appear to have a structure with a higher coordina- 
tion number, consistent with consequences of increased pressure. 

Studies of the effect of pressure on the z&c1 vibration in HgCl? - dioxane 
have been made [145]. This vibration shifts 18 cm-’ towards lower energy, 
while modes of the organic ligand bands at 854,614 and 290 cm-’ are raised 
by ca. 5 cm-‘. 

(2) Alkali metal cyanides 
The various polymorphic phases of KCN and NaCN have been investigated 

using vibrational spectroscopy at high pressures [ 1461. Table 10 lists struc- 
tural data for the polymorphs of KCN and NaCN. Raman frequencies are 
listed in Table 11 for KCN polymorphs at various pressures. The behavior of 
the cyanide vibration with pressure in KCN and NaCN is shown in Table 12. 
The Raman scattering of K[Ag(CN)J has recently been measured to 18 kbar 
[146a]. Two high-pressure polymorphs were identified. A dramatic change in 
the pressure dependency of the CN stretching vibration was noted. The pres- 
sure of other internal and external modes was also determined. 

(3) Nitrates, carbonates 
Infrared spectra of KNOX have been obtained at pressures up to 40 kbar 

[147]. The pressure range of KN03 (III) with a symmetry R3m (C$,) with 
z = 1, is very narrow and at 4 kbar and 38°C converts to KN03 (IV). For this 
phase a new band was observed at 717 cm-‘. The 825 cm-’ absorption shifts 
to 831 cm-’ and increases in intensity with pressure. v3 and v1 show a small 
shift to higher frequency, and a slight increase in intensity. The various com- 
binations involving the NO; vibration lose intensity with pressure. It was ob- 
served that v1 is more sensitive to pressure than vq, and v2 is insensitive. The 

TABLE 10 

Structural data for the NaCN and KCN polymorphs [ 1461 

Phase Structure z 

KCN I 
III 
IV 
V 
VI 

NaCN I 
II 
III 

Cubic, F,a,(Oz) 4 
Cubic, Pmsm(Oi) 1 
Monoclinic, Cm(Cz) 2 
Orthorhombic, I,,,(D$z) 2 
Orthorhombic, P,,,(D:i) 2 

Isostructural with KCN I 
Isostructural with KCN V 
Isostructural with KCN VI 
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TABLE 12 

kX drj/dp (cm-’ kbai”) [ 1161 

KCN I 0.50 (2O’C) 

KCN I 0.574 (110 C) 

KCN III 0.45 (1lO’C) 

KCN IV 0.32 (20’ C) 

NnCN II 0.5i 

results are consistent with a unit cell of high occupancy and low symmetry. 
AgNO_% has also been investigated at high pressure [148]. Adams and 

Sharma [148] have studied phases I, II, III and metastablc phase V. In the 
latter phase doublets occur in v -I, v, and (v, + vJ) regions, and with the shape 
of the y3 envelope are all indicative of a low site symmetry and relatively high 
unit cell occupancy. 

The first solid studied in the DAC was calcite, CaC03 [ 1431. The results 
showed that v,, normally IR inactive, appeared in the spectrum with pressure; 
v2 shifted from 882 to S65 cm-’ and splitting of vJ occurred. Other studies 
were made with calcite up to 61 kbar. The authors pointed out that the spec- 
tra at higher pressures resembled that of a calcium carbonate polymorph, 
vaterite, with a hexagonal unit cell containing 2 or more molecules per unit 
cell. Fong and Nicol [ 1501 have studied CaCO, to 40 kbar, and have inter- 
preted their data in terms of two phases of calcite, II and III, occurring at 
14 kbar and 18 kbar. Recent Raman spectra have verified that the high pres- 
sure phases are not aragonite [151]. Only superficial studies have been made 
with aragonite and MgCO, under bressure [ 48 J. 

(4) NaNO? and KNO? 
Infrared spectra of KNO? and NaNO, and Raman spectra of the polymorphs 

of KNO, have been studied at high pressures [ 152,153]. NaNO, CC;“,, z = 1) 
undergoes a phase transition at 39°C and 10 kbar and KNO, undergoes a tran- 
sition at 6.3 kbar. In the IR studies it was determined that the symmetric 
modes lose intensity with pressure and all bands undergo blue shifts. The Ra- 
man studies have led to conclusions concerning the nature of the polymorphs 
and the order-disorder in these phases. 

(5) Dihydrogen phosphates 
The paraelectric crystals of KH,PO, and RbH,PO, were studied by IR at 

pressures to 60 kbar [154]. For both compounds the protons were found to 
be dynamically disordered between the two possible O-H---O sites connecting 
the PO:- groups. A new phase was found at 10 kbar in which the hydrogens 
became ordered while the PO;- tetrahedra became disordered_ In pressure 
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studies of KH?PO, to 9.3 kbar a soft mode in the crystal became under- 
damped with the application of pressure [ 1551. Studies with RbH,PO, were 
made at 21 kbar using Raman spectra as the optical probe 11561. These results 
indicated a large decrease in transition temperature with pressure and a dis- 
appearance of the ferroelcctric state at all temperatures for p 2 15.2 kbar, 
and a decrease with pressure of the Curie constant and dielectric constant in 
the paraelectric phase. 

(6) Molybdates, trcngstates, sulfates 
The Raman spectra of CaMoO, and Ca\VO, have been obtained at pressures 

to 40 kbar [157]. A new pressure phase for each compound was found_ The 
pressure dependencies of the internal modes for these compounds were deter- 
mined and found to range from 0.0 to 1.0 cm-’ kbar-‘. 

Some sulfates were superficially examined at high pressures [64]. Ye of SOa- 
anion showed shifts of 3 cm-’ at 35 kbar, while a lattice mode at 183 cm-’ 
showed a blue shift of 52 cm-‘. 

(7) Bihalide salts 
The bihalide salts of NaHF2, KHF?, Nl-IJHF2, (CH,),NHCl, and 

(C,Hj).NHCl, were investigated by IR techniques at pressures up to 40 kbar 
11581. In these strong hydrogen bonded systems the v3 vibration in the HX2 
anion shifts to higher frequencies whiIe the v, vibration shifts to lower ener- 
gies with an increase in pressure. The v1 frequency was deduced from the 
behavior of combination bands and found to shift toward higher frequencies. 
These results are typical espectations for a simple model of strong hydrogen 
bonding_ A new phase of NaHFz was found at 40 kbar. 

(8) Ionic cotzdrtctors 
The pressure dependent Raman spectra of the fast ion conductors 

P-Ag,HgI_, and /3-CulHgIA were measured [159]. The Raman spectra of 
&Cu,HgI, (142m (oh:), z = 2) was followed at 25°C to 24 kbar, and no 
phase transition was observed. The breathing motion of the iodide lattice 
against the Cu” ions at 85 cm-’ undergoes a more rapid blue shift than the 
Hg-I stretch at 127 cm-‘, indicative of greater anharmonicity in the Cur_, 
stretching mode as compared to the HgI, stretch. The 36 cm-’ mode shows a 
negative pressure dependence. 

&Ag,HgI, (I; (sf), t = 2) shows several phase changes in the O-10 kbar 
region. Table 13 shows band positions in Ag,HgI, at various pressures and at 
60°C. At 6.1 kbar and 25”C, the HgI stretching vibration lowers from 124 to 
116 cm-’ and may indicate a change from 4-coordinate to a 6-coordinate 
environment. Figure 9 shows the Raman spectra of P-Ag2HgIa as a function 
of pressure. A second phase is observed between 7.5-44 kbar and another 
phase at pressures greater than 44 kbar. 

The Raman spectra of these materials have been found useful in screening 
potential ionic conductors [160,161]. Broad Raman bands are indicative of 
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Fig. 9. Raman spectra of/%AgzHgI~ as a function of pressure [159]. (Figure reproduced 
through the courtesy of the authors and the American Institute of Physics, New York.) 

ionic conductors and disorder. The sudden sharpening of the bands at 6.1 
kbar is an indication of electronic conduction and a more highly ordered 
structure. The results are used to determine the anharmonicity in superionic 
conductors [159]. Both CuI and HgI modes are highly anharmonic, and a 
highly anharmonic potential may be important in providing a low energy 
barrier for ion motion and ionic conductivity_ 

(9) Miscellaneous inorganic compounds 
(a) Ammonium halides. Wong and Whalley [162] have made a Raman study 

of NH4F and Ebisuzaki and Nicol [163] have examined NH&l under pressure 
using Raman spectroscopy. At 10 kbar a disordered-ordered phase transition 
takes place in NH&l. The lattice mode involving movement of the NH: and 
Cl- sublattices shows a pressure dependency of 2.65 cm-’ kbar-’ in the dis- 
ordered (low pressure) phase. The librational mode behaves similarly_ With the 
exception of the v2 bending vibration in NH: the internal modes all show nega- 
tive pressure dependencies varying from -0.1 to -1.2 cm-’ kbar-’ and are 
attributed to the increased hydrogen bonding occurring in the ordered high 
pressure phase. 
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(b) Solid nitrogen. The Raman spectra of the three known phases of solid 
nitrogen at high pressures (O-10 kbar) and low temperature (S-220 K) were 

obtained [164]. The high pressure y phase is tetragonal with D.$ space group 

and z = 2. The observed frequencies and relative integrated intensities were 

cletermined. Table 14 tabulates results at various temperatures. By comparing 
the results with calculated frequencies and relative intensities the low- and 
high-frequency bands in the lattice region were assigned as librational modes, 

E, and Big, respectively. 

(c) Water- ice. In passing I wish to. cite the work of Whalley and co-workers 
on water ices. The IR spectra of water ice II, III, V, VI and VII at appropriate 
pressures and temperatures were measured [ 1651. The Raman spectra for ices 

Ih, I,, II, III and V were also obtained by LMarckmann and Whalley [166]. 

(ii) Ionic and pseudo ionic mysfals with lattice vibrations 

Considerable interest has developed in examining the pressure dependence 
of vibrational lattice modes in neat, ionic and pseudo ionic, and mixed cays- 
tals. The interest in pressure studies stems from results which can be obtained 
that can be used for testing lattice dynamics theory. Results are generally 
reported in terms of a Griineisen parameter. Both temperature and pressure 
data provide information on anharmonic contributions to the lattice frequ- 
ency shift. The temperature dependence of the peak position and half-width 
of lattice modes consist of the purely volume dependent part of the Griineisen 
equation of state and the anharmonic contributions. On the other hand, the 

pressure dependence of peak position arises chiefly from the volume depen- 

dent part of the Griineisen equation_ Comparison of the Griineisen parameter 
obtained from both methods can provide some estimate of anharmonicity 
esisting in these solids. 

TABLE 1-k 

Observeti Raman frequencies and relative intensities for the y-phase of solid N:! [ 164 1 

Temp. (K) 

35 

20 

S 

P(cm-‘) Relative integrated intensity 

57 -5 2 

95.5 1.5 
2329 1 

55.2 5.5 
102.5 3 

2330 1 

58.4 7 
103.6 2.5 

2331 1 
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Tables 15-19 list some ionic lattice frequencies [ 1671. Most of the frequ- 
encies for the transverse optical lattice modes (V TO) in ionic salts are found 
below 300 cm-‘. The capability of measuring vibrational spectra in the far-IR 

region under pressure allowed study of these vibrations for the first time in 

this manner. The longitudinal mode (V ,,o) is more difficult to study in the IR. 
It is not normally observed at 90” incident radiation. Berreman [16S] ob- 

served the longitudinal mode for a thin film of LiF with an oblique incident 
radiation, and longitudinal optical modes of the silver halides have been 
studied by a similar technique [ 1711. The longitudinal modes can be observed 
with a diamond cell and highly converging oblique radiation arriving from the 
beam condenser. They appear as shoulders on the main, intense transverse 
vibrational bands, and are not easily studied with pressure in the IR, for they 
are less pressure sensitive than the transverse modes and, because of the high- 

frequency shift of the z+o band, become lost in the wro envelope. In more 
covalent solids v.,.~ approaches v~,~, and in a homopolar covalent crystal, vVro 
may equal vLo_ In this instance, a very broad absorption is observed, which 
shows very little frequency shift with pressure. 

Figure 10 shows a comparison of several vTo frequencies with pressure. The 
uLO pressure dependence for NaF is shown in Fig. 11. In this system the separa- 
tion between v~_~ and +o is sufficiently large to make possible a determina- 
tion of the pressure dependence of both optical modes. 

In general, ionic lattice vibrations shift toward higher frequencies with 
increasing pressure, although red shifts can be observed_ The shifts at pressures 
of up to 50 kbar may be considerable; however, not all ionic lattice vibrations 
show dramatic shifts, since the compressibility of the solid is involved_ The 

relationship between the change in frequency with pressure for simple cubic 
ionic solids, where the three crystallographic axes are equal, is given in eqn. 

(1) 

yxv = (avlap).,. (1) 

where y is the Griineisen parameter, x is the isothermal compressibility of the 

TABLE 15 

Lattice vibrations for alkali halides” 

Halide 

LiF 

LiCi 
LiBr 
NaF 
NaCl 
NaBr 

z+o (cm -1 ) Halide lJ1’O (cm-’ ) Halide vVro (cm-‘) 
-P 

307 NZlI 117 RbCI 118 
191 KF 190 RbBr SS 
159 KC1 111 RbI ii 
24ti KBr 113 CSCI b 99 
164 KI 98 CsBr b 74 
134 RbF 156 CSI b 62 

a Ref. 169. b Ref. 170. 
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TABLE 16 

Lattice vibrations for several other ionic cystals a 

VT0 (cm-‘) VLO (cm-’ 1 

TIC1 63 158 
TlBr 43 101 
AgCl 106 196 
AgBr 79 138 
MgG 401 718 
NiO 401 580 
coo 349 546 
MnO 262 552 

a IR data from S.S. Mitra, AFCRL-69-0468, Air Force Cambridge Research Labs., Oct. 

1969. 

TABLE 17 

Lattice vibrations for II-VI compounds a 

VT0 (cm-’ ) VLO (cm-‘) 

zno (n) 377 575 
(1) 106 589 

ZnS 278 350 
ZnSe 205 253 
ZnTe 179 206 
CdS 239 306 
CdSe 170 211 
CdTe 125 151 

a IR data from S.S. Mitra, AFCRL-69-0468, Air Force Cambridge Research Labs., Oct. 
1969. 

TABLE 18 

Lattice vibrations for III-V compounds” 

"TO (cm-') VLO (cm-') 

InSb 185 197 
InAs 219 243 

InP 304 345 
GaSb 231 240 
GaAs 269 292 

GaP 367 403 
AlSb 319 340 

AlP 440 501 
AIN 667 916 
BP 820 834 
BN 1056 1304 

a From S.S. Mitra, AFCRL-69-0468, Air Force Cambridge Research Labs., Oct. 1969. 
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TABLE 19 

Lattice vibrations for IV-IV compounds a 

VT0 (cm-') VLO (cm-') 

Diamond 1332 b 
Silicon 52ob 
Germanium 301 b 
SIC 793 c 

1332 b 
520 b 
301 b 
970 = 

a From S.S. Mitra, AFCRL-69-0468, Air Force Cambridge Research Labs., Oct. 1969. 
b Raman frequencies. c IR frequencies_ 

solid, and Y is the frequency of the lattice mode. For non-compressible solids, 
it is possible that only small shifts will occur. For example, the lattice modes 
of zirconium and hafnium oxides failed to show significant shifts at 40 kbar 
[67]. It is also possible that the pressure effects may be different in noncubic 
crystals having different axes parameters, depending on which axis becomes 
compressible [ 172,173]. 

The data obtained from studies of the pressure dependence of the K 2: 0 

20 30 40 
P (k bar) 

Fig. 10. Pressure dependencies of several lattice vibrations [ 1391. (Figure reproduced 
through the courtesy of the authors and Academic Press, New York.) 
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Fig. 11. Comparison of TO and LO modes in NaF with and without pressure [ 1391. 
(Figure reproduced through the courtesy of the authors and Academic Press, New York.) 

lattice vibrations of ionic crystals 11741, when combined with data from 
studies of these modes with temperature [ 1751, may allow calculation of the 
anharmonic interactions taking place, and contribute to a better understand- 
ing of the lattice dynamics of these solids. It is possible to distinguish between 
the purely voIume-dependent contribution and thl? contribution from various 
anharmonic terms in the crystal Hamiltonian [ 1761. Fig. 12 shows a plot of 
In v/v0 vs. In V/V, for several optica modes. The data have been obtained from 
pressure and high-temperature studies [174-1761, P-V data from Pagannone and 
and Drickamer [ 1771, and from Cline and Stephens [ 1781. It can be observed 
that the straight line estrapolated from the pressure domain does not coincide 
with the line obtained from the temperature data. The difference may be attri- 
buted to the anharmonic contribution to the frequency shift (known as the 
self-energy shift), which increases steadily with increasing temperature of LiF. 
A similar analysis was made for KBr and in this crystal the self-energy shift is 
negligible. Results obtained for RbI using other techniques [ 175,179] also 
indicated negligible self-energy shifts. 

The results obtained for the Griineisen parameters for the long-wavelength 
optical modes from eqns. (1) and (2) 

hiUz) =-a In vj(rZ)/a In V (2) 

are given in Table 20. The agreement with the calculations made from those 
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Fig. 12. Plot of In V/V, vs. In V/V0 for several opticmodes [139]. (Figure reproduced through 

the courtesy of the authors and Academic Press, New York.) 

assuming a rigid-ion model with central forces incorporating repulsion terms 
of the Born-Mayer [exp(-r/p)] and inverse-power (r-“) type is good. The 
results using Cowley’s theory give somewhat larger values of y. 

The pressure dependencies of two phases of a solid can be determined by 
these techniques. Such studies have been made with KBr and KC1 [ 1761. 
Figure 13 shows the TO mode of KC1 as a function of pressure and illustrates 
the difficulty of studying phase transitions. The pressure gradient across the 

TABLE 20 
Griineisen parameters for the long-wavelength optical modes 

Experimental Calculated 

Eqn- (1) Eqn. (2) Born- r-n Cowley c Model Model 
Mayer a repulsion b Id IId 

LiF 2.15 2.59 2.44 3.46 
NaF 2.80 2.95 2.43 3.00 
KBr 2.83 2.52 2.95 3.27 -3.0 - 2.6 
KC1 2.46 2.52 2.92 

Q Ref. 180. b Ref. 181. c Ref. 182. d Ref. 183. 
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Fig. 13. TO mode of KC1 as a function of pressure [ 1391. (Figure reproduced through the 
courtesy of the authors and Academic Press, New York.) 

diamond anvils prevents the detection of a sharp transition pressure and both 
phases appear over a range of pressures. The high-pressure phase (CsCl struc- 
ture) appears at 16 kbar for KBr and at 24 kbar for KCl. The conversion to the 
the high-pressure phase is complete at 26 and 30 kbar for KBr and KCl, respec- 
tively. For a limited average pressure range the TO mode of both the low- and 
high-pressure phases can be detected, with a gradual decrease in the intensity 
of the low-pressure phase and an increase in that of the high-pressure phase. 
With the reduction of pressure, the frequencies of the CsCl phase do not coin- 
cide with those determined from increasing pressures (maximum experimental 
error ?2 cm-‘). The low-pressure phase does not reappear until 11 and 16 kbar 
for KBr and KCl, respectively. Some of these discrepancies can be attributed 
to the sluggishness of the system and friction created within the cell. 

The vibrational frequency decreases at the transition pressure by about 
lo-12%. The ratio of TO frequency of the CsCl phase to that of the TO fre- 
quency in the NaCl phase should equal the square root of the coordination 
number of each phase; e.g., $l” or 0.87. The observed ratio for KBr is 0.88 
and that of KC1 is 0.92. 

It has been found [184] that the /z = 0 TO frequency of the alkali halides 
of NaCl structure is proportional to (a/~@)“‘, where a is the lattice constant, 
,u is the reduced mass per unit cell, and x is the compressibility_ The same is 
true for the CsCl structure, as illustrated in Fig. 14. 

Pressure studies of mixed crystals have recently been reported for 
CdSl _XSeX, ZnS, _XSeX [185] and KCl, _XBrX 11861. In both the two-mode 
system ZnS, - xSex, and the one-mode system KCll _ XBrX, the pressure 
dependencies of the various mixtures of the mixed crystals parallel those ob- 
tained for the pure components. Figure 15 illustrates the pressure dependence 
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Fig. 14. Plot of TO mode frequency for several CsCI-type salts vs. l/C(t-/~y)‘~ [139]. 
(Figure reproduced through the courtesy of the authors and Academic Press, New York.) 

of the high frequency mode in the ZnS, _-sSes system. 
Certain molecular lattice modes were investigated by McDevitt et al. [67] 

and Fondere et al. [187]. The experiments are more difficult to perform 
since a thicker sample is needed, and gaskets are necessary to accomplish this. 
Molecular lattice vibrations have been observed to also shift toward higher fre- 
quencies with increasing pressure. Raman experiments [ 1881 have demonstrated 
that molecular lattice vibrations are more sensitive to pressure than ionic 
lattice modes, as expected. 

Pressure dependencies of KI, RbI and their mixed crystals have been deter- 
mined [189]. The mode Griineisen parameters were determined and com- 
pared well with the calculated parameters from a rigid ion model using the 
Born-Mayer type potentials. Similar measurements have also been made for 
IR-active phonon modes in alkali-earth fluorides [ 1901. The pressure depend- 
ence of the Raman spectra of the alkaline-earth fluorides is also available 11911. 
Several anti-fluorite structures have been studied at high pressures (e.g., Mg,Si, 
Mg,Ge, Mg,Sr) [ 1921. 

First and second order Raman spectra have recently been obtained on hexa- 
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Fig. 15. Pressure dependencies of high frequency mode in ZnSl _,Se, mised crystals 
[ 1851. (Figure reproduced through the courtesy of the authors and Academic Press, New 
York.) 

gonal ZnS (wurtzite) at pressures to 40 kbar [ 1931. No phase transformation 
to a cubic phase was observed. The Griineisen parameters were found to be 
0.99 for the vLo mode and 1.81 for the vro mode. For the vTA mode the 

value ranged from -1.79 to 2.38 in the second-order spectrum. The splitting 
between VTo and vLo decreases with pressure. Raman (one- and two-phonon) 
spectra of GaP at pressures to 135 kbar were determined 11941. Mode 

Griineisen parameters were calculated. Raman and far-IR studies to 45 kbar 

of the phase transition in paratellurite (TeO,) were made recently [ 1951. At 
the phase transition at 9 kbar an E mode at 122 cm-’ splits into two compo- 

nents in the IR and Raman spectra. These results aided in assigning the vari- 
ous phonon modes in TeO,. Raman spectra to 4 kbar were obtained for TiO, 
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(rutile) [S6]. Griineisen parameters for each lattice mode were obtained. The 
B1, phonon mode was found to have a negative pressure dependency. These 

results agree with earlier pressure measurements made to 40 kbar, wliich 
demonstrated a dv/dp for this mode as -0.3 _t 0.1 cm-’ kbar-’ [196]. This 
mode softens as well with decreasing temperature, although only slightly. The 
unusual pressure dependency for this vibration may have important implica- 
tions relative to pressure-induced phase transitions in rutile, as well as in other 
crystals with this structure_ 

(iii) Coorclinatioil cotnpoc~ncls 

Interest in solid coordination compounds has centered on the behavior of 

various vibrational transitions under high pressures. Considerable interest has 
also developed in changes occurring with pressure in spin states and in oxida- 
tion states, and to identify these changes with far IR spectroscopy. Perhaps 
of most significance are the structural transformations which pressure has 
induced. The latter effects have served to test the theoretical predictions of 
Pearson [ 1971 and Bader [ 19S] regarding stability of various geometrical con- 
figurations. It is also possible that these studies provide a foundation for anti- 

cipated ultra-high pressure measurements of minerals. 

(1) High pressure effects on vibrational transitions 
As more research involving high pressure effects accumulates with time, it 

has become clear that certain vibrations are more sensitive to pressure than 
others. For example, vibrations which involve espansion of molecular volume 
appear to be more sensitive to pressure_ Attempts to quantify the behavior of 
vibrations with pressure may never be realized for the application of pressure 
to solids involves many factors, and screening these factors may be an impossi- 
ble task. Such factors as packing effects, compressibilities, nature of bonds 

(ionic vs. covalent), crystal field stabilization energy, steric effects, electronic 
repulsions, electronic delocalization, and other effects all contribute toward 
pressure-sensitivity of various vibrations in a molecule. 

Esamples of pressure effects on vibrations in different molecules will be 
discussed in the following sections_ 

(a) Ligand vibration. Relatively little attention has been paid to the effects 
of pressure on ligand vibrational modes. In a study of pyrazine and its com- 

pleses up to 72 kbar several observations could be made [ 1991. (1) Ligand 
bonds showed blue shifts and were less sensitive than the bands of the com- 
plexes_ (2) Some bands showed splitting_ (3) Although the vibrations in the 
ligands and their metal complexes were not the same, the pyrazine spectrum 

under pressure showed similarities to spectra of the corresponding metal com- 
plexes. This may appear to indicate that metallic complexation involves a 

pressure effect. The splitting of bands can be accounted for in terms of a 
lower symmetry or involving factor-group splitting. A new study of dihalocy- 
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clohexanes in the far IR region has recently appeared [ZOO]. Pressure depend- 

encies of the Raman and IR spectra of CY-, p-, y- and 8-octahydro-1,3,5,7- 
tetranitro-1,3,5,7_tetrazine have been made [201]. 

(6) Metal sandwich compounds. In a study on the effects of pressure (to 35 
kbar) on the IR active skeletal vibrations of metal sandwich compounds, it 
was found that the v(M-ring),,,, vibrations are more sensitive to pressure 
than the ring tilt mode [202]. Table 21 shows the pressure dependencies in 

these compounds. 

(c) Metal-halogen stretching modes. In complexes displaying both asymme- 

tric and symmetrical metal-halogen stretching vibrations it was demonstrated 
that pressure effects (to 50 kbar) on the symmetrical vibration are more effec- 
tive [203]. Although only minor shifts are observed, the symmetrical mode 
shows large decreases in intensity. The compounds studied included the 
following: 1. norbornadienedichloroplatinum(II), (C,H,)PtC12; 2. 2,2’,2”-ter- 

pyridinedichlorozinc(II), (terpy)ZnCl,; 3. bis(cl-picoline)dichlorocobalt(II), 
(C,H,N),CoCl,; 4. tetraphenylarsenic trichlorostannate(I1) [(C,,H,),As] - 
[SnCl,]; 5. tetraphenylarsenic trichlorogermanate(II), [(C,Hj),As] [GeCl,]; 
6. norbornadienedibromoplatinum(II), (C,H,)PtBrl; 7. 2,2’,2”-terpyridine- 
bromozinc(II), (terpy)ZnBr,; 8. bis(pyridine)dibromocobalt(II), 
(CSHJ)$oBrI; 9. bis(ol-picoline)dibromocobalt(II), (C,H,N),CoBr,. 

Results with the bromides indicate that the metal-bromine stretching 
mode behaves similarly to the metal-chlorine mode under pressure. However, 
since the assignments for the vMar vibration are less well known because of 
the close proximity of the metal-nitrogen stretching vibration, further 

studies are necessary. Figure 16 shows the low frequency vM-X,,,., and 

vM-Xsym vibrations [@,,As] [SnCl,] as a function of pressure. 
Lever has reported in a series of papers [204a] that metal-ligand vibra- 

tions in coordination complexes upon cooling to 80 K, increase in frequency 
relative to the “pure” ligand vibrations. The cooling effects are very similar to 

those observed with the application of high pressure (Sections (l)(a) and (l)(c) 

TABLE 21 

Pressure effects on skeleton modes of metal sandwich compounds [ 2021 

Ring tilt (cm-‘) v(M-ring) (cm-’ ) 

Ambient 35 kbar Ambient 35 kbar 
pressure pressure 

Fe(Cp)z 491 494 461 474 
Ru(Cp)z 447 476 381 390 
Mn(Cp)z 432 437 409 420 
Cr(C6H6h 487 491 453 475 
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Fig. 16. Frequency of ~s~cl and *.Q,CI in [&As] [SnC13] as a function of 
pressure [203]. (Figure repr~%&d through?c courtesy of the authors and the American 
Chemical Society, Washington, D-C.) 

above). The use of low temperature has been suggested as a guide to band 
assignments in these complexes. 

(d) Metal-halide bridging vibrations. Complexes of the type CoLIX,, where 

L = py, 4-Cl(py) or 4-Br(py) and X = Cl or Br are known to exist in poly- 
meric and monomeric forms. The monomeric forms are tetrahedral and blue 

or green colored, and the polymeric forms are octahedral and lilac colored. 
The assignments for bridged cobalt-halide stretching vibration (Y,COX) and 
terminal vibration (vt(CoX) in these complexes were made possible by 
pressure studies to 28 kbar [204]. The v,,CoX vibrations manifested apprecia- 
ble blue shifts as opposed to the u,CoX vibration. The u(Co-N) shifts appear 
to be smaller, of the order of 18 cm-‘. 

(e) Complex compounds. High pressure studies of some hexa-ammine com- 
plexes of Ni(I1) and Co(U) have been made [205]. The pressure studies to 40 

kbar for the Ni(I1) complexes were different than low-temperature studies, 
and indicated a phase change and a lowering of symmetry being involved. 



40 

Comples halides like K$tCl_,, KJ?dCl,, K2PtCl,, and K:PdCl,, have been 
studied at high pressure (ca. 33 kbar) [206]. In the K,MCl, complexes of Oih 
symmetry [ 2071 it was found that the E, internal vibrations were more 
pressure sensitive than the A 2U internal vibration in the MCli- ions. The most 
pressure sensitive esternal mode was the translational lattice mode along the 
long asis (lo, while the mode along the short axis co was less pressure depen- 

dent. It was concluded that with an increase in pressure, contraction occurred 
along the (I~ axis, while a contraction or even expansion occurred along the co 
asis. The ,X-ray work of Drickamer may lend some substantiation to these 
conclusions, as in the tetragonal solids MnOz and SnO, pressure contracts 
along the a” axis while the c,, axis espands [172,173]_ 

In the cubic crystals (02) K,MCl,,, where M = l%(H) or Pd(II), differentiation 
between internal and esternal modes was less certain, although the lattice 
mode appeared to be slightly more pressure sensitive. A series of transition- 

metal hesahalides was also studied under pressure to 20 kbar, and Adams 
and Payne [ 2OS] concluded that the pressure sensitivity followed the order 

v2 > vJ > v+ For M2PtC1,, where M = K, Rb, Cs, Tl or NH,, the pressure sensi- 

tivity of the v(Pt-Cl) modes of vibrations decreased in the order A 1R > E, > 
F,, at pressures to 20 kbar [ 2091. 

Several comples cyanides have been investigated at high pressures up to 30 

kbar, and the effects studied by IR spectroscopy [ 2101. The compounds 
examined were K,[Zn(CN),], K,[Cd(CN),], K,[Hg(CN),J, Zn(CN),, Cd(CN), 

and Hg(CN)?. Pressure effects were studied by esamining the CN stretching 
region as well as the metal-CN stretching region (200-600 cm-‘). For the 
M(CN)f- tetrahedra it was found that the degeneracy of the Fz vibrations was 

removed with pressure. It was concluded that for M = Zn or Cd the symmetry 

had lowered to Dzd, while for M = Hg to D, or C3”. Lower symmetry resulted 

for Zn(CN),. However, an increase in symmetry took place for Hg(CN)I and 

Cd(CN),. 
A far IR study of salts of Sex,:-, where X = Cl or Br and TeX?- where X = 

Cl, I3r or I at pressures up to 40 kbar was made [211]. All bands were ob- 

served to show blue shifts with the Y, bending mode exhibiting the most dra- 

matic effect. For some compounds which did not show Y,, the band appeared 
with increased pressure. In most cases which showed v_, at ambient pressures, 

the vibration eventually disappeared with increased pressure. The results were 

explained on the basis of an anion-cation bonding scheme, which allows a 

pressure-dependent delocalization of the inert-pair electrons throughout the 
lattice. 

(f) Miscellaneous. In a Raman study of metal carbonyls the Al, v(C0) shifted 
12 cm-’ at 25 kbar in tungsten carbonyls, while the El, mode was substanti- 
ally less sensitive [ 2121. 

(2) Pressure effects on spin states 
A number of changes of oxidation state and spin states caused by pressure 



have been reported by Drickamer and Frank [27]. In these cases Massbauer 
or absorption spectroscopy was used as the diagnostic tool to observe the 
changes. For changes in solutions, see Sinn [26]. 

Recently, several systems have been examined using vibrational spectro- 
scopy as the diagnostic tool to identify spin-state equilibria in the solid state. 
In these examples the far IR region, anti in particular, the metal-ligand vibra- 
tion was followed with pressure to determine a change from a high-spin to a 
low-spin state. The high-spin, metal-ligand vibration occurs at lower energy 
than the low-spin, metal-ligand vibration. In some instances low tcmpera- 
tures are used with pressure to facilitate the conversion. 

The complex NiBr2(BzQ2P)z was converted at 12 kbar from a high-spin, dis- 
torted tetrahedral molecule to a low-spin, square-planar configuration [213]. 

In this complex a structural change as well as a spin-state conversion occurred. 
Co(nnp)(NCS),, where nnp = EtlN-(CH,)2-NH-(CHJ)JPQ,, was converted 
at 10 kbar and 150 K from the high-spin to low-spin state [ 2141. The rela- 
tionship of the equilibria with temperature and pressure is shown below. 
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The Fe(phen),X, and Fe(bipy),X, compleses, where phen = l,lO-phenan- 

throline, bipy = 2.2’~bipyridine and X = Cl-, Br-, NJ, NCO-, Ok-, HCOO- 
exist in high-spin states [215]. The complexes Fe(phen),(NCS),. Fe(phen),- 
(NCSe), and Fe(bipy)2(NCS)z were studied at high pressures and/or low tem- 

perature (2151. Complete conversion with pressure to low spin did not occur. 
However, the mixtures of high-spin and low-spin forms maintainecl at high 
pressures, could be converted to the low-spin state if the sample was cooled 

to 100 K. The high-spin state can be converted to the low-spin state directly 
with cooling to 100 K. The results parallel those obtained by Fisher and 
Drickamer [216] using Mijssbauer techniques for Fe(phen):(NCS): and Fe- 
(phen),(NCSe)l. High-spin-low-spin crossovers with pressure have also been 

observed for tri(N-ethyl-N-phenyldithiocarbamato)iron(III) [217,218], and 
represent the first pressure conversions of Fe(W) to low-spin. These results 
may have some consequences in problems relating to the earth’s mantle. 

The results of the low temperature conversion to low spin may be esplained 

in terms of a strengthening of the Fe-N (phen or bipy) and Fe-N (NCS and 
NCSe) bonds due to back-donation of the t,, electrons of the metal to the n* 

orbitals of the organic ligand and NCSe. This mechanism may also be present 
at the outset of pressure applications, but the back-donation of the metal is 

reduced with increasing pressure by the accessibility of the n electrons from 
the ligand to the ligand 7~’ orbitals [27]. Table 22 summarizes high-pressure 
spin-state conversions. 



TABLE 22 

High prcssurc spinspin interconversions [ 215-218 ] 

Compound Ccn tral 
atom 
C.N. 

High spin 
(No. of 
unpaired 
e’s) 

Conversion Experimental probe 
pressure 
(kbar) 

Fe(NO)(salen) (d’) 5 3 
Fe(phen)z(NCS)s (&) 6 2 
Fe(phen)z(NCSe)2 (dG) G 2 

Fe(bipyMNCS)z (dG) 6 2 
Co(nnp)(NCS)s (d’) 5 3 
Ni(Bz&P)sBr2 (da) 4 2 
Fe(EPDTC)s (ds) 6 5 

High Spin --f Low Spin 21 
High Spin -+ Low Spin 18 
High Spin + Low Spin B-10 
High Spin + Low Spin 15 
High Spin + Low Spin 4 
High Spin + Low Spia u 12 
High Spin -f Low Spin 35 

NO stretching region 
Skeletal-FIR 
SkeleLal-FIR 
Sk&M-FIR 
Skelelal-FIR 
Skclctal-FIR and electron regions 
Skeletal-FIR 

n Structural conversion also occurs, ‘;l 
Abbreviations: phen = phenanthroline; bipy = bipyridyl; nnp = Et~N-(ClIs)+i-(CHs)2P~~; Bz = benzyl;d, = phcnyl;salen = NN’-ethyl- 
encbis(salicylideneimine) = - 

QoH HoQ 
; EPDTC = N-ethyl-N-phcnyldithiocarbamato. 

HC=T y=CH 

Ct I2 - CH:, 
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(3) Ligand isomerism 
Ligand isomerism is well characterized. Most of the studies have involved 

equilibria between the two forms in solution_ Little is known of these equili- 
bria in the solid state. In solid Ni(en),(NO,), at a pressure of 30 kbar, the 
violet form (obtained at ca. 120°C) was transformed to the red form [219]. 
The red isomer is the dinitro form, while the violet isomer is the dinitrito form. 
The 560 nm band was used to monitor the transformation. 

(4) Pressure reduction 
In a study at high pressure of [ (CH,),N],[ Fe(NCS),,] (ref. 220) it was ob- 

served that a pressure-dependent reduction of Fe(II1) to Fe(H) occurred, con- 
firming the Mijssbauer studies of Fung and Drickamer [ 2211. The reduction 
was characterized by the appearance of a new band at 238 cm-’ at lower fre- 
quency than the 295, 270 cm-’ vibrations attributed to the VFe + 3_-N mode. 
A similar reduction 12221 was found with pressure for [Mnn’(CN),,]3- and 
[Fem(CN),]3- from a study of the vcN vibration in the [M*n(CN),,]3- species. 
No evidence was obtained, which could be attributed to any ligand isomeriza- 
tion occurring_ 

Other oxidation-reduction effects of pressure using Mijssbauer techniques 
have been noted by Drickamer and Frank [27]. 

(5) Structural conversions with pressure 
Most structural interconversions have been studied in solution. NMR spec- 

troscopy has been an ideal tool for such studies because often the equilibrium 
established between labile structures can be shifted in favor of one structure 
by a change in temperature. Until recently, few high-pressure studies of solid- 
state structural interconversions of complexes have used vibrational and elec- 
tronic spectroscopy. The Mijssbauer effect has, however, been used exten- 
sively by Drickamer and Frank [27]. 

It is reasonable to assume that solid-state interconversions involve consider- 
ably Iarger energy effects than those observed in solution. For solid complexes, 
in addition to the symmetry effects discussed above, molecular packing, 
lattice forces, ligand flexibilities, metal-ligand bond distances, d-d electronic 
transition energies, orbital overlap and orientation effects, and hydrogen bond- 
ing among other factors must also be considered. High pressure is known to 
affect many of these factors [27,223,224] and will favor the structure with a 
smaller packing volume. High-pressure effects are observed to shorten the 
metal-ligand bond distance and to increase the average ligand field strength 
[223-2251. In the cases involving high-spin complexes, this increase in ligand 
field energy may be sufficient to overcome the electron spin pairing energy 
and produce a low-spin complex. 

Of particular interest is the effect of high pressure on the IR absorption 
bands of a solid complex. A reduction in the metal-hgand bond distance 
shifts the vibrational bands to higher energy. For bending modes, which 
might possibly transform one structure into another, the effects of pressure 



may be smaller and conceivably the associated band may shift to a lower 
energy. It is also possible that, at high pressure, normally forbidden modes 

may become allowed (in a lower site symmetry), and if this mode yields a 

structural interconversion, the vibration may then become allowed. Thus, it 
is of interest to esamine the solid-state rigidity of various molecules with 
differing stereochemical configurations at high pressure_ 

(iv) High-pressure studies of scoerul solids itz different symtnett-ies 

Solid-state structural transformations obtained for several representative 

solids at high pressure are presented in Table 23. From these results, it may 

be concluded that structural interconversions are possible for transition-metal 
complexes in the solid state. The interconversions are all reversible, with the 
exception of that for the Ni(Qnqn)Cl, complex. 

We have proposed a new scheme for the classification of the types of behavi- 
or observed in transition-metal compounds at high pressure (see Table 24) 
[ 2261. The four behavior classes are based primarily upon the presence or 
absence of a structural and/or electronic change in the complex between am- 
bient and high pressure. Class 1 compounds exhibit neither large structural 
nor electronic changes, but they would include compounds which show small 
effects, such as slight unit cell contractions, minor crystallographic changes in 
space group, small changes in crystal-field parameters, and small shifts in 
charge-transfer bands. Class 2 compounds exhibit significant structural 
changes with, at most, minor electronic changes, whereas the reverse situa- 
tion l~olcls for class 3 compounds. Classes 2 and 3 may be further subdivided 
as shown in Table 24 depending upon the absence or presence of a coordina- 
tion number change, etc. Class 4 includes compounds with both electronic 
structural changes at high pressure and, of course, could have many subdivi- 
sions if nccess,u-y based upon the presence or absence of each electronic and 
structural factor. 

The behavior of various selected transition-metal complexes at high pressure 
will now be discussed in terms of their coordination number and behavior 
type- 

(I) Four-coordinate complexes 

The two compleses, dichloro- and dibromobis(benzyldiphenylphosphine)- 

nickel(IJ), Ni(Bzl?h21’)lX2, may each be prepared as both red and green iso- 
mers [ 2371. Roth of the red compleses are the diamagnetic square-planar 

forms of the complex. However, there are substantial differences between the 
two green isomers. The green bromide isomer (with a reduced magnetic mo- 
ment of 2.70 E.~B at room temperature) has been shown by single-ckystal X-ray 
analysis [ 2381 to contain one square planar and two tetrahedral nickel atoms 

per unit cell. The magnetic moment of the green chloride isomer (3.23 FB at 
room temperature) and its spectroscopic properties reveal that it is fully 
tetrahedral in coordination geometry. 



TABLE 23 

Solid state structural transl’ormations induced by high pwssurc i22G 1 

Compound C.N. Symmetry a Struclural Transl’ormation Spectroscopic Remarks 
ambient prcssurc trallSl’ornli~tiOll press. (kbnr) prohc 

wilh prcssurc 

Ni(Qnqn)Clz 4 

c&I:- c 4 
Ni(CN):- d 5 
[NiLX]‘, NiLX2, 5 

[NiLzX 1’ 
NiLJXz 

Pure T,l 

l/3 Plilll;lr 

(Square) 
213 TcI 

Distorlcd Td 

Flaltcnccl T,1 
SQP + TBP 
SQP + TBP 

NO chilnac 

l’lill1il1. (square) PO 

Electronic 
FIR 

Electronic 
FIR 

Rcversihle 

Binuclcar, SQP 2 
[Ni(Qnqn)Clz]2 

PlilllLlr (squara) 20 
SQP 7 
TBP Onset ol’ press. 

Electronic 
FIR 

FIR 
IR in -1 pm 
Electronic 

IrrcvcrsiMc 

Rcvcrsible 
Rcversihle 
Rcvcrsihlc 

Q Local symmetry around central metal atom considcrcd. 1) Ni(Bz&P),IT inferred to be similar Ni(Bz$zP)2Br2 
c Cation is (CH~)~CHNH; or Cs*. (1 Cation is Cr(cn).i+; compound is (&(cn)INi(CN)s ] 1.5 H:O. 

from magnetic moment. 

Abbreviations: Bz = bcnzyl; @= phcnyl; Qnqn = tratls.f),.( 2’-cluinolyl)mc~thylcnc-3-c~uinucliclio~~e; L = organic ligand; X = halogen or 
pseudo halogen; Td = tetrahedral; SQP = square pyramidal; TBP = trigonal hipyramid. 
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Behavior clnsscs for I,t-essltre-induced solid-state changes [ 226 ] a 

Behavior Structural change Electronic change Esamples Ref. 
class 

Geo- C.N. Spin- Osida- 
metric change state tion 
change change state 

change 

1 NO NO NO No 

3-n Yes No NO No 

Green 
Ni(BzPh2P)2CI2 

[Ni(Qnqn(Clz]z 
Co(Qnqn)CI~ 
FrS2 
Several CuC13- 

2B Yes Yes No No 
Ni(CN)z- 
Ni( Qnqn)CIz, 

Co(Py)zC11 

213 

32 7 
22 5 

226 
229, 
230 
231 

204. 
22; 

3c 

3A 

3B 

4 

Yes No YCS No Green 
Ni(BzPhl)zBr2 213 

No No Yes No RIn( Fe)& 232 
Fe(phen)z(N3)2 216 
Fe(phen)2(NCS)z 215 

2161 
233 

No No No Yes Fe(acac)x 23-1 
Cu(OSin)l 235 
Hemin 2i 

s es YleS Co(XO)(Ph2CH,P)zCl~ 236 

a A modified version of that in ref. 226 appears above. 
Abbrrviations: C.N. = coordination numlwr; Bz = benzyl; Qnqn = Iratts-2-(2’~quinolyI)me- 
thylcnc-3-cluinuclidione; py = pyridine; ArgH = (H~N)~CNH(CH~)_~CHNH~COO-; aca = 
ncetylacctonatc; OSin = S-h~dros~quinoline. 

Both the electronic and IR absorption spectra of the two paramagnetic 

green isomers were studied as a function of pressure [ 2131. The g-reen 

Ni(BzPhLP)ZC1l isomer retains its tetrahedral coordination geometry at all 
pressures and shows no indication of any conversion to a square-planar geo- 

metry at high pressure. However, the green Ni(BzPh,P),Br2 isomer is trans- 
formed from the above-mentioned mixture of tetrahedral and square-planar 
coordination geometries at ambient pressure, to the purely square-planar red 
isomer at high pressure [ 2131. This reversible pressure-induced structural 
transformation is essentially complete at ca. 20 kbar and represents class 2C 
behavior. In this instance, the change in the spin state of the nickel ion occurs 

as a result of the geometric structural change and not directly as a consequ- 
ence of the high pressure. 



In another high-pressure study [227], it was possible to irreversibly con- 

vert the paramagnetic violet pseudotetrahedral nickel complex, Ni(Qnqn)Clz, 
into its yellow paramagnetic binuclear [Ni(Qnqn)Cl,], isomer. In these com- 
pleses, the Qnqn ligand is trans-2-(2’quinolyl)methylene-3-q~~int~clidi~~o~~e. / \ N’ H _r \ P 

NL_/’ 
anqn 

Both the yellow and violet isomers have been prepared directly [ 2271, and 
the X-ray structure [239] of the yellow binuclear isomer has revealed two 

bridging and two terminal chlorine ligands and bidentate coordination for 
Qnqn. The application of pressure to the violet monomeric complex causes 

the two nickel-chloride nonbonded distances to decrease to a point where 
the two additional bridging chlorine bonds are formed, and the yellow binu- 
clear complex results. The spectrum of the complex clearly reveals the irre- 
versible changes in both the vNi_cI and YNi-_N vibrational bands as a function 
of pressure_ The electronic absorption spectrum of the violet isomer also 
reveals the espected changes in the d-d bands at high pressure. 

This is the first example of such an irreversible pressure-induced structural 
transformation known to us. The irreversibility of this transformation may 

result from the bond energy of the two additional chlorine bridging bonds, 
which would make the reverse transformation thermodynamically unfavorable. 
This transformation involves both a change in coordination number and a 
change in coordination geometry and represents class 2B behavior. The yellow 
dimeric [Ni(Qnqn)C12], eshibits only minor changes at high pressure and is in 
class 1 [226,227-J. 

The room-temperature preparation of [ (CH,),CHNH,] ,CuCl, has been 

found [240] from X-ray studies to contain one copper ion in a square-planar 

configuration and two copper ions arranged in tetrahedrally distorted configu- 

rations. The crystal is held together by hydrogen bonding from the isopropyl- 
ammonium ions. At high pressures the coordination geometry of the two 

tetrahedrally distorted copper ions is reversibly converted to a square-planar 
geometry [229]. The conversion is observed as a change in the ~c~__c, and 

6 clcUcl vibrational bands. Confirmation for the conversion was also found in 

the change occurring in the electronic region [ 229,230]. A similar structural 

conversion is also found [230] in Cs,CuCl, and Cs$uBr_,. These compounds 
exhibit a geometric structural change with no change in coordination number 

or spin-state and belong to class 2A. 

(2) Five-coordinate complexes 
An X-ray diffraction study [241] of the [Cr(en),] [Ni(CN),] - 1.5 H,O com- 



48 

plex has shown that its unit cell contains two crystallographically independent 
[Ni(CN),13- ions, one with a regular square-pyramidal geometry, and one with 

a distorted trigonal-bipyramidal geometry. Dehydration of the complex con- 
verts ali of the [Ni(CN)j]3- ions to the square-pyramidal geometry [241]. 
When this compound was subjected to pressures of ca. 7 kbar at 78 K, the 
coordination geometry of the trigonal-bipyramidal [Ni(CN),13- ion was con- 

verted reversibly to the square-pyramidal geometry [231]. The IR spectrum of 

this compound at ambient and high pressure is presented in Fig. 17. In order 
to prevent the dehydration of the complex at high pressure (presumably a 
result of localized heating produced by the 6X beam condenser used with the 
pressure cell) these studies were made at 78 K. In this complex, the reversible 
transformation represents behavior class 2A in a five-coordinate complex_ 

An extensive high-pressure study of many five-coordinate nickel(H) com- 

plexes with ligands ranging from monodentate to tetradentate has revealed 

several nonrigid structures in the solid state [223]. The results for several me- 
tal ions are presented in Table 25 and reveal that “tripod-like” tetradentate 
ligands prefer the trigonal-bipyramidal structure_ The importance of the larger 
number of chelate rings, and the increased entropy and free energy of forma- 
tion for tetradentate ligand complexes of the type [NiLX] Y, are indicated by 
the more numerous trigonal-bipyramidal structures. As the number of chelate 
rings is reduced, stability decreases, and the tendency to form intermediate 

five-coordinate complexes results [242]. NiL,X, complexes with no chelate 
rings are unstable and dissociate in solution, whereas the application of high 
pressures tends to distort these solids toward the distorted intermediate five- 
coordinate geometry_ In these five-coordinate complexes, a gradual change 
from class 1 behavior (with small values of dv/dp) to class 2A behavior is ob- 
served. 

The five-coordinate square-pyramidal complex Fe(NO)(salen) (salen = N,N’- 
ethylenebis(salicylidenimine)) has been shown to contain iron in an interme- 
diate spin state (S = 5) and to exhibit spin equilibrium at low temperature 

[243]. Mijssbauer spectral results indicate that the complex most likely con- 

tains Fe(II1) and NO-, although this formulation is still open to question. A 
recent study of the NO vibrational absorption band as a function of pressure 

has revealed a shift to lower frequency at high pressure [ 2441. These results 
appear to be consistent with a change in spin state for the iron ion. This com- 

pound would appear to fit into class 3, but additional studies will be required 

to confirm and refine this classification because structural changes may also 
be significant. 

Two isomers of Co(NO)(Ph,CH3P),C12 are known [245]. One of these iso- 
mers is trigonal bipyramidal and contains Co(I) and NO’ ions, most probably 
with a linear Co-N-O bond. The second isomer is square pyramidal and con- 
tains Co(II1) and NO- with a bent Co-N-O bond. The NO vibrational absorp- 
tion band occurs at ca. 1750 cm-’ in the first isomer and at ca. 1650 cm-’ in 
the second. A preliminary study indicates the structural conversion of the tri- 
gonal-bipyramidal isomer to the square-pyramidal isomer at high pressure 
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Fig. 17. The cyanide stretching vibrational bands in fCr(en)s] [Ni(CN)s] - 1.5 H20: A, at 
78 K and ambient pressure; B, at 78 K and ca. 7 kbar; C, at 78 K and ambient pressure 
after release of high pressure. Spectrum D is that of [Cr(en)s] [ Ni(CN)s ] at ambient tem- 
perature and pressure [249]. (Figure reproduced through the courtesy of the authors and 
the American Chemical Society, Washington, DC.) 



TABLE 25 

Structural inTercnces from pressure efrects for several Ni(II), Pd(iI), Pt(II) and Co(II) 

romplescs containing ~lgnntis varying from tetradentate to monodentatc [223 ] 

Comp!es iI 

[NiLSlY (24) 
[PtlLS]Y (2) 
[PlLS]Y (I) 
[CoLS]Y (1) 
[NIL);,] (3) 
[NiLzS]Y (5) 
[ COLZX] (2) 
[NiL,Sz] (6) 

[COLJSIl (2) 

Type of ligand 

Tetrndcntate 
Tetradentnte 
l’etr~dentate 
Tetracicntatr 
Tridentate 
Bidentate 
Bidentate 
Monodentate 
Monodentate 

dvldp 
(cm-’ kbar-’ ) 

Structure 

33-70 
33-41 
2-i 

5 
9-32 
9-32 

Very slight shift 

S-29 
s-23 

TBP 
TBP 
TBP 

SQP 
Distorted, TBP-SQP 
Distorted, TBP-SQP 

SQP 
Distorted, TBP-SQP 
Distorted, TBP-SQP 

a Numbers in parenthrses indicate number of compounds studied. 
Abbreviations: TBP = trigonai biyyramid; S = halide or pseudo-halide ion; SQP = square 
pyramid; Y = polyatomic anion. 

[236]. This represents class 4 behavior with significant structural and elec- 
tronic changes. 

(3) Six-coordimre complexes 
‘ro date ive have not been successfui in changing the coordination number 

or geometry of an octahedral (or close to octahedral) complex at high 
pressure. However, several octahedral high-spin complexes have been reversi- 
bly converted, at least in part, to the analogous low-spin octahedral com- 

plexes at high pressure [ 215,216,246,247]. Table 22 summarizer- some of 

these results. The initial conversion from the high-spin to the low-spin state 
has been esplained [27,216] by the increase in ligand-field potential with 
pressure until it esceeds the electron pairing energy. This initial effect is 

accompanied by the back-donation of the metal t,, electrons into the X* orbi- 
tals of the ligand. With a further increase in pressure this back donation is 

reduced by the accessibility of x electrons from the ligand [273. 

(4) Nonrigidity of solids at high pressure 
It may be concluded that solid-state high-pressure structural transforma- 

tions are possible in transition-metal complexes. All of the transformations 
examined thus far have been reversible, with the exception of that in Ni- 
(Qnqn)Cl,, in which a dimer is formed at high pressure. In this complex, two 
additional bonds are formed on dimerization, and they contribute to the 
stability of the high-pressure phase. 

The probability of producing structural interconversions with pure or 
nearly pure tetrahedral and octahedral complexes is predicted, on the basis 



of the theoretical considerations discussed [197,198], to be small. For undis- 

torted tetrahedral complexes, this prediction is borne out by experiment. 
Attempts [248] to convert complexes of nearly tetrahedral symmetry have 
been unsuccessful. The results of our work, however, indicate that the pres- 
sure-induced conversions of tetragonally distorted tetrahedral complexes are 
possible, in particular where an asymmetric ligand field is observed by the 

central atom (e.g., a complex involving several types of ligands). The import- 
ance of a distorted structure appears to be a necessity in a solid-state pressure 
conversion [ 2491. 

It is possible that distorted sis-coordinate compleses may also behave 
similarly [ 250-252 1. The results observed to date for four- and sis-coordi- 

nate complexes are not surprising because the energy barrier to rearrangement 

for true tetrahedral and octahedral structures is certainly high. For the 

Ni(BzPh,P)2Br2 complex, the unpaired electrons may contribute to the lower- 
ing of the energy difference between the distorted tetrahedral and the square- 
planar configurations_ This effect would be superimposed upon the beneficial 
effect of a starting structure which is distorted toward the square-planar geo- 
metry _ 

For five-coordinate compleses the energy barrier for structural interconver- 
sion is smell, and many examples have been reported in which the trigonal- 

bipyramidal and square-pyramidal isomers both exist [246,253-2571. This is 
apparently also true in the solid state, because our high-pressure studies indi- 
cate that interconversion is readily obtained. In systems containing a tripod- 
like tetradentate ligand, the ligand flexibility favors the trigonal-bipyramidal 
structure. For the Ni(CN):- ion, a structure which is distorted in the direc- 
tion of the pressure-stable square-pyramidal phase, the monodentate cyanide 
ion permits the rearrangement to occur. 

Nonrigid configurations for seven- and eight-coordinate compleses have 
been demonstrated in solution studies [258-2691. However, no solid-state 
high-pressure studies have been reported to date. 

Recent studies have disclosed pressure effects on solids which are interest- 
ing and surprising [270,271]. Copper(H) and nickel(II) complexes of N,N- 
diethylethylenediamine, N,N-dimethylethyienediamine and C,C-dimethyl- 
ethylenediamine of the type M(L)?X, where X = anion, have been found to be 
reversibly thermochromic [271a]. The Lever effect has been advocated as the 
mechanism for the thermochromism, axial interactions between the anions 
and the M-N, plane increase with temperature and metal-nitrogen distances 
are expanded. Axial interaction causes an increase in coordination number 

from 4 to 6, accompanied by a color change. The reverse occurs with an 
increase in pressure, and axial interactions are at a minimum, maintaining the 
four-coordinate state. 

A pressure study involving MCI:- ions was made using counter ions which 
were capable of hydrogen bonding and those which were incapable [272]. It 
was found that hydrogen bonding stabilizes an octahedral geometry for Mn’+ 
and Fe*‘. With Ni’+, preparations in solution gave RNiCIJ complexes which 
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TABLE 26 

Summary of pressure effects on R2kICl.r compleses [ 272 ] 

Counterion u Mn(I1) 
d’ 

Fe(I1) 
d6 

Co( II) 
d7 

Ni( II) 
dR 

Cu( II) 
d" 

RJN+ 
I 

Td Td Td Td Dad 
R3NH+ 
RINH: I 

Increasing internal pressure 

RNH;- 1 
Oh Oh D2d Oh" L)~andL)& 

Increasing internal pressure 

a Stoichiometry involves NiCI ; from solution; from melt [272] polymeric octahedral 
structures are obtained with a stoichiometry of [ R~NiCI_i],. b R = alkyl group. 

contain NiCl,, octahedra, and polymeric octahedral compleses with the stoi- 
chiometry (RZNiCl_JY from melts. Table 26 summarizes the results of pressure 
effects on R&ICI, compleses. 

F. GEOLOGICAL APPLICATIONS 

The interior of the earth is at high temperature and under megabar 
pressures. In our discussions heretofore we have stressed changes in molecules 
created at kbar pressures. It is of the utmost importance to be able to know 
what major physical and chemical changes occur to matter at megabar 
pressures. Since the composition of the core and the mantle involve, besides 
silicates, transition metal minerals, mostly iron and nickel, effects of Mbar 
pressures and high temperatures on these substances is of obvious interest. It 
would be expected that transition chemistry under these conditions would 
be different than under ambient conditions. Changes in oxidation state, spin 
state, coordination numbers, and absorption properties with pressure and 
temperatures affect the density, magnetic, electrical and thermal properties 
of the earth’s interior. It is of interest to geochemists and to geophysicists to 
simulate conditions in the laboratory to make p and t studies on minerals. 
New concepts of the earth’s constitution, evolution and properties depend on 
these studies, and the interpretation of the results. This research would serve 
to answer many questions which still remain unanswered concerning our own 
planet, and could serve as an aid in explaining the behavior of other planets. 
Studies at high temperature and Mbar pressures are now possible, and have 
commenced. The necessary experimental tools to accomplish this are now 
available (see Section B). X-ray, Mijssbauer and visible measurements have 
been made with the Mbar cell of Mao and Bell [289,297,303]. Vibrational 
spectroscopy may play a role in these applications in the future. However, the 
present construction of the cell may restrict its use in the IR region, because 
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of the severe energy requirements and the need to accommodate a beam con- 

denser [ 2731. However, it is possible that new instrumentation involving tun- 
able diode lasers in the IR may overcome these difficulties. 

Many of the original studies to attempt to create Mbar pressures were done 
with shock waves [ 2741. As previously stated, this is a rather difficult and 

destructive way to study the problem. Modern techniques using the diamond 
anvil cell to Mbar pressures and 3000°C are now available, and this should 
provide impetus to this field. 

Table 27 shows some esamples of early general results or effects of t and p 

(50 kbar or less) on minerals. Transformation of minerals with t and p indi- 
cate that few minerals found on the surface would be stable in the deep 

interior of the earth, an observation made by Bridgman in 1945. 
The effects of t and p on interatomic distances in osygen-based minerals 

have been reported [298,299]. Mechanisms of Si(IV) to Si(V1) in silicate 

minerals have also been determined [300]. Other mineral studies have also 
appeared recently in the literature [ 301,302]. 

Some more recent studies of minerals at higher pressure are outlined in 

Table 28. XIing and Bassett [296] have found from their t and p studies that 
at 250 kbar and 1000°C ferromagnesium silicate breaks down to the simple 
osides of iron, magnesium and silicon. In the interior of the earth, below 
650 km, it is believed that these oxides constitute the main mineral constitu- 
ents in the mantle. The presence of iron oxides is of considerable interest since 
they play a major role in determining the optical, electrical and thermal pro- 
perties of the mantle as ivell as in the evolution of the earth. 

An interesting result of studies at high pressure and temperature were those 
of Bell et al. [ 2971. Studying iron-rich basaltic glass at 100-150 kbar and ca. 
2000°C they showed that the ferrous-bearing compounds would dispropor- 
tionate into a ferric iron phase plus a metallic iron phase. Thus, both a highly 
oxidized crust and a metallic core can coexist and can be simultaneously 

formed, obviating some early evolutionary history of ea.rth. The results lend 
support to the fact that the core and mantle may esist in a chemical equili- 
brium. 

TABLE 27 

Some mineral transformations at relatively low pressures 

Temp. (‘C) Pressure (kbar) ReT. 

@-Quartz = ff-quartz 573- 800 24 8'75 

cY-Quartz =: coesite 400- GO0 10 276, 277 
700-1700 20 2i8 

Sillimanite s kyanite 1000-1500 5 259, 280 

Albite ?= jadeite + quartz 600-1000 50 281 

Fayalite = spine1 35 282,283 
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TABLE 28 

Transformation of several minerals at high temperatures and pressures 12961 

lMinera1 Pressure 
(kbar) 

Temp. 
(“C) 

Products Ref. 

FeSiOs, ferrosilite 95 

(Fe, Mg)SiOj, 
clinopyrosene 

MgSi03, clinocnstatite 

so-lS0 

200-280 

fl-MgrSiOa 1280 
FezSiOq, spine1 250 
(Mg, Fe)2SiOl, olivines 50-150 
MgzSi03. foaterite 330 
Complex basalt 100-150 

1000 

1000 

1000 

1000 
1000 
1000 
1000 
2000 

FezSO + SiOl, 
stishovite 

(Fe, Mg)zSiO_,, spine1 
+ SiOl, stishovite 

MgzSiOG, P-phase 
+ SiO2 stishovite 

y-Mg2SiO4, spine1 
Fe0 + SiO2, stishovite 
Spinel, y-phase 
MgO + SiOz, stishovite 
Fe203 + Fe 

284 

265, 286 

287 

28-i 
288,289 
290-29-1 
295 
29i 

Minerals containing iron, such as olivine and spinel, under pressure, appear 
to indicate that a marked increase in conductivity occurs with pressure in 
excess of 100 kbar [ 303 ]_ Similar results have been indicated with other solid 
phases approaching metallic behavior with pressure. In addition, charge trans- 
fer properties change in these minerals due to pressure effects on eIectronic 
orbitals [286]. These effects bear heavily on the earth’s internal temperature 
and electrical conductivity, as well as on modeIs of earth formulated to date. 
The question of whether the thermal conductivity in earth is radiative or con- 
ductive may, in part, have been answered in the Be11 et al. [297 J experiment. 
Both iron and ferric oxides are opaque to thermal radiation, but have high 
thermal conductivities. 

We have only attempted to briefly indicate some geological applications of 
T and P. Further discussions are available in several reviews [274,303,304], 
and other reports [ 305-3071. 

G. SUMMARY 

A summary of the solid state pressure effects discussed in the previous sec- 
tions follows. 

(i) Structural transformations 

We have discussed a number of structural transformations that occur in the 
solid state under pressure_ These are summarized below. (1) Phase changes in 
alkali metal halides, rare earth monochalcogenides from NaCI to CsCl struc- 
ture where C.N. 6 + 8. (2) Transitions occurring in minerals where C.N. 4 + 6. 
(3) Transitions to metallic state, e.g., rare earth monochalcogenides, iodine, 
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solid hydrogen, xenon. (4) Transformations in coordination compounds. The 
various types of transformations are listed in Table 24. It may be noted that 
some structural changes occur with an increase in coordination number, and 
others occur with no change. 

(ii) Effects on vibrational transitions 

Four types of pressure-sensitivity for molecular vibrations have been ob- 

served thus far in the course af pressure studies on various ir.odes of vibra- 
tions: (I ) a broadening and a decrease in peak intensity of vibrations; (2) the 
doubling of absorption bands; (3) the splitting of degenerate vibrations; (4) 
frequency shifts in bands. Some of these effects have been observed for both 
external and internal vibrations. 

(1) Es terrzal vibrations 
The effects of pressure on external vibrations have been demonstrated. 

Both the longitudinal and transverse optical modes are seen to shift in com- 
pressible ionic solids. In all cases studied thusfar, the shift is in the direction 
of higher frequency in agreement with low-temperature shifts. However, the 
pressure shifts may be considerable when compared with the temperature 
shifts. It is known that the temperature dependence of the peak position and 
half-width of lattice vibrational modes consist of two contributions: (1) the 
purely volume-dependent contribution; and (2) the contribution from the vari- 
ous anharmonic (cubic and higher) terms in the potential energy of the lattice. 
Often the directions of shifts in the temperature dependence experiment may 
be opposite to each other, resulting in a cancellation, and a small overall shift. 
For example, the specific volume of a-quartz shows only a 0.3% decrease from 
room to liquid-air temperatures [308], and this is smaller than the change 
occurring upon compression from ambient pressure to 4 kbar [309]. Such 
pressure studies may provide useful information on the amount of anharmo- 
nicity existing in solids of this type. Further, it should be possible in some 
cases to obtain compressibility data in compressible solids from pressure-fre- 
quency measurements (see eqn. (1)). Molecular lattices show similar pressure 
effects [ 791. 

In addition to the spectral blue shifts, lattice vibrations wiil broaden and 
diminish in peak intensity. This appears to be characteristic of all types of 
vibrations. No quantitative studies have been made to determine the effect of 
pressure on the integrated intensities of these vibrations_ This may prove to 
be very difficu!t, since results may not be reproducible because of the pressure 
gradient existing across the diamond anvil faces. The broadening effects may 
be connected in part with this pressure gradient, since Raman studies in a 
hydrostatic cell do not show this pressure broadening of lattice bands 
[79,159]. 

The blue shifts of ionic or molecular lattice modes may result from the 
contraction of the solid under pressure, causing interionic and intermolecular 



distances to shorten [48,167,310,311]. The large pressure effects on compres- 
sible lattices are related to the small repulsive forces present in the neighbor- 

ing ions or molecules. 

(2) It2 ternal vibrations 

Earlier work indicated that internal modes are affected by pressure, but in 
a much less dramatic way than the esternal modes. Frequency shifts are 
generally small in most cases, either in a blue or red direction. In hydrogen- 
bonded compounds, studies of the O-H stretching vibration indicated spes- 

tral red shifts [48,310]. Red shifts were also observed for HgCl, and its 
diosane comples by Mikawa et al. [ 1451. In most of our pressure studies with 

internal modes, blue shifts have been observed. 
The broadening of bands and decreased peak intensities also occur with 

pressure_ In some cases the symmetrical stretching vibration (A 1 species) is 
found to be particularly sensitive to pressure [203]. This compares favorably 

with the findings of Nedungadi [ 3121, who studied the temperature depend- 
ence of a-quartz and found that the most sensitive vibration was an A ,-type 
mode. Pressure dependencies of a-quartz produced similar results with the A, 
frequencies more sensitive than the E-type vibration 13131. Again, it must be 
inferred that not all A, vibrations are pressure sensitive, as A, bending vibra- 
tions and certain A 1 stretching vibrations are not particularly affected at 

higher frequencies. 
Other pressure effects have recently been demonstrated. The v,(F) bend- 

ing vibration in KMnO+ which is already split into two bands at ambient con- 
ditions, proceeds to lose all of its degeneracy with pressure. Studies with 
ligand ring vibrations in the mid-IR region have demonstrated that one can 

also obtain a doubling of vibrations with pressure [199]. An attempt to 

explain these results, at least qualitatively, follows. 

(a) Sensitivity of v, stretching vibration to pressure_ The sensitivity of the VI 
stretching vibration in various compounds (inorganic and coordination com- 
pounds) is especially interesting. By contrast, a symmetrical bending vibra- 

tion of type A, may not be particularly affected (Fig. 16 illustrates the sensi- 
tivity of the A, species in the metal-chloride stretching region). The intensity 
of the symmetrical stretch has practically disappeared with pressure, while 
the asymmetric stretch, although less intense, is still readily observed. 

This v1 vibration involves an expansion of molecular volume, and these 
“expansion vibrations” are particularly sensitive to pressure [ 2031. In addi- 
tion, the dipole moment change for the vibration apparently decreases and 
this causes a decrease in the intensity_ The actual mechanism as to how this 

is accomplished is obviously unknown at present. Since the intermolecular 
distances are being diminished, it may be possible to change certain bond 

angles while the material is under external stress. If the bond angles increase 
and approach 180”, the dipole moment change for the vibration might 

approach zero. Carbon dioxide is a case in point, where the bond angle 
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0-C-O is 180” and the vI vibration is forbidden in the IR spectrum_ How- 
ever, it is obsel-ved in the Raman measurements and it would be interesting 
to observe similar molecules in the Raman experiment with pressure. \\‘ater, 
with a bond angle of ca. 104”, shows an IR-active v1 vibration. 

(0) Splitting of degenerate uibrations. The loss of the degeneracy of E or F 
type vibrations with pressure is possible. In some cases this may be due to a 
lowering of symmetry of the molecule. In other cases, where a molecule may 

have two or more molecules per unit cell, it is possible that the vibrations in 
the unit cell might couple, causing a factor group splitting (Davydov splitting) 
[314]. 

(c) Dorlblillg of absorption bands. In the course of various studies [ 1991 it 
has been observed that a doubling of bands occurs with pressure. This may 
be due to a lowered site symmetry induced in the solid state by the esternal 

pressure. Alternatively, two accidentally overlapping vibrations may occur at 
the same frequency. These may be induced to separate because of a differ- 
ence in the pressure dependencies manifested by the two vibrations. Alterna- 
tively, this may be caused by factor group splitting_ 

(d) La& of ft-equency shift for internal modes. The lack of large frequency 
shifts for most internal modes in polyatomic compounds is a very useful con- 

sequence, for it may allow one to distinguish between such a vibration and a 
lattice mode in a compressible solid. The lack of larger shifts is related to the 
stronger repulsive forces present in the atoms of these molecules. However, it is 

dangerous to estrapolate that all internal modes will behave in this manner. 
The electron density around the various atoms involved may be a very impor- 

tant factor. As the pressure is increased and the atoms or molecules approach 

each other, the interaction of the electron field increases_ For simpler mole- 
cules with minimal electronic interaction, such as hydrogen, it may be possi- 
ble for considerable shifts in frequencies of the internal mode to occur; how- 
ever, as the electronic fields become more and more complex, the repulsive 
forces increase and the shifts decrease. Vu et al. [ 3151 demonstrated that a 

shift of ca. 1 cm-’ kbar-’ occurs for the pressure-induced vH_-II vibration in 
solid hydrogen. A somewhat lower pressure dependence is found for HCl 
[316]. 

(iii) Functional approach to explain pressure effects 

Recently, Gutmann and Mayer [317] have attempted to esplain pressure 

effects on materials using the functional approach. This is based on a model 

which considers that pressure acts by increasing the electron donor properties 
of parts of the systems. In many ways pressure may be considered to play 

the role of an electron donor. In this way, some of the pressure effects on 
molecuIes may be explained. 
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l-1. MISCELLANEOUS 

Several new pressure conversions of gases to a metallic state are possible in 
view of existing high-pressure instrumentation. For a discussion on metallic 
hydrogen. see refs. 318-323. For the possible conversion of senon to a 
metallic state, see Ruoff and Nelson [324]. Many of the aforementioned phy- 
sical tools used with the D_4C, including electronic and vibrational spectro- 
scopy, may play a role in the analyses and characterization of these possible 
new metallic phases. 
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