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ABSTRACT 

Chemical Reactions at High Pressures 

and 

High Temperatures 

by Chin-Hsiung Chang 

Two high pressure devices, the opposed anvil and the tetrahedral 

anvil, have been used for studying chemical reactions at high 

pressures and high temperatures. 

The effect of pressure on the thermal decomposition of potassium 

chlorate and mercuric oxide has been determined experimentally. New 

cubic mercury and cadmium metaborates were isolated and studied. 

Group III superoxides have been synthesized under high pressures 

and their properties have been investigated by x-ray, infrared, elec¬ 

tron spin resonance and chemical methods. Three new high pressure 

forms of LiM0^(M = B, A1 and Ga)-compounds have been synthesized and 

identified. It is found that ykiBO^ and y-kiAlC^ could be synthesized 

directly by reacting lithium peroxide with boric oxide and aluminum 

oxide respectively. 
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INTRODUCTION TO HIGH PRESSURE CHEMISTRY 

Thermodynamically, pressure is an intensive quantity which is 

one of the variables determining the state of a system. For con¬ 

venience, pressure is conventionally expressed in atmospheres al¬ 

though Kg/cn^ and bars were also employed as large pressure units 

in earlier publications. Although the relationship between these 

units, 1 bar = 0.986924 atmosphere = 1.019716 Kg/cir^, shows that 

numerically they can be assumed equivalent, bars are adopted as the 

pressure unit in high pressure researches for the uniformity because 

a bar, 10s dyne/cn?, is the only unit defined as force per unit area 

and is independent of the gravitational field. 

One of the earliest experiment on high pressure was that the 

Florentine Academy covering the compressibility of water. Owing to 

their crude methods of measurement and the low pressures applied, 

they reported water to be incompressible, but this was later cor¬ 

rected by Canton. During the late eighteenth and nineteenth cen¬ 

turies, workers such as Perkin in the United States and Amagat in 

France carried out a series of experiments on the compressibilities 

of various gases and liquids at pressures up to 3000 Kg/cn^ and 

temperatures up to 200°C. Within these ranges, Andrews worked on 

the critical state and Tammann on phase changes. Recent progress 

in high pressure research stems in a large part from the notable works 

of P. W. Bridgman who devoted his life to the study of the physical 

properties of matter under high pressure and to the design and con¬ 

struction of high pressure apparatus. At about the same time as 
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Bridgman started his work on high pressure, the Geophysical 

Laboratory was founded in Washington, D. C. As a result of the 

many studies of chemically-defined systems under high pressures 

and high temperatures, it has become possible to synthesize many 

minerals, showing that through the use of high pressures and tem¬ 

peratures the laboratory researcher can depart from the arbitrary 

conditions on the earth's surface and duplicate the geologic con¬ 

ditions under which natural minerals were formed. 

Improvements in the design and engineering of high pressure 

apparatus now make it possible to perform chemical syntheses and/ 

or measure physical properties under extreme conditions. The most 

celebrated success in high pressure science was the synthesis of 

diamonds at the General Electric Company in 1955 and currently there 

is intense activity in high pressure research throughout the world. 

For example, there are several recent books and monographs: 

(a) High Pressure Physics and Chemistry, edited by R. S. 

Bradley, Academic Press, London and New York, 1963. 

(b) Solids Under Pressure, edited by W. Paul and D. M. War- 

schauer, McGraw-Hill Book Co., New York, 1963* 

(c) High Pressure Chemistry, by R. S. Bradley and D. C. Munro, 

Pergamon Press, Oxford, 1965* 
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(a) Syntheses 

In considering a chemical change, a chemist is concerned with 

two problems. He must first consider the thermodynamic problem by 

whidihapredicts the possibility or the direction of the change and 

second, the chemical kinetic problem that determines the rate of 

the change. 

Chemical thermodynamics tells us that if the Gibbs free energy 

of the products G^ is less than that of the reactants G^, i .e. A G = 

G^ - G^ is negative, then the reaction is thermodynamically favored 

and it is thermodynamically feasible to form the products. Many 

reactions which were considered impossible decades ago are actually 

possible, as one can show by consideration of the pressure effect 

on the free energy. 

The Gibbs free energy change at temperature T is given by: 

A G = A H - T AS 

and the pressure effect on AG at constant temperature is determined 

by 

/ SAG v 

3 P ^ 
= AV 

or upon integration, 

AG£ = AG; 
T T 

AV dp 

P 

= AH* - T ASj + J AV dp. 

o 

It may, therefore, be possible to compress a system at constant 
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temperature to a favorable pressure for reaction to occur. If the 

necessary thermodynamic data are available or can be estimated, one 

can predict the conditions for a given reaction. 

For the classical case of the graphite-diamond conversion, one 

finds that at atmospheric pressure, the free energy change at the 

absolute zero of temperature is: 

In other words, under atmospheric pressure, diamond is thermodynami¬ 

cally unstable with respect to graphite at 0°K. By using reasonable 

values for AH0, A S° and AV for the conversion, Berman and Simon 

(2) were able to calculate an approximate transition pressure curve: 

where p is in kilobars and T is absolute temperature in °K. 

When graphite is subjected to pressure higher than that cal¬ 

culated by equation (l) for a given temperature, one would predict 

that the formation of diamond is possible. If diamonds do not form, 

one is operating under conditions where the rate is too slow and 

the importance of chemical kinetics is apparent. One should have 

both favorable thermodynamics and favorable kinetics for a reaction 

to be of practical interest. 

Consider a homogeneous, condensed liquid system. If a 

chemical equilibrium exists, 

AG° = 580 cal./ g-atom at 1 atm. (l) 
o 

p = 20.26 + 2.83 (T - 500) x 10"2 (1) 

(2) 

the equilibrium constant, K, is defined by 
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1 = 1 <*B.* 
1 IT 

K = 
i = 1 / -.a. 

TT(V1 
(3) 

where and b£ , the activities of the Ai and IL components, are 

determined by the chemical potential of each component, and 

RT In K 

x=l 

Since at constant temperature, 

■ Z ai ^ -Zb 
i= 1 i= 1 

( 
b u 
3P 'T )m = VC 

where u° is the chemical potential and V° the molar volume, 

/ ^ RT In K \ 
1 } 

i=l 

(4) 

(5) 

i=.l 

= -AV° 

In a solution, activity is defined by 

a = f • x 

where x is the mole fraction and f is the activity coefficient. 

When a solution is very dilute, f is very close to unity. Then, 

(6) 

(T) 

(- 
a In f L = v - v° (8) S p 'T 

where V is the partial molal volume and the pressure effect on the 

equilibrium constant Kx can be expressed by 

(- 
BRT In K 
  a 

b P 
% = -AV (9) 

In a chemical change, the effect of pressure on the rate of 

change can be very well expressed by the transition-state theory 
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where the reaction is assumed to proceed as follows: 

(10) 

The rate constant (3) is 

(11) 

in which K is a constant, k is Boltzmann's constant, h is Planck's 

volume change in the partial breaking of a bond is larger than that 

of the partial formation of the new bond, assuming the change due 

to the solvent in the activation process is negligible, then the 

reaction rate will be retarded by an increase in pressure. 

By similar considerations, one can derive the rate constant 

for a chemical reaction in the gas phase under different pressures. 

Therefore 
bRT (In K + In — + In Kx 

^ b RT In k ^ 

3P V bP (13) 

T 

Upon integration, 

In k = c o m 
where CQ is the integration constant. It is obvious from equation 

—* 
(l4) that if the activation volume AV is positive, i.e., the 
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If the gas-phase reaction is 

a^ + a^ Ag + •••—►|(A-^^^Ag^. .J —+ bg Bg + ••• (15) 

then the reaction rate at pressure p (4) is 

where kQ is the rate constant at p = o; v# is the partial molal 

volume of the activated complex, is the partial molal volume of 

the i-th reactant. 

By using an appropriate equation of state, one can integrate 

equation (l6) to obtain the rate constant at pressure p. 

Solid state reactions are far more complex than gas or solu¬ 

tion reactions. The fact is that a solid state reaction may involve 

only solid phases or there may be a participation of liquid and/or 

gas phases in solid reactions. The "true" solid-solid reaction is 

complicated in its mechanism because it occurs between regular 

crystal lattices in which motions of lattice units are very restricted. 

A simple picture of the reaction can be formulated based on two pro¬ 

cesses; (i) two intact crystal lattices, close to each other, re¬ 

act progressively to give a layer of product at the interface, 

(ii) the diffusion of reactants through this layer allows the re¬ 

action to proceed. 
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The pressure effect on the first part can be formulated 

similarly to equation (l4) for the solution reactions, yet the 

effect on the second part needs to be considered. 

According to the transition state theory, the diffusion D, 

is given by 

Dt = a2v exp (-AGJ*/ RT) C (17) 

where ^ is a geometric factor of ^ 1 depending on the crystal 

structure, a is the lattice spacing, v is a frequency of the order 

of a Debye frequency, AG^ is the molar free energy of activation 

for passing over to the potential saddle-point and C is the rela¬ 

tive concentration of molecules capable of diffusing. In the case 

of Schottky type imperfections, it is the existence of empty lattice 

sites or vacancies which are responsible for the diffusion and C 

is the fraction of empty sites into which neighboring molecules may 

jump. It is expressed by 

C = CQ exp (-AG2*/RT) (18) 

Combining equations (17) and (18), the diffusion coefficient is 

then 

D = a2v exp (- AG /RT) (19) 

* 
where AG is the overall Gibbs free energy of activation, 

* * * 
AG = AGX + AG2 (20) 

The pressure effect will then be obtained by the partial differen¬ 

tiation of equation (19) 

( "bRT In Dv 
K 3P 'T 

* 
/ AG \ 

5P 

* 
- AV (21) 
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where again AV is the total activation volume change which con- 

* 
sists of a AV^, the difference of volume between a mole of mole¬ 

cules sitting at normal stable states and at potential saddle-points 

•K 

and AVg, the difference in volume between a mole of molecules at 

their normal sites and vacancies. 

Usually the rate of a "true” solid-solid reaction will increase 

with increasing pressure owing to the better contact between react¬ 

ing grains and at higher pressures, the decrease of diffusion co- 

* 
efficient due to the positive value of AV will slow down the re¬ 

action rate. 

In most cases, it is therefore true that the increase of pres¬ 

sure favors the negative Gibbs free energy change and at the same 

time decreases the reaction rate. In order to have a chemical 

reaction go practically, the temperature parameter has to be intro¬ 

duced. 

Consider again the transition state theory from which the 

rate constant is given by 

k = K(^) K* 

or 

In k = In + InK* 

= m (• 

h 

K.kT \ AG 
h } ~ W 

Since 

AG* = AE + p AV* 

(22) 

(23) 

- T AS (24) 



10 

by substituting (24) into (23), one obtains 

p AV 
RT 

* 

(25) 

or 

= -J I In I + (• 
AV L R 

S 

where 

n f kh \ 
m “ ln (27) 

Thus, from the minimum value of m for a reaction to be of practical 

interest, a p-T relation can be obtained which defines the region 

where AG < 0, i.e., the region in which the synthesis can be ac¬ 

complished. 

A large number of substances was studied by Bridgman to deter¬ 

mine the effect of pressure on the polymorphic transition temperatures. 

New polymorphic forms were detected by the location of volume and 

resistance discontinuities. Thirty-six compounds which showed poly¬ 

morphism were studied by Bridgman and phase diagrams were reproduced 

in his book "The Physics of High Pressure" (5). 

In this same line of investigation, Jacobs (6), Daniels et al (7) 

and Weir et al (8) found by x-ray diffraction studies that rubidium 

iodide transformed from the f .c.c B1 (NaCl) to the b.c.c. B2 (CsCl) 

structure, and the coordination number was changed from 6 to 8 at 

high pressures. Transformations in other alkali metal halides such 

as RbBr (8), RbCl (8), (9), (15), RbF (8), (13), KC (8), (10), (19) 

KBr (8), KC1 (8), (11), (12), (15), KF (8), NaCl (l4), (15), (l6), 

(17), (l8), NaF (l8), and CsF (8) were also observed. 
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The significance of this change of coordination number for 

halides was discussed by Huggins (20) who showed that if one 

assumes that the interatomic distance remained the same with change 

in coordination number, then the crystal with higher coordination 

number would have higher density and would be favored under high 

pressures. Silver iodide has been found to transfer from a ZnS- 

structure of coordination number 4 to a face-centered cubic struc¬ 

ture of coordination 6 (6), (21), (23), (24). It was predicted 

that (20) the change from face-centered cubic to body-centered cubic 

of coordination number 8 should occur at 90>000, 120,000, 550,000 

and 360,000 Kg/cm2 for AgF, AgCl, AgBr and Agl respectively. Van 

Valkenburg (24) studied the transitions of AgCl, AgBr, Agl, CuCl, 

CuBr and Cul under high pressures by a polarizing microscope through a 

diamond window. The phase diagram of Agl over a range of pressures 

was then constructed by Davis and Adams (25). 

Difluorides, such as MgF2, MnF2, ZhF2 and PbF2 have been in¬ 

vestigated under high pressures. Kabalkina and Popoua (26) found 

that both ZnF2 and MnF2 (27) transform from the rutile structure 

to a form isostructural with O' -Pb02 and a -PbF2 (28) has also 

been observed. 

High pressure transitions in minerals. have been extensively 

studied by geochemists. The calcite-aragonite transition was ex¬ 

amined by Jamieson (10) and Crawford et al (29). Spinel forms of 

Fe2Si04 (30); Cd2Si04 (31), Ni2Si04 (32) and rutile forms of CrV04 

and FeV03 (38) were synthesized under high pressures. Dachille and 

Roy (33) found an inverse spinel form of Mg2Ge04, Ringwood and 
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Seabrook (34) observed the conversion of MgGe02 to a corundum form. 

The inversion of orthoferrosilite and clinoferrosilite was estab¬ 

lished by Lindsley (35) and in the case of rhombic enstatite-clino- 

enstatite transformation, the transition temperature was determined 

as a function of pressure (36): 

T (°K) = 630 + 2.6p (Kb) (28) 

Albers and Rooymans (37) synthesized some spinels and found P-FeCr2S4. 

High-pressure phases of the elements, especially metals were 

very much investigated in Bridgman’s pioneering work. He found new, 

high-pressure phases of Ca, As, Se, Sr, Zr, Cd, In, Te, Cs, La, Ce, 

Hg, Tl, Bi etc. The following elements were also studied by other 

investigators and new phases were observed: B (43), C (39 )> Si (39) > 

(40), (4i), (4a), (44), s (45), Tl (46), (48), Or (49), Fe (40), 

(50), (51), Ga (55), Ge (39), (40), (4l), (52), (53), (54), Kb (4a), 

(62) , Sr (56), Zr (48), Sn (39), (5T), (58), (59), (60), (6l), Sm 

(63) , oa (64), (65), Tb (64), Hy (64), Ho (64), Xb (66), (6T), (68), 

Hf (48), Fb (40) and U (47). 

From these studies, some fixed points on the high pressure 

scale have been established and these can serve as calibration 

points (69), (70). Table 1 shows these pressure calibration points 

with a description of the resistance changes at these points. 

The most celebrated achievement in the area of synthesis at 

high pressures is the transformation of graphite into diamond. Ever 

since man understood that diamond and graphite were allotropic forms 

of carbon, great efforts have been employed for the conversion of 

graphite into diamond. 



TABLE 1 

Pressure calibration points 

Transition Pressure (Kb) Resistance change 

Cesium (i-Il) 22.6 + 0.6 increase 

Bismuth (i-Il) 25.4 + 0.1 decrease 

Bismuth (II-III) 27.0 + 0.2 increase 

Thallium (II-III) 36.7 + 0.1 decrease 

Cesium (II-III) 41.8 + 1.0 maximum 

Barium (II-III) 59 +2 increase 

Tin 113 - 115 increase 

Barium 144 increase 

Lead 161 increase 

Calcium 365 maximum 

Rubidium 425 maximum 
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Bovenkerk et al (71) first announced the General Electric 

synthesis of diamond in the "BeIt", a high pressure-high tempera¬ 

ture apparatus, hy using nickel, troilite (FeS) as a heterogeneous 

nucleation catalyst and as a medium for the transport of carbon 

between graphite and diamond. Liander and Lundblad (72) synthe¬ 

sized diamond in a cubic press using a mixture of Fe3C and grap¬ 

hite as starting material. DeCarli and Jamieson (73) were able 

to synthesize diamond directly from rhombohedral graphite by means 

of shock waves and Bundy (74), (75) also succeeded in making the 

direct conversion with static pressure apparatus. Furthermore, 

a variety of carbonaceous compounds (76) was used by Wentorf and 

CFx was used by Margrave et al (77) to synthesize diamond. 

Soon after the success in synthesizing diamond, BN, which is 

isoelectronic with carbon, was found to transfer to a denser form, 

"borazon", with a cubic zinc blend structure by Wentorf, (78), (79)} 

(80). The same behavior was also found by Popper and Ingles (8l), 

and Jiro Osugi et al (82) in boron phosphide which is isoelectronic 

with silicon carbide. 

A very interesting branch of the syntheses under high pressure 

is the syntheses of "metallic diamonds". All of the Group IV ele¬ 

ments and III-V and II-VT compounds are isoelectronic, that is, all 

have an average of four valence electrons per atom, but only Sn and 

Fb are metallic under atmospheric pressure. Therefore the possibility 

exists of transforming the low-pressure phases, mostly with the zinc- 

blende structure, into metallic forms with the white tin structure, 
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sometimes called, "metallic diamonds". These transformations have 

been studied by various high pressure workers. 

Conducting states of elemental silicon and germanium were reached 

by Minomura and Drickamer (43) at high pressures. Transitions from 

zinc-blende structures to metallic phases among III-V compounds 

such as GaAs (43), (83), Gap (43), GaSb (43), (83), (84), InAs (43), 

(83), InP (43), (83), InSb (43), (83), (84), (85), (86), (87), (88), 

AlSb (43), (83); among II-VI compounds such as ZnSe (89), ZnTe (89), 

ZnS (89), CdTe (89), (90)* (91)* and among compounds such as InTe 

(92)* (95)* (94), (95)* InSbSn (96)* InSbSne (96)* InSbSot (96) were 

observed. Also, II-VI compounds such as CdS (88), (89), (91)* HgS 

(90), HgSe (19), (90), (91)* HgTe (90), (91), CdSe (88), (90), (9D* 

as well as FbSe (97), PbTe (97), (98), FbS (98), SnSb (88), EuTe (99), 

GeTe (100), SnTe (101), and AuTe2 (19) have been studied. 

Three new phases of silica have been synthesized under high 

pressures: coesite, keatite and stishovite. Coes (102) first 

synthesized a higher density form of silica at 35*000 atm. and 

750°C for 15 hours using sodium or potassium metasilicate as start¬ 

ing material with mineralizing agents such as diammonium phosphate, 

boric acid, ammonium chloride, ammonium vanadate, potassium fluo- 

borate, etc. The quartz-coesite stability relation at high pres¬ 

sures and temperatures was studied by both MacDonald (103) and Boyd 

et al (104). The quartz-coesite boundary is linear as given by 

Boyd and England (104) from 700 to 1700°C, 

p (Kilobars) = 19-5 + 0.0112 t (°C) (29) 
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Coesite has density of 3*01 g/cm.3 and differs "chemically" from 

quartz in its resistance to solution in HF. Its silicon atoms are 

each tetrahedrally surrounded hy 4 "0" atoms as described by Zoltai 

and Buerger (105) and the molecular volume is 33 *2 A3 compared to 

37*5 A3 for quartz as found by Anikina (106). Optical (107), (108) 

and chemical (109) properties were studied. It was also found that 

coesite could be formed from pyrophyllite (110) and this phase has also 

been found in synthetic diamond (ill). 

Keatite, another high pressure form of SiCfe, was first synthe¬ 

sized at 5,000-18,000 p.s.i. and 380-585°C by Keat (112) and the 

crystal structure was determined by Shropshire (113). Stishovite is 

more dense and less soluble in HF than Coesite. It was prepared by 

Stishov et al (114), Chao et al (115) and Scalar et al (116) and has 

a coordination number of "6" for the silicon. 

A number of analogues of silica such as BPO4, MnP04, FeK>4, GaP04, 

AIPO4 and BeF2 have been studied by Dachille and Roy (117). Young 

and Schwartz (118) have found phase transitions for XM0O4 compounds 

where X represents Mg, Mn, Fe, Co, Ni and Zn. Na M0O3, 
o «9"0 *97 

K M0O3, K M0O3, Rb M0O3, Rb M0O3 and K W03 were 
O >89 “0-93 0*5 0*27 0*41"0«44 x 

synthesized (119); ZnSe04 (120), MV04 (M = Cr, Fe) (121), MS04(M = Co(l22) 

and Li2 (123) ), CasSiC^ (lfeO)x (M = Mg, Mn, Co and Cu) (125) were 

investigated. Dachille and Roy (126) found a high-pressure form of E^03 

which has a higher coordination number for B and the phase diagram was 

constructed by MacKenzie and Claussen (127). Rare earth (Y, Sm, Er, 

Gd, Tb, Dy, Ho, Tm, Yb and Lu) sesquioxides have been found to transfer 
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from the hexagonal (A-type) to the monoclinic (B-type) structure under 

high pressure (128), (129). The high-pressure forms of ZrCfe (13O), 

PbO, FbQ2 (131), SnO (132), U3O6 (135) have also been studied. 

The successful synthesis of IfeO (134) under high pressures 

and temperatures has opened the door for the possibility of syn¬ 

thesizing a group of compounds called "periodic compounds." Isoelec- 

tronic substances which contain the same average number of valence 

electrons per atom will often have isostructural similarities. Such 

symmetrical subgroups have been demonstrated, as in "metallic diamonds," 

and it is clear that all subgroups, either symetrical or unsymmetrical, 

either binary or ternary, etc. should be carefully surveyed over wide 

ranges of pressure. 

There are many other compounds which have been synthesized under 

high pressures and a high temperature. Among them are: SiS2-2> 

_ a (135), BiS2, BiSSe (136), and CaS2 (137) By Silverman 
Vie P2 *05 

0*94 
and Soulenj SiE®, GeS2 by Prewitt and Young (139); S_ ^ Se by 

u "56 O *44 

Geller and Lind (l40); BAs, B13AS2 by Osugi et al (l4l); a group of 

arsenopyrite-type ternary compounds (OsSbSe, OsSbTe, OsBiSe and RuBiSe) 

by Banus and Lavine (142) and ar-LiA102 by Marezio and Remeika (138). 

(b) Physical properties 

Investigations of the effects of pressure on various physical 

properties have received more attention from researchers in the high- 
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pressure area than have chemical syntheses, probably because 

pressure is such an important parameter in determining thermo¬ 

dynamic properties of substances. Some of these properties will 

be discussed in the following paragraphs and for simplicity they 

will be considered for gaseous, liquid and solid phases, respect¬ 

ively. 

(i) Gases 

The study of the compressibility of gases provides a fruitful 

source of information on thermodynamic properties and the inter¬ 

action forces between molecules. At constant temperature, precise 

measurement of the p-Y relationship leads to the determination of 

the "virial constants" in the following equation for a one-component 

gas, provided that it is not too dense: 

since 

and 

where 

_E_ = p + 
RT J BP2 + B P3 + ... 

2 ' 3 1 
(30) 

B = Lim 
2 f_oL .($- - i>v] (31) 

B = Lim 
3 jUol 

(32) 

r- = i 

Erom statistical mechanics (143), for the simplest case of a 

classical monatomic gas, 

B = 2Nn fr 1 - exp(-E/KE)] x* dr (33) 
2 V 

where E = p(r), an intermolecular potential energy assumed to be 

pair-wise additive. For a hard-sphere gas, a is the distance of 
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closest approach of the centers of two spheres and 

Be = 
2Nnac 

or a = (- 

5B 
 2. 
2Nrr 

1 

)s (54) 

If one uses a Lennard-Jones 6-12 potential for p,(r), the second 

virial coefficient becomes 

B2 = 2NTTr*3 J[l - exp (~ y"6 - -j- y"12)] y2 dy (35) 
0 

. # 
where y = r/r andt= at r = r . The experimental values 

of Be as a function of temperature will determine values of 6 

and r* and therefore the interaction forces between molecules. 

For a mixture of two gases a and b of mole fraction x& and x^, 

% - BT 4 ♦ %at *a s ^ 

where Be is from the interaction between different species, and 

= 4TTNJ[1 - exp (-^a^(r)/KT)] r
2 dr (36) 

0 

If Lennard-Jones interactions are concerned, the force constants 

can be expressed as, 

- I + 

*at> = ^ ^aa" 

This is true for an ideal solution but not for all solutions 

(57) 

(58) 

The actual p-V relationships for real mixtures are useful for 

evaluating derivations from ideality. 

There are some interesting perturbation phenomena appearing in 

the spectra of gases studied under high pressures. In quantum 

mechanics, it is shown that the interaction of electromagnetic 
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radiation with a molecular system will cause a transition between 

energy levels of the system only if the transition moment does not 

vanish, i.e. 

moment of the system. 

It has been observed that at higher densities, owing to the 

approach of another molecule, a molecule can be perturbed by inter- 

molecular interactions to induce an electric dipole moment. In 

this case, one observes the "induced" infrared spectra of homonuclear 

molecules having neither a permanent dipole nor one that can be 

induced by vibrational or rotational changes. For a polar molecule 

having an infrared spectrum because of its permanent dipole moment, 

the interaction will induce forbidden transitions which have zero 

transition moments in the absence of perturbation. 

Molecular collisions provide even more striking effects on mole¬ 

cular spectra. First of all, a collision causes a direct pertur¬ 

bation of the electron "clouds" and "satellite" bands when molecules 

are perturbed by a foreign gas are often observed. The deformation 

of the electron "cloud" also causes variations in the rotational and 

vibrational frequencies of the molecule. 

Crawford and co-workers, working on rotational-vibrational 

transitions of homonuclear molecules, found (144) that in the 

induced infrared spectrum of Ife, the rotational transitions obeyed 

(39) 
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selection rules of a Raman-type with AJ = o, + 2. S(0), S(l), 

S(2) and S(3) were found at 4500, 47OO, 4920, 52OO cm."1 and 

only 0(2), 4200 cm. 1, was observed since 0-transitions from 

high energy levels have very low intensities because of these high 

rotational levels being not sufficiently populated. The sources of 

observed transitions are as follows: 

S(0): J(0) —» j(2) 

S(l): J(1)-*J(3) 

S(2): J(2) -»J(4) 

S(3): J(3)-^J(5) 

0(2): J(2)-*J(0) 

In oxygen, Steiner et al (145) were able to distinguish three 

types of absorption bands at lower pressures. Besides a group of 

o o 
bands between 6,50QA and 13,00QA from isolated 0Q molecules, bands 

o o 
between 3,00QA and 6,50QA arise from the association of oxygen mole- 

o 
cules, presumably forming O4 molecules and between 2,400A and 

o 
3,000A spectral features are associated with the collision between 

molecules. It was found (144) that a "forbidden" vibration-rotation 

band of frequency 1,556 cm."1 had an intensity which was a function 

of the square of the partial pressure of oxygen and linearly depend- ■ 

ent on the partial pressure of a foreign gas. 

The polar molecule HC1 was studied by Coulon et al (l46). 

They observed that in the presence of compressed %, it had an 

absorption band at 7,050 cm."1 which was the sum of the fundamental 

vibrational frequency of HC1, 2,886 cm."1 and that of %, 4,155 cm. x> 
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(ii) Liquids 

The compressibilities of liquids have been studied since the 

ingenious work of Adams and later Newitt and others. The results 

of these kinds of measurements at constant temperature provide sur¬ 

prising agreement with Tait's empirical equation (l4y) 

Vi - = Vi C log ( ) = Vi C logic ( 1 + I- ) (40) P IQ -D+1 b 

and that of Hudleston (l48) 

log [ V. 
£ £ 

P/(V? - V*)] 
P 

1 1 3* 3* 

constant + k ( V - V ) 
l P 

(41) 

where V = volume at 1 atmosphere, = volume at pressure p, and 

B, C, k, all temperature dependent, are constants characteristic of 

the substance measured. 

Tait and Richardson (149) noticed that the adiabatic compressi¬ 

bility of a liquid measured under pressure by ultrasonic methods could 

be combined with isothermal data to enable one to calculate the ratio 

of specific heats since, 

C 

k = k ■ P 
iso. ad. Cy 

and .2 - 
- ^f-aa k_ 

(42) 

(45) 

where c is the velocity of sound in a liquid and is the density, 

therefore, 

Cp _ -c2 / -QV S (44) 

Cy V v ap ;T 

It is very interesting that the relationship between the dielec¬ 

tric constant of a liquid under pressure, and that at 1 atmosp¬ 

here, € , has the same form as the -Tait equation. 
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—   = J log ( ”■* P ) (45) 
6p ex 10 B + i 

where J is a constant depending on both temperature and the sub¬ 

stance measured. Even B is the same as in equation (40). Results 

of refractive index measurements show that 

1 

T ■? 
T  = J' log ( ) 
? io B + 1 

(46) 

where npj are refractive indexes at p and 1 atmosphere pressure 

respectively, J' is another temperature dependent constant. 

With the exception of water at low temperatures, for which one 

may explain the decrease in the structural viscosity in the frame¬ 

work of the two-fluid model, the viscosities of most liquids have 

been found to increase with increase of pressure at constant tempera¬ 

ture, and the rate of change for most of them decreases as the pres¬ 

sure goes higher. 

It was proposed by Eyring et al (l49b) that 

*1 = f ( V, T ) exp [ g(V)/KT] 

and a good fit can be made with data of many compounds. 

Recent work on thermal conductivities of liquids at high pressures 

has shown qualitative agreement with Bridgman's classic work (150). 

Vargaftik (151) stated that thermal conductivity could be expressed 

as a function of density and temperature 

X = ( p/a ) y4/s (48) 

where P is the density, 3 is a constant which depends on molecular 
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weight and or is a function of temperature. 

By introducing radioactive tracers into a cell containing 

normal molecules, the self-diffusion of a liquid under pressure 

can he determined. Experimental data may he correlated through the 

equation 

DVkT constant (49) 

where D is the self-diffusion coefficient of a liquid with visco¬ 

sity \ . The constant may he connected with either intermolecular 

separation distances from Eyring's transport theory or molecular 

radii from the Stokes-Einstein approximation, yet neither prediction 

agrees well with experimental data. 

The effect of pressure on the absorption spectrum of a liquid 

may he considered in two ways. First, pressure may shift the equili¬ 

brium between different molecular species in the fluid and cause a 

change in the intensity of absorptions, and secondly, pressure can 

shift the frequencies of the absorptions by modifying the enviroment 

of the absorber. The former behavior is well illustrated by the work 

of Wick who found that in solutions of cobaltous chloride under pres¬ 

sures, there was a marked color change from blue to pink which could 

be explained by the displacement of the equilibrium 

CoClT Co++ + 4ci“ 
— — ++ — 

where C0CI4 is blue, Co pink and Cl colorless. 

Robertson et al (152), working on the pressure effect for ultra- 

* 
violet spectra of aromatic TT - n transitions, found that the shift 

of the spectrum of benzene solution in n-pentane to longer wavelength 
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with increasing pressure parallels that from vapor benzene to 

solution at room pressure. It was found that the change in wave¬ 

length decreases as the pressure increases and the change in 

wavelength or in frequency can be expressed as a linear function 

of dielectric constant or density respectively. The relation 

can be fitted into the theoretical argument of Weigang (153): 

ho(v'oi - CP) = 4" !o J.ev>) - vyR>:i Sm<b> R2dE (50) 

where ( v . - vV/^) is the difference in wave number between an 

o-i transition of a substance in a solution and as a vapor, is 

density, R is the absorber-molecule to solvent-molecule intermole- 

cular distance, (R) is the intermolecular potential between an 

absorber (A) and solvent (B) with absorber in its ith-energy state 

and gAB(R) is the radial distribution function assuming that the 

function is unchanged through the excitation of the absorber. 

Several other phenomena can be explained by equation (50): 

(l) a plot of frequency versus (tP - l)/(2rp + l), where n = 

refractive index, will be a linear plot; (2) the shift will 

depend on the solvent fields V^^R); and (3) the shift also depends 

upon the transition V^g(R) - V^B, and the difference in electronic 

transitions is determined by the difference in Av's , Av may be 

small or large, positive (blue shift) or negative (red shift). 

Drickamer and his co-worker (154), (155) reported shifts in 

frequency of the stretching vibrations of bands in molecules con¬ 

taining hydrogen, cyanide and carbonyl groups in the infrared spectra 
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when their solutions were subjected to pressures up to 10,000 

atmospheres. The data can he used to evaluate the perturbation 

potential Uj^(r) due to the interaction between the oscillator 

and the solvent molecule, since 

Av = 
^AB 

Sn^uv f-Sf1 ( "-5T- >r - ] (51) 

10 

if one assumes the anharmonic potential of the oscillator to "be 

n°( r) = x k i® + J k r3 + ... (52) 2 “10 * 2 11 

and the total potential 

p(r) » p°(r) + yi^r) (53) 

(iii) Solids 

The equation of state 

Several experimental methods have been employed to measure the 

compressibility, and therefore the equation of state of solids under 

high pressures. The first of these methods uses the piston- 

displacement technique developed by P. W. Bridgman for obtaining 

p-V data at room temperature. The sample rod was kept in the cylin¬ 

der and pressed by pistons. The movement of a brass sleeve or a 

slide-wire electrical contact was used to determine the change of 

volume assuming that the sample was isotropic. 

Calorimetric methods have been adapted to solidified gases such 

as solid helium. In this method, the temperature dependence of the 

heat capacity at constant volume is determined for a solid at various 

densities. 
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The third method involves the use of ultrasonic techniques 

to measure the effect of pressure and temperature on the elastic 

constants of a single crystal. The resonance, in the sample, of 

a vibration started by a coil connected by a fine nickel wire to 

the sample is detected by means of a second coil which is connected 

to the other end of the single crystal by another nickel wire. The 

shear modulus u is given by u = h2/(4l2 v2^) where hQ is the order 

of harmonic, v the frequency, 1 the length of the sample, and f 

the density. In the case of non-resonance method u = f c2 where the 

velocity of sound c is determined by measuring the time of travel 

of an ultrasonic pulse along a sample of density f . The j’-data 

thus determine adiabatic compressibility k and isothermal compressi- s 

bility 1^, by the following equation 

‘T = 
(1 + 

6s VT 
k c 
s p 

(54) 

where P = thermal expansion = l/V (|^) , 
P 

and c is the heat capa- 
P 

city at constant pressure. 

Beryllium bombs and diamond anvils have been used to determine 

the compressibility of solids with the x-ray technique. Recently, 

Drickamer and his co-workers (156) constructed an apparatus which 

permits x-ray measurements to be obtained at over 500 kilobars. The 

apparatus is a supported tapered piston type using a thin layer of 

LiH( 15$>) and B(85$) with suitable platinum collimation to transmit 

x-rays to the sample under pressure. They found (157) that the 

linear compressibility of diamond is independent of pressure and the 
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"a" axis of graphite is more compressible than diamond at low 

pressure, yet less compressible when the pressure is higher than 

160 kilobars. Graphite has a "c" axis more compressible than the 

"a" axis and BN is much like graphite but more compressible than the 

latter. 

In the case of solidified gases, the following relationship holds 

V1RO>T (55) 

where V is the ionization potential of the free atoms of an element, 

R is the average distance between nearest neighbors in the solid 
o 

and Z is the number of nearest neighbors. If the Mie-Lennard-Jones 

potential 

V(r) = Ar"m - Br"n (56) 

is used, the ground-state energy of the solid can be expressed by 

E (V) = uV'm/3 - pv'n/3 (57) 
o 

where at jand $ depend respectively on the m and n chosen and also on 

the type of lattice. Bernades (158) showed that the equation of 

state for a solid inert gas having a close-packed lattice with a 6-12 

potential is 

p(v) = 24.5 V-5 - 28.9 V-3 (58) 

For most metals, equation (55) does not hold. The existence of 

free electrons introduces complications and the concept of a two-body 

potential is no longer applicable. Bardeen (159) suggested that for 

alkali metals at absolute zero 

E(r ) = ar ”3 + br ”2 + cr ' s s s s (59) 
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where rg is the radius of a sphere whose volume is equal to that 

occupied by each atom of the metal. The first term is a repulsive 

energy, the second term Fermi and third coulomb energy. 

From experimental data on the alkali metals, Birch (l60) 

obtained a semi-empirical expression of the finite strain theory 

_ 1 £_ \7/a p = | ko ( TZ > TZ’"~ " (f) 
where kQ = dp/d(VQ/v) at zero pressure, j> and are the densities 

at pressure p and zero respectively. 

At elevated temperatures, energy levels above the ground state 

contribute to the total energy of a system and therefore should be 

taken into account for the theoretical consideration of the equation 

of state. 

Assume that one has a crystalline solid of N harmonic oscilla¬ 

tors with 3N degrees of freedom. At temperature T, the nth-energy 

level, neglecting the zero point energy, for which = nhv is popu¬ 

lated with a probability according to a Boltzman distribution. 

-nhv/kT 

L \s/s (60) 

p = 
n S -nhv /lsT 

n e ' 
(61) 

Therefore, for the total N atoms, 

3N hv. 
l 

U Uo+ exp(hv^/kP) - 1 
(62) 

where v_^ is the frequency of ith-oscillator. The Helmholtz free 

energy is 

3N 
J rjlr dT “ u0 

+ KT log [l-exp(-hvi/KT)) (63) F = -T 
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By differentiation, the pressure p is given by 

/ DF , 1 3N hv. exp( -hv. /KT) dlogv. 
P = DV~ >T = Po " v“ S 1 1 , • i (90 

° i=l l-exp(-hv^/KE) dlog V 

If one assumes that the v^'s are equal to each other, v.=v, then 

3N hv exp(-hvAr) . d log v _ ^UD 
P Po V l-exp( -hv/kr) d log V or p - p^ V 

(65) 

where u^ = u - u^ and X = - d log v/ d log V = Grueneisen ratio. 

Differentiation of equation (65) gives 

rv (^) ' DT ' V 
(66) 

and since 

a i_ ( JiX ) = _i ( LE ) 
V ' bT 'p k ' bT 'V 

combination of equations (66) and (67) gives 

y Vk a 
tf= vy- 

(67) 

(68) 

At very high pressures, a solid can be considered as an electron 

gas bound by nuclear fields. For the "free" electrons confined in 

a rectangular box with edges a, b, and c, energy levels are given by 

El,m,n = * ( iF + W + ^ }/ 8 mo (69) 

Using Fermi-Dirac statistics, the equation of state is 

pV = E° [ § + \ (TTKT/E0)2 + ... ] 
o 5 D o 

(70) 

where E'° is the energy at 0°K. 
o 

The Thomas-Fermi treatment (l6l) gives 

= i < i 12/3 c1 
2mn e* 

o 

h2 
( 4ZV )x/3] (71) 

where Z = atomic number and m = effective mass of electrons. 
o 



31 

Electrical properties of metals and semiconductors 

The effects of pressure on the resistivity of metals have been 

studied experimentally by Bridgman and other workers. The changes 

in resistance of metals are very complicated since there are many 

possibilities for pressure-dependence in the normal and "umklapp" 

scattering processes, the Fermi surface is so complicated and there 

is also a change in the average lattice vibration frequency under 

pressures. 

The resistivity can generally be written as 

fL=|F(I) (72) 

where A is a coefficient which includes all the pressure-dependent 

quantities resulting from the geometry of the Fermi surface and the 

form of the scattering interation; © is a temperature parameter. 

If one considers monovalent metals with a spherical Fermi surface, 

a deformation potential approximation which excludes the "umklapp” 

scattering and a Debye model to describe lattice vibration, the 

Bloch-Grueneisen equation can be obtained as 

PL^I)2 ¥ when T »® (t5) 

o /£\6 when T « ® (7*0 
and Jh°C'KQ}

 T 

where two parameters fe and ® can be determined experimentally and 

® was found to be in fair agreement with the Debye temperature. 

The conductivity of a semiconductor is usually written as 

<T = e ( n un + p up ) (75) 
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where n, p are electron and hole densities and u , u are mobi- 
n p 

lities corresponding to electron and hole respectively. The Hall 

effect, in which a magnetic field applied across the semiconductor 

sample gives rise to an electric field perpendicular to the magnetic 

field, can be used to determine the sign of the majority of carriers 

and in some cases the mobility. 

Except for transition metal oxides and organic semiconductors, 

the pressure effect on conductivity can be easily explained by the 

Wilson-Bloch theory. In this theory, the electrical conductivity 

is given by a simple equation 

<T = <T exp ( -E/ KT ) 
o 

(76) 

where 5^ is a constant usually independent of temperature, E is 

an energy term depending upon the type of semiconductor studied. 

For a solid free of impurities, it is half the energy needed to 

excite electrons to the higher conducting band; with impurity semi¬ 

conductors, it is E^/2 if the impurity is an acceptor and E^/2 if 

the impurity is a doner. 

Differentiation of equation (76) gives 

, bln<r \ _ /bins'. \ 1_ / *>E * 
1 tip ;T " K bp 'T " KT K bp 'T 

or / bine \ 
^ -bP 'T 

K. 
M? 

(77) 

(78) 

if g" varies little with pressure. AV is the volume of activation 
o 

i.e. the change in volume for the formation of the transition state 

* 
from the initial state. In general, it would be expected that AV 
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is positive since the formation of a transition state involves the 

* 
transition from a bonding to antibonding orbital. Nevertheless, AV 

can be either positive or negative; AV for Te and Si were found to be 

-16 and -2 cm.3/mole, respectively. 

High pressure spectroscopy of solids 

In a series of studies, Drickamer and co-workers found that 

both the crystal-field parameter and the Racah parameter B which 

is the interelectronic-repulsion parameter, vary with pressures. 

5 
The experimental values of D^/D^ vary as { f / j^)3^ and are in 

good agreement with theoretical results calculated from the princi¬ 

ple that the crystal-field intensity should vary with ligand-metal 

distance as R_5(l63). 

The effects of pressure on the charge transfer peaks and bands 

are observed in the blue shifts of KMn04, KaCr04, Co[(NH3)5l]l2 and 

red shifts of K^ReXe and K^OsBr6. It is interesting to notice that 

the experimental results for the red shifts of absorption edges of 

T1X (X = Cl, Br and I) and Mfe (X = Cl and Br) showed that in ionic 

crystals the valence band should be constructed from pure anion wave 

functions and the conduction band from cation wave functions since 

the conduction band is more sensitive to pressures and data showed 

that the shifts were quite independent of the anion. 

(c) Other measurements 

(i) Solid - liquid phase transitions — The melting curves 

The earliest and most straightforward way to study the effect 
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of pressure on the melting point is to use the piston-displacement 

method. As described by Nelson et al (l64), the sample is confined 

in a cylinder and pressed by a pressure transmitting substance. 

Under constant temperature, the pressure is raised and the discontin¬ 

uity in volume is used to detect the melting point. Kennedy and his 

co-workers (165) studied the melting curve by using a piston-cylinder 

device. Samples were contained in inert metals which were separated 

from the inner heating graphite by boron nitride. At constant pres¬ 

sure, the melting points and freezing points were detected by DTA 

signals. Hall and his co-workers (166) determined melting curves 

in a tetrahedral press by measuring the electrical conductivity. 

Experimental results on melting curves are very well represented 

by the semi-empirical equation of Simon and Glatzel (167) 

E *■ >■ - <(79) 

o 

The equation contains two constants A and C and Tq, the melting 

point at atmosphere pressure. Since equation (79) gives T = TQ 

at p = 0, a more logical equation is 

(-P ~po + A } = ( | )C (80) 
A o 

where pQ is the pressure corresponding to the temperature T^K. 

Although usually p »PQ and in this case (79) and (80) are equiva¬ 

lent, equation (80) is preferred when high pressure forms which are 

not stable at atmospheric pressure, are studied. 
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The value of A was given by Simon as ( 2>u/ )^,_Q and by 

others as A( 5u/ 5V ) for the phase change, where u is the internal 

energy. C is about 1.5 for inert gases, is about 4 for alkali 

metals, is about 3 for alkali halides and for others 2 to 15* 

It should be recalled that the differentiation of equation (79) 

or (80) gives 

, d£ x _ A_C = AH 
K dT 'T=T T T AV , (81) 

00 o’ v ' 

and thus 

A0»f (82) 

The measurement of melting curves provides, therefore, information 

for the construction of phase diagrams and the evaluation of thermo¬ 

dynamic quantities. 

(ii) The properties of water under pressures 

Water behaves anomalously in many ways. At atmospheric pressure 

it has high specific heat, a minimum of compressibility, a maximum 

density at 4°C, the heat conductivity increases with increasing tem¬ 

perature, the dielectric constant is unusually high, and the existence 

of H-bonding results in a high ionic mobility. Under high pressures, 

many new phases have been found. The viscosity decreases with increas 

ing pressure at lower than 1,000 Kg/cm.2. 

Because of these unusual properties, many theories centering on 

the behavior of H-bonding in the water system have been proposed. 

Eucken (l68) exploited the dissociative equilibria between monomers, 

dimers, quadramers and octomers of H2O to explain various physical 

properties. His semi-empirical method yielded very good agreement 

between his theory and experimental results, but too many constants 
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were involved in his equations. A more simple theory was proposed 

by Hall (l69). Two states, open and broken-down are proposed to 

exist in water. A simple calculation (17O) shows that the equation 

of state at 0°C, 

AV - V + V AV - V + V 
 Q  =  Q 1 exp ( -pAv/273 R ) 

V - V V - V 

° ° 1 (83) 

fits the experimental data very well. In the equation, VQ is the 

molar volume in open state; VQ - AV, close-packed state; V , the 

molar volume of water at 1 atmosphere. This gives VQ = 1.38’ 

V_^, AV = 0.54 V and the ratio between open and close-packed states 

is 0.42 for normal water. 
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APPARATUS AND TECHNIQUES 

(a) The dpposed anvil device 

As shown in Fig. I, the Tem-Press SJ-100 superpressure unit was 

built according to Bridgman's uniaxial massive support principle. A 

manually operated pressure generator is used to supply hydraulic pres¬ 

sure as needed for the experiment, and the maintenance of the pressure 

at a constant value is provided by an automatic screw-type pressure 

generator which is powered in both the "up-pressure" and "down-pressure" 

directions by a constant speed motor and gear assembly. A Foxboro 

pressure controller sends signals to the automatic pressure generator 

and controls the pressure for days as long as the generator is readjus¬ 

ted when it reaches the limit of travel. 

Heating is provided by a halved cylindrical tube furnace. Tempera¬ 

ture is read by a chromel-alumel thermocouple placed near the sample 

ring and connected to a controller. 

Samples are contained in a sample ring made of nickel, pyrophyl- 

lite or epoxide and sandwiched between inert metal foils such as Pt or 

Ta. By using single anvils of 9/l6" diameter working surface and at 

550°C, a pressure of 50 kilobars can be applied to a sample for r-< 100 

hours, and for compound anvils with a smaller working surface of 5/8" 

diameter, one can reach 150 kilobars at 525°C for 4 hours. 



FIGURE 1 

Tem-press model SJ-100 superpressure unit. 
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(b) The tetrahedral anvil device 

The tetrahedral anvil device (171), (172) is a three dimensional 

extension of Bridgman's massive support concept. Four anvils, as 

shown in Fig. 2, are driven together by hydraulic rams which have 

their axes lying along lines normal to the triangular anvil faces. 

The sample is in an inert container, graphite, refractory metals, 

boron nitride, etc., and the container is sealed in a regular pyro- 

phyllite tetrahedron. The tetrahedron has edges which are 25$ longer 

than the corresponding edges on the anvil surfaces. Ifyrophyllite is 

"grade A lava" (obtainable from the Tennessee Lava Corporation, 

Chattanooga, Tennessee) and in the tetrahedron cell, pyrophyllite serves 

as a pressure transmitter, provides thermal and' electrical insulation 

and, by extruding between the sloping shoulders of the advancing anvils, 

provides the necessary gaskets for confinement of the high pressure 

volume. 

Heating can be obtained by simply leading electrical current 

through the anvils and then through metal tabs to metal containers 

or to a graphite heater surrounding the container. Since the working 

volume is less than 10$ of the tetrahedron after completely pressed, 

the pressure exerted on the surface of the sample will remain essen¬ 

tially the same regardless of the sample's compressibility. 



FIGURE 2 

(A) Tetrahedral anvil device 

(B) Cross section of anvils and anvil guide 





(B) 



41 

(c) Special techniques and calibrations 

(i) Pressure calibrations 

Opposed anvil device 

In principle, the pressure in the high pressure cell of this 

device can be calculated simply from the applied oil pressure and 

the ratio between the surface area of the anvil and the cell by the 

following equation 

p(in Kilobar) - Gauge pressurefp. a. i.) x celfaurfae^area 

x iit.7 (p. a. i.) x ws m 

Yet, because of the deformation of the surface of the anvil and also 

the effect caused by holding the cell during pressing, the pressure 

depends on the thickness of the cell and also on the position of the 

sample in the cell. It is therefore necessary to carry out calibra¬ 

tions . 

Heat-treated alloy steel anvils of 9/16" diameter working sur¬ 

face were used in all experiments, therefore only these anvils were 

calibrated. High pressure cells made of pyrophyllite will be dis¬ 

cussed first. The dimensions of the cell after firing are: 

9/16" 0. D., H/32" I. D. and .0425" in thickness. 

AgCl powder, C. P. grade, was first pressed to form a sheet of 

the same thickness as the pyrophyllite cell. A cylinder was then cut 

with II/32" diameter to fit into the sample cell and a hole 1 mm. dia¬ 

meter was drilled for a Bi wire. Bismuth has two transition points at 
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25-4 +0.1 and 27.0 + 0.2 kilobars at which there are discontinuities 

in the resistance vs. pressure plot at room temperature. Several 

positions of the Bi wire were ttied to determine the pressure gradient. 

The sample cell was covered by two platinum foils, .001" thick, and 

loaded into the pressure unit. 

Resistance measurements were made on a four-terminal Kelvin Bridge, 

Model 209, of Electro-Scientific Industries, Portland, Oregon. Two 

galvanometers were used. Approximate null points were determined by 

a G-M galvanometer and more accurate readings were provided by a Leeds 

and Northrup 24j0D galvanometer. Fig. 5 shows a schematic diagram of 

the method used for resistance measurements. 

The two anvils A were separated electrically from the other part 

of the pressure unit by a circular epoxide disk B of 3/32" thick. 

Other materials such as teflon and fired pyrophyllite were also tried, 

but epoxide, made from the EPON 828 resin of the Shell Company and 

methylene dianiline as a curing agent, was found to be more satisfac¬ 

tory. Two copper strips, l/4" wide, C, were tightened onto the anvils 

to serve as the electrical leads. S is the sample assembly. 

Readings in the vicinity of transitions were taken at 200 p. s. i. 

gauge pressure intervals and 3~b hours was used to pass through the 

transitions in order to be sure that equilibrium conditions were achieved. 

Usually 10 hours was necessary for each run. 

The results of the calibration are shown in Figs. 4, 5,6 with Bi 

in different positions. As shown in Fig. 8, if one plots the gauge 

pressure needed for the Bi I-II and II-III transitions vs. the positions 



FIGURE 3 

Schematic diagram showing the arrangement 

used for resistance measurements. 
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FIGURE k 

Calibration with new anvils and R = 2.75/16". 

FIGURE 5 

Calibration with new anvils and R = I.5/16". 
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FIGURE 6 

Calibration with new anvils and R = 5.5/16" 

FIGURE T 

Calibration with new anvils and R = I.O/16" 
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FIGURE 8 

Results of Calibrations showing pressures needed 

for Bi transitions at various R/r ratios. 
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of Bi wire in the sample cell, R being the distance from the edge of 

the AgCl disk to the position of the Bi wire and 2r being the I.D. of 

the sample cell. Two straight lines are obtained as Jura et al (173) 

reported. The results at R/r = O.35 are high because anvil deforma¬ 

tion at the edges is more significant. 

At 110°C, the calibration shows only small differences, since 

the temperature is not too high and material failure is not signi¬ 

ficant. Fig. 0 shows the result of calibrations carried out at 

110°C and R/r = 1.0. 

During early experiments when the temperatures needed were lower 

than 100°C, a sample ring made of epoxide was used satisfactorily. 

Two calibrations on a set of old anvils were carried out using both 

epoxide and pyrophyllite rings of the same dimensions. As can be seen 

in Fig. 10, the transitions in Bi occurred at the same loads for these 

two cells. Since the working surfaces of anvils change after being 

used for a long time, the pressure in the sample cell is lower than 

when new anvils are used at the same gauge pressure. 

Pressure calibration curves are thus obtained. Fig. 11 shows 

the curves for both new and old anvils at R/r =1.0 along with the 

calculated curve which is obtained from equation (84) by substitut¬ 

ing the cell surface area for the 9/16" diameter cell, 

p(Kilobars) = (5.446) x (gas pressure is p.s.i.) x 10 

Tetrahedral anvil device 

Tungsten carbide anvils with strong steel binders were used in 



FIGURE 9 

Calibration with nfew a.nvils at 110°C and R = 2.75A6" 





FIGURE 10 

Calibrations with old anvils, R = 2.75/l6” 

and (A) epoxide ring, (B) pyrophyllite ring. 
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FIGURE 11 

Pressure calibration curves for 9/l£" diameter cell, 

(A) new anvils, (B) old anvils and (c) calculated. 
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all of the experiments. The triangular faces of the anvils are 3A" 

in length. Four hydraulic rams with 8-inch diameter pistons are used 

to generate a maximum thrust of 200 tons each at 8000 p. s. i. oil 

pressure. Since the sample cell assembly used in this work was dif¬ 

ferent from that which Hall et al (67) used and calibrated to study 

the properties of Yb under pressure, new calibrations were carried 

out. 

The tetradehral cell was made of "grade A lava" without firing. 

It was 1-inch in length on each edge. A top was cut off to form a 

smaller tetrahedron, l/2" on each edge, leaving the other part 13/32" 

in height. The bottom part of the cell was drilled with a Wo. 5{0.202") 

drill in the center of the triangular faces. 

Heaters were made of spectrographic-grade graphite of the National 

Carbon Company, Union Carbide Corporation. They were hollow tubes 

with one end closed and had 0.202" 0. D. to fit into the hole in the 

tetrahedral cell and 0.166" I. D., drilled by a Wo. 18 drill. Boron 

nitride of "National" Grade of Carbon Products Division, Union Car¬ 

bide Corporation was used to make sample containers. It was fitted 

into the graphite heater and had the dimensions: 0.166", 0. D.j 

0.116", I. D., and 19/64" length. 

The whole sample assembly was prepared by pressing samples into 

the BN container and then covering with a BN disk of 0.166" diameter 

and l/32" thick. The container was put into the graphite heater and 

the whole thing into the tetrahedron. 
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The electrical connection from the open end of the heater to 

the surface of the tetrahedron was made with a nickel tab, 0.005” 

thick. The tah and the closed end of the heater made contact with 

the anvils which led to the power supply. 

For the calibration of pressures, some changes in design were 

made. The graphite heater was shortened to he only 21/64" long. 

The BN-container was l/4" high and had the same height as the heater 

when sitting in it. A top, 0.202" diameter and 5/64” thick, of boron 

nitride was used to insulate the heater from the measuring circuit. 

A cell was prepared first by filling and pressing AgCl powder 

of C. P. grade into the container. A hole, 1 mm. diameter, was then 

drilled from the BN top, through the AgCl, to the bottoms of both the 

container and the heater. A bismuth or a thallium wire, 1 mm. dia¬ 

meter and 15/32" long, was placed in the hole and the whole assembly 

was then placed in the bottom part of the tetrahedron. A nickel tab 

was taped on the top and the other part of the tetrahedron was then 

taped back. The external surface of the complete cell was painted with 

a thin paste of red iron oxide, Fe203, suspended in 1:1 ethyl alcohol 

and water solution to form a coating about 0.01" thick. The cell was 

dried at 100°C for 2 or 3 hours and was then ready to press. 

The resistance was again measured through the anvils on the four- 

terminal Kelvin Bridge. Readings were taken at 50 P* s. i. oil pres¬ 

sure intervals in the vicinity of transitions and 2-3 hours were taken 

for each oil pressure at transition points to ensure the achievement 

of equilibrium conditions. Results of the measurements are shown in 



FIGURE 12 

Calibration of tetrahedral device with 

bismuth I-II and II-III transitions. 
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FIGURE 13 

Calibration of tetrahedral device with 

thallium I-II transition. 





FIGURE 14 

Calibration curves: (A) this work and (B) from Hall et al. 
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Figs. 12 and 13. The calibration curve is drawn in Fig. 14 along 

with the curve obtained by Hall et al. (67). 

(ii) Temperature measurements 

Heating in the Tem-Press unit is provided by a sectional fur¬ 

nace which is controlled automatically by a thermocouple-activated 

controller. A chromel-alumel thermocouple positioned next to the 

sample cell measures the temperature and controls it to within + 5°C • 

Samples in the tetrahedral cell were heated by the graphite 

heater. As shown in Fig. 15, a platinum-platinum + 10$ rhodium ther¬ 

mocouple T was introduced into the center of the sample S through the 

heater G and container C and two small boron nitride tubes B were 

inserted into the holes to insulate thermocouple wires from the grap¬ 

hite heater. Two protective sheaths P, 0.04 " thick, were placed on 

each side of the thermocouple because it was found that (173), in 

order to prevent the thermocouple leads from being pinched off during 

the formation of the gaskets, it is necessary to do so. Thermocouple 

e.m.f.'s were measured with a Leeds and Northrup potentiometer and 

temperatures were obtained by converting e.m.f.*s into degrees from a 

standard table with approximate high pressure corrections obtained 

from the work of Hanneman and Strong (174). 

Fig. 16 shows the results of measurements at 10 kilobars. Low 

tejnperature points were obtained directly from the thermocouple, the 

point at 850°C and 390 watts was obtained from the melting point of 

%>03 at 24 kilobars (175). At 550 watts, copper melted under 10 

kilobars. Although the melting curve for copper is not known, the 



FIGURE 15 

Cross Section of tetrahedral dell with thermocouple 

L = Nickel tah 

S = Sample 

P = Protective sheath 

B = Boron nitride tube 

G = Heater 

C = Container 

T = Thermocouple 
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FIGURE 16 

Temperature Calibration curve for tetrahedral device. 

o = Melting point of R2O3 at 10 kb 

A = Melting point of Cu.at 10 kb 
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melting point of copper is probably higher than T = 1083°C at E> 1 atom. 
o 

(iii) Density determination 

There are various ways of determining the density of a solid, 

including: (l) volumetric methods; (2) by means of a dilatometer; 

(3) by means of the volumenometer; (4) by means of the pycnometer; 

(5) by the method of Archimedes; and (6) by the flotation method. 

The volumetric method is not often employed owing to the diffi¬ 

culty of obtaining sufficiently perfect geometrical forms of the solid; 

also, the direct measurement of volume using a volumenometer.is not 

of great accuracy. Although the dilatometer and pycnometer are more 

often used because of their convenience and great accuracy, in practice 

considerable difficulty is experienced in maintaining a constant tem¬ 

perature. Especially when the amount of sample is very small, the 

accuracy is quite uncertain. 

Since in high pressure syntheses, the total product obtained in 

the high pressure cell is only several tens of milligrams, an accurate 

determination of density is usually difficult. 

In this work, a setup was therefore developed for the determina¬ 

tion of the density of a solid applying Archimedes' principle. 

The amount of solid needed is only IO-3O milligrams which can be re¬ 

covered after the determination, and the accuracy is high. 

The method involves the weighing of a body in two media of known 

densities. If W is the weight of the sample in the air, Wi the weight 

of the sample in a liquid which has a density of di at temperature T, 

/ 
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the density d^, is 

W 

~ W - Wn x dl 

a 
(85) 

The accuracy of this method depends on the precision of weigh¬ 

ing and the magnitude of surface tension effects caused by the liquid 

wetting the solids. 

A quartz spring was used for weighing and a platinum cup was used 

to hold the solid sample, small crystals or powder. A blank experi¬ 

ment on the platinum cup took care of surface tension effects. If we 

let 

Wpj. = the weight of Pt cup in the air, 

Wpj. = the weight of Pt cup in the liquid, 

W = the total weight of Pt cup with sample 

in it in the air, 

W1 = the total weight of Pt cup with sample 

in it in the liquid, 

then 

w^-v. 
Pt 

Wp = weight loss of Pt cup in 

the liquid, 

ws = W ¥. 
Pt 

= weight of the sample in the 

air 

W. 

w: 

= W - W1' = total weight loss in the liquid, 

= weight loss of the sample in the 

liquid, 

d = 
Wc 

w; 

W - W. 

Pt 
x di = 

(W-W1) - (wK- W^) 

x di (86) 

and the density 
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The setup is shown in Fig. 17. A quartz spring is suspen¬ 

ded from a pyrex hook H connected to the female part of a ground- 

glass joint, 3^A5« A platinum cup, P, is hung by a quartz wire, Q, 

from the quartz spring, S. After the position of the end of the 

spring is measured, a liquid of known density is poured in through 

the reservoir, R, until the level is right above the hook of quartz 

wire. The weight loss can thus be determined by measuring the change 

of the position of the end of the spring since the spring constant 

can be calibrated before the experiment. 

With all conditions the same for both measurements on the 

empty Pt-cup and the Pt-cup with sample in it, the density of the 

solid can be determined, 

d = 
(W - Wpt) x c 

x di (87) 
(R1 - R) - (R^ - Rn) 

where c is the spring constant, R1 is the reading of the position of 

the end of the spring when the Pt-cup with sample in it is in the 

liquid and R is the reading for the cup plus sample in the air; R^ 

and R^_ are readings for the empty Pt-cup in air and in the liquid, 

respectively. 

A quartz spring with spring constant c = 1.008 mm./mg, a plati¬ 

num cup weighing 48.19 mg and benzene were used to test the setup by 

measuring densities of potassium iodide, potassium iodate, silver 

nitrate and potassium chlorate. As shown in Table 2, the results are 

very good. 



FIGURE IT 

Setup for aensity hieasurement 
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Ill. THERMAL DECOMPOSITIONS AT HIGH 

TEMPERATURES AND HIGH PRESSURES 



THERMAL DECOMPOSITIONS AT HIGH TEMPERATURES 

AND HIGH PRESSURES 

There is relatively little qualitative information about pres¬ 

sure effects on thermal decomposition of substances. Studies of 

the thermal decomposition of organic substances under constant temp¬ 

erature showed that the pressure effect depended on the mechanism 

of the decomposition. For a decomposition which occurs through the 

homolytic scission of a bond, the mechanism involves a unimolecular 

dissociation of a molecule into two radicals. Since in this process 

the transition state of the reactant will have a longer bond length 

than the bond which is to be broken, the decomposition will be retarded 

by an increase in pressure because of a positive value of the volume 

* 
of activation, AV . 

An induced decomposition involves some sequence of radical dis¬ 

placements or additions and such steps were found by Walling and his 

co-workers (176)^(177) to be pressure accelerated. If the decompo¬ 

sition involves rearrangements which have cyclic transition states, 

the decomposition rate will be increased under high pressure unless 

* 

the cyclic transition state has a positive AV because of some steric 

effect (178). 

Bridgman showed that a number of organic (179) and inorganic (l80) 

compounds could be heated above their normal decomposition tempera¬ 

tures under high pressures. Bowden and co-workers (l8l) found in 

their studies of the influence of high pressures on thermal explosions 

decompositions and detonations of single crystals, that the explosion 

temperatures of cyanuric triazide [C3Ns(N3)3] were 191°C at 131 atm. 
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and 207°C at 4,300 atm.. An applied pressure raised the explosion 

temperature of penta-erythritol tetranitrate from 176°C at 110 atm. 

to 194°C at 5,100 atm. and 208°C at 19,400 atm.. 

If one considers the following decomposition of an oxide A0 
X 

A0X  ^ B + y Qa (88) 

where B is a suboxide with formula A0 , or an element and there- 
X-ZY 

fore y = l/2 x, the change in Gibb's free energy can be expressed as 

d (£G) = -(AS) dT + (AV) dp (89) 

where AS and AV are changes in entropy and volume respectively. 

The integration of equation (89) gives 

T 
(flJ)T = (&0298°, 1 atm? J (-AS) dT 

, 298 
+ p AV dp (90) 

J1 

If one assumes that (AG)m = 0 for the equilibrium, then 
iD'P 

J ID (is) ST = (») O atm + J*1 (iV) ap (91) 
298 1 

where T^ is the decomposition temperature under pressure p. 

Equation (91) can therefore be used to calculate decomposition 

temperatures under different pressures if compressibilities and heat 

capacities for both the reactants and products are available. The 

AV will arise mainly from oxygen gas. The "co-volume" equation of 

state, or being an experimental constant, 

p (V - a) = R T (92) 
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substituting the "ideal gas" equation can be used up to only 

1 kilobar. Accurate values for the integral, P AV ' dp, will 
J1 

require good experimental values for the (pV) product at different 

pressures. For example, in the gaseous state, 

,P f P ? v. fP Pv - Piyi 

P 
[P AV dp = J P £3=^ dp - J1 

T P 
dp (93) 

The second term can be integrated graphically. 

Under high pressures, even though AV will be changed according 

to the compressibilities of all species, equation (88) will generally 

give a positive value for AV and therefore an increase in pressure 

will increase tPt, the change in Gibb’s free energy. If one changes 

equation (9l) by integrating from Tq, the normal decomposition 

temperature, then 

TD p 

J (AS) dT = J (AV) dp (9^) 

T 1 
o 

since (AG)m , =0. If AS is temperature and pressure indepen- 
T , 1.atm. 
o' 

dent, then 

1 fp 
AT = ( TD - TQ ) = " q (AV) dp (95) 

the sign of AT will depend on that of AS as well as of AV. 

Since most of the data necessary for the calculation discussed 

above are not available for many substances, a direct measurement is 

necessary for determining the availability of oxygen from oxides under 

specific pressure and temperature. 



(a) Potassium chlorate 

It has long been known that potassium chlorate is a good oxidi¬ 

zing reagent• In almost every textbook of chemistry it is stated 

that KCIO3 liberates O2 and forms KC1 when heated (l82). Back in 

1929, Vitoria (183) studied the decomposition of KC103 and found 

that it decomposed after fusion,( m.p. = 356°C ), at 364°C. Since 

then most thermal decomposition studies of potassium chlorate have 

been concerned with the effects of metal oxides as catalysts (l82), 

(l84), (185), (l86), (187), (l88), especially maganese dioxide, Mn02 

(182), (184), (187), (188). 

Recent differential thermal analyses (l88) and differential 

thermogravimetric analyses (l88), (189) showed that for pure potas¬ 

sium chlorate, rapid decomposition started at 472°C, even though there 

was detectable decomposition after two days at Granular potas¬ 

sium chlorate, (Mallinckrodt analytical reagent) was heated at 110°C 

for 2 hours and ground. For temperatures lower than 530°C, experiments 

were carried out in the opposed anvil device. Samples of about JO mg 

were introduced in the fired pyrophyllite ring separated from the 

anvils by two platinum foils, O.OO5" thick. Pressure was first applied 

to a sample and then it was heated under pressure at 10°c/min. up to 

the required temperature. For each run, after the temperature was 

reached, both the temperature and pressure were maintained constant 

by automatic controllers. After 10 hours, the sample was quenched to 

room temperature and one atmosphere within two minutes. 
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When temperatures higher than 530°C were needed, the tetra¬ 

hedral anvil press was employed. Temperatures were obtained by 

supplying constant power to the graphite heater. Most experiments 

were quenched after 10 hours, although shorter reaction times of 

5 hours or even 3 hours were sometimes used at higher temperatures. 

Debye-Scherrer powder patterns of the products were taken with 

a 114.6 mm. Norelco camera with Ni-filtered CuKo' radiation at 35 KV, 

18 mA for 3-4 hours. Decomposition was detected by the occurrence 

of the KC1 powder pattern in the photograph. Comparisons of the 

intensities of the strongest lines of both KC103 and KC1 give one an 

idea of the extent of decomposition. Fig. 18 shows results of 19 runs. 

If a curve is drawn passing through the temperatures required 

for 50$ percent decompositions under different pressures, an interest¬ 

ing result is obtained. The decomposition temperature increases 

linearly as the pressure is increased with a slope of .. 

dT/dp = 5•1T°C/kb, and the slope changes from this value to 2.11°C/kb 

when pressures are higher than 36 kilobars. 

A careful examination of all the x-ray photographs showed that 

the potassium chloride formed from the decomposition of chlorate during 

these studies was the low pressure form, no matter how high the 

decomposition pressure was used. The high-pressure CsCl-form which 

becomes stable above 19-23 kilobars at room temperature (ll), (12) 

might not be formed at the decomposition temperature or else it reverts 

to the low pressure form (NaCl-type) during the quenching. 
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(t>) Mercuric oxide 

Mercuric oxide, HgO, when heated, decomposes into elemental 

mercury and envolves oxygen. Taylor (190) studied the kinetics of 

the thermal decomposition and found that under atmospheric pressure 

for 50$ decomposition, it took one hour at 409.4°C. Prodan et al 

(19l) investigated the behavior of the decomposition of HgO crystals 

of 0.4-23n. Harano (192) claimed the existence of atomic "0" in 

the decomposition. Onchi and Kusunoki (193) studied the thermal 

decomposition of HgO in a Knudsen cell under high vacuum and found 

a strong 0^ peak in the mass spectrum, indicating significant decom¬ 

position at 270°C. 

Since mercury will he in the product from an oxidation of 

mercuric oxide and can he separated easily hy distillation, HgO is 

a very good source of oxygen under high pressures. 

Yellow mercuric oxide,(Merck and Co.), was dried at 110°C for 

2 hours and then loaded in the tetrahedral cell. At temperatures 

lower than 7^0°C, samples were heated for 20 hours. When tempera¬ 

tures higher than 950°C were used, explosions sometimes occurred, 

and samples were heated only for JO minutes. Between these two 

extremes, it usually took 15 hours to complete a run. 

Decomposition could he detected simply hy the occurrence of 

elemental mercury. Results of Jl runs are shown in Fig. 19• The 

decomposition temperature increased with a high slope of l6.49°C/kh 

when pressures were low and from 42 kilohars up the slope changed to 

a lower value of 1.67°C/kh. 
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During these experiments, mostly BN containers were used, but 

it was found that a reaction between BN and HgO occurred at 40 

kilobars and 940°C. Therefore, at conditions higher, these fired 

pyrophyllite containers of the same dimensions were used. Careful 

examinations of quenched products showed that no quenchable high- 

pressure phase of HgO was obtained. 

(c) Discussion 

If one differentiatesAT of equation (95) with respect to p, 

one obtains 

dflT _ dTD 

' 3T 
For the following decompositions, 

AT 
AS 

(95a) 

(1) HgO(s) -> Hg(l) + 1/2 Cfe(g) 

(2) KClOs(s)-* KCl(s) + 3/2 Cfe(g) 

the volume change AVi = l/3 AV2, since the volumes of solids, HgO, 

KCIO3 and KC1, and liquid, Hg, are negligible compared to that of Cfe. 

Using the standard entropies of all reactants and products at 25°C 

and 1 atm., one obtains ASi = J.O and AS2 = 59*09 cal/deg. mole. 

Therefore, the estimated ratio 

AVi / jWg. = A^_ = 59.09 = p o 
ASi ' A£e 3 ASi 5x7-0 

The results from the above experiments, 

^ dp ^ ^ dp '2 ~ 5-17 

show good agreement with the estimation. 

= 3-2 



FIGURE 18 

Decomposition temperatures of KC103 

under high pressures. 

• - only KC1 detected, no KCIO3 

« - KC1 and KC103 detected 

0 - only KCIO3 detected, no KC1 
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FIGUBE 19 

Decomposition temperatures of HgO 

under high pressures . 

D - Hg detected 

- HgO detected □ 
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IV. SYNTHESES OF NEW CUBIC METABORATES 



SYNTHESES OF NEW CUBIC METABORATES 

(a) Mercury metaborate 

Introduction 

The chemistry of anhydrous metal borates has been so complex 

and subtle that it is still the object of intense current research 

efforts. 

There are many kinds of metal borates. Orthoborates, which 

have the general formula of MX(B03)y, are formed by monovalent, 

divalent and trivalent metal oxides with boric oxide in various 

molar ratios respectively. Metaborates include the alkali meta¬ 

borates, MBC^j the alkaline earth metaborates, MB2O4j the rare 

earth metaborates, MB30eJ and zinc metaborate, Zn40(BO^)6. Also, 

divalent metals form borates of the empirical formula M^I^Os; 

alkali metals form the MB3O5 -borates; alkalis form N^BiOv and diva¬ 

lent metals form MB4O7; alkalis form MBsOs; and alkalis form 

M>B80I3. These latter are classified as pyro-, tri-, tetra-, penta- 

and octa-borates, respectively. 

Among these borates and others not classified, there are very 

few anhydrous metal borates known to contain only tetrahedrally 

coordinated boron. Zinc metaborate is one of the few such borates 

and because of its structure, it has received lots of attentions. 

A powder photograph of this substance was first obtained by 

Swanson and Tatge (194) who attributed to this zinc borate a formula 

Zn(BQ2)2 and predicted d = 1.2077 g/cm.3. Smith, Garcia-Bianco and 
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Rivoir (195) found the experimental density of 4.22 g/cm.3 to he 

greatly discrepant. They determined the structure of the borate 

from the x-ray pattern and the chemical analysis by Terol and Gand- 

ard (196) to be cubic,with formula Zn40(B0s)6 and space group 

T3 -I 43m. 
d 

Infrared studies were carried out by Krogh-Moe (197) to support 

the x-ray structural analysis and Weir and Schroeder (198) were able 

to assign the fundamental frequencies and some overtones or combina¬ 

tions on the basis of effective 03^ symmetry for BO4 groups in zinc 

metaborate. 

In an attempt to oxidize boric oxide with mercuric oxide and in 

the thermal decomposition study of mercuric oxide in boron nitride 

containers, it was found that a black product of high density was 

obtained. The isostructural nature of the powder photograph of this 

product with that of zinc metaborate led to the isolation of mercury 

metaborate, a new compound. 

Experimental 

(i) Boric oxide 

Boric oxide was obtained from U. S. Borax and dried at 170°C 

for more than 24 hours. A 1 : 1 molar mixture of boric oxide and 

yellow mercuric oxide was prepared in the dry box and transferred 

into the tetrahedral high pressure cell using BN-containers. Pres¬ 

sures used for the reaction ranged from 24 kilobars to 32 kilobare 

and temperatures from 700°C to 800°C. After the mixture was kept 

at high presnave and high temperature for a period of 40 hours, the 
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heating current was shut off in a few seconds and the whole system 

was cooled ty cool air. The pressure was then released in one 

minute. The sample cell was open and the yellow product was picked 

out very carefully to avoid possible impurities such as BN and grap¬ 

hite . 

(ii) Boron nitride 

Purified boron nitride powder, (Fisher), was mixed with yellow 

mercuric oxide in 1:2 and 1:4 molar ratios. With BN-containers and 

graphite heaters the experimental conditions for the reaction were 

40 kilobars, 940°C and 8-12 hours. The product was black in color. 

Results and Discussions 

(i) Purification 

Mercury, mixed in' with the products obtained from both reactions, 

was distilled off under vacuum, because too high a temperature might 

decompose the products. Product powders were heated at l60°C for 5 

hours and the mercury was collected in a trap at liquid N2 tempera¬ 

ture as shown in Fig. 20. 

Yellow product could usually be picked up easily since unreacted 

mercuric oxide (red) could be distinguished very well from its color. 

Even though no x-ray diffraction lines of B^03 were seen in the yellow 

product, as shown in Fig. 21 (A), the "washing" for dissolving excess 

E203 was done since there could be several per cent of Ee03 in the mix¬ 

ture, yet one could not detect it in the powder photograph. 

Besides containing elemental mercury, the black product from the 

reaction between BN and HgO contained a small amount of mercuric oxide 



FIGURE 20 

Setup for "distilling" Hg from the product mixture 
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as can "be seen from Fig. 21 (B). The decomposition temperature 

for HgO at one atmosphere is 400°C which might decompose the main 

product. Although thermal decomposition can be obtained at 270°C 

under high vacuum (193)* it was found that if HgO was heated in EQ 

gas, the temperature needed for the decomposition dropped to 250°C. 

Therefore, in order to protect the product from being decomposed, 

the trace amount of HgO in the product mixture was reduced with a 

water-free Eg gas stream. Fig. 21 (B) shows a typical Debye-Scherrer 

powder photograph of the black product with a trace of HgO and 

Fig. 21 (c) shows the pattern of the product after being exposed to 

E& at 250°C for 5 hours. 

(ii) X-ray examination 

The yellow product prepared by the reaction of boric oxide and 

mercury oxide was first examined by taking Debye-Scherrer powder 

patterns in the Norelco camera with Ni-filtered CuKa radiation at 

35 KV and 18 mA. for 4 hours. 

The pattern suggested the presence of two phases, a cubic and 

a non-cubic, and this was supported by the pattern of the black pro¬ 

duct prepared by the reaction of BN and HgO at higher temperatures 

and pressures. Table 3 lists patterns both from the yellow and the 

black products. The cubic phase can be indexed on the basis of a 

simple cubic unit cell with a = 7.56 + 0.02 £, averaged from 30 dif¬ 

fraction lines. 

This cubic pattern was then compared with the pattern for cubic 

zinc metaborate. One can quickly tell that these are isostructural 



FIGURE 21 

Debye-Scherrer powder photographs of 

(A) the yellow product prepared from D2O3 + HgO 

(B) the black product which contains trace 

amounts of HgO 

(C) the black product after being exposed to % 

at 25Q°C for 5 hours 
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TABLE 5 

Results of the analyses of Debye-Scherrer powder 
patters from both yellow and black products. 

Yellow product Black product 

Relative 
intensity 29 d Relative 

intensity 2 © a a hkl 

¥ 14.54 6.09 
M 16.75 5.3O cubic M 16.73 5.30 7.50 no 
M 20.46 4.54 
M 24.94 3.57 
S 28.99 3-08 cubic S 29.01 3.08 7.54 211 
¥¥ 32.21 2.78 
¥ 55-46 2.53 
M 37.71 2.39 cubic S 37.68 2.39 7.56 510 
¥ 41.47 2.18 cubic M 41.40 2.18 7.55 222 
¥ 45.70 2.07 
S 44.92 2.02 cubic S 44.86 2.02 7.56 321 
¥ 48.15 1.891 cubic ¥ 48.10 1.892 7.57 400 
S 51.27 1.782 cubic S 51.30 1.781 7.56 411 
¥ 55.OO 1.728 
¥ 57.05 1.615 cubic ¥ 56.95 1.617 7.58 332 
S 62.46 1.487 cubic M 62.40 1.483* 7.56 510 
M 65.29 1.469 
M 67.66 I.385 cubic ¥ 67.56 1.380 7.56 521 
M 70.25 1.340 cubic ¥ 70.10 1.341 7.58 440 
M 72.70 1.301 cubic ¥ 72.52 1.302 7-59 530 
M 73-55 1.288 

M 77.33 1.233 7.60 6ll 
V¥ 82.26 1.171 7.59 541 
¥ 84.49 1.146 7.60 622 
¥ 86.85 1.121 7.60 631 
¥ 96.85 I.030 7.57 721 
¥ 101.54 0.994 7-57 730 
M IO6;43 0.962 7.57 732 
M 111.36 0.933 7.58 811 
¥ 116.48 0.906 7.58 653 
S 121.77 0.882 7.54 830 
M 124.58 0.870 7-5^ 751 
¥ 127.48 0.859 7.5^ 832 
¥ 130.48 0.848 7.58 840 
¥¥ 133.60 0.838 7.54 900 
s, 140.48 O.818 7.54 920 
S 148.52 0.800 7-55 922 
S 159.05 0.783 7.55 852 
S 167.12 0.775 7.51 932 

mean a 7.56 + 0.02 $ 

^Following this line d values are calculated from Cu&rx 
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x-ray powder patterns. Stronger lines from the patterns of both 

compounds are shown in Table 4. The cell constant of the new mer¬ 

cury borate seems reasonable when compared to that of zinc metabo¬ 

rate since it would be expected that mercury metaborate would occupy 

a larger volume than zinc metaborate if one considers the relative 

sizes of mercury and zinc. 

(iii) Infrared studies 

The infrared spectrum of the cubic phase was taken by using the 

KBr disk technique. A KBr disk was prepared by mixing the black pro¬ 

duct and KBr in a 2:100 weight ratio. The spectrum was obtained on 

the Beckman IR-9 infrared spectrophotometer. Fig. 22 shows the spect¬ 

rum of mercury metaborate along with that of zinc metaborate taken 

from Weir and Schroeder (198). It is very clear that all the bands 

are lower than 1100 cm. 1 This falls in the absorption region charac¬ 

teristic of borons in 4-fold coordination, especially the strong broad 

band from 1000 to 1100 cm. ’L, which is the most characteristic fea¬ 

ture of 4-fold coordination. 

The assignments of observed bands in Table 5 are given on the 

basis of the similarity between zinc metaborate and this new cubic 

phase assuming effective 03^ symmetry for the B04 group using the 

terminology of Herzberg (199)* 

One should note that as unit cell dimensions increase, the 

absorption frequencies generally shift to lower frequencies. This 

behavior parallels that found previously for isostructural divalent 

metal orthoborates (198) and for isostructural carbonates and nitrates 

(200) where it was attributed to the effect of lessened anion repul¬ 

sion in the looser-packed structures. 



TABLE 4 

X-ray diffraction patterns for ( 
metaborate and zinc metaborate 

cubic mercury 

Cubic mercury metaborate Cubic zinc metaborate* 

Relative 
intensity 

d hkl a Relative 
intensity 

d hkl a 

M 5.50 110 7.50 2 5.43 no 7.68 

1 3.76 200 7.52 

S 5.08 211 7.54 100 3.05 211 7.47 

S 2.59 310 7.56 11 2.56 310 7-46 

M 2.18 222 7.55 1 2.16 222 7.48 

S 2.02 521 7.56 10 1.995 321 7.47 

W 1.890 400 7-57 5 1.868 400 7.47 

s 1.781 411 7.56 20 1.761 4ll 7.47 

3 1.672 420 7.48 

w 1.617 332 7.58 l 1.593 332 7.47 

4 1.525 422 7.47 

M 1.485 510 7.56 4 1.465 510 7.47 

w 1.580 521 7-56 5 1.564 521 7.47 

mean+ a = 7*56 + 0.02 A mean* a = 7*^-9 + 0.06 A 

*Data are taken from P. Smith , s. Garcia-Blanco and L. Rivoir 
Zeitschrift fuer Kristallographie 115> 460 (1961) 

+The mean value is calculated only from these strong lines 



FIGURE 22 

The infrared spectrum of (A) 'cubic mercury 

metaborate and (B) cubic zinc metaborate. 
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TABLE 5 

Infrared absorption spectra of cubic 
mercury and zinc metaborates 

# 
Zn40(BQ2 )e Hg40(BQ2)6 

Tentative 
Assignments 

1200 WSh+ 1100 

1160 WSh 1075 
1082 SVB 1025 

1057 M 1000 

927 VB 910 

717 S 700 

470 S ~ 400 

WSh Vl + v6 

WSh v2 + v6 

SB V5(E) 

M VI(AI) 

SB V2(AI) 

S V4(E) 

S V3(&±) 

* Data taken from C. E. Weir and R. A. Schroeder, 
J. Research N.B.S. 68A, 465 (1964). 

+ W, weak; M, medium; S, strong; V, very; 
B, broad and Sh, shoulder. 
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(iv) Decomposition and ihiass spectrometric studies 

Purified samples were introduced into Knudsen cells of both 

the Bendix time-of-flight mass spectrometer and the magnetic mass 

spectrometer. 

Twenty mg of yellow product, contained in an alumina Knudsen 

cell was heated in the Bendix TOFMS l4-206a mass spectrometer. Tempera¬ 

tures lower than 500°C were produced by heating a filament surround¬ 

ing the Knudsen cell and electron bombardment was used for obtain¬ 

ing higher temperatures. • 

As shown in Fig. 23, at temperature lower than 800°C only back¬ 

ground peaks were found in the mass spectra. When the temperature 

was higher than 850°C, a large amount of Cfe envolved from the sam¬ 

ple. As a matter of fact, it took more than 20 hours to restore the 

vacuum. The temperature was then increased, and at 1050°C, a typical 

+ + 
E2O3 spectrum was obtained as shown in Fig. 24. Although P2Q2 > BO 

4* "I' 
and BCfe were weak and mixed with the background, B with mass num¬ 

bers 11 and 10 and intensity ratio of 4:1 and Ife03+, at masses ’JO and 

69 and intensity ratio 2:1 are shown distinctively in Fig. 24(B). 

In order to obtain better resolution, 15 mg of yellow product 

was heated in the tantalum Knudsen cell of the magnetic mass spectro¬ 

meter. 0z-evolution was observed and at 1000°C, the B2O3 spectrum 

was seen again. 

The pure cubic form was introduced into the time-of-flight mass 

spectrometer. A small amount of mercury was first seen at 98°C, pro¬ 

bably due to trace amounts of Hg left after distillation. At 565°C 
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both Hg and Hg were observed due to the thermal decomposition of 

the borate. 

Since under high vacuum in the mass spectrometer, HgO decomposes 

into Hg and O2 at 2J0°C, the borate is therefore more stable thermally 

than the oxide. Some of the decomposed products were found to be 

yellowish and showed the x-ray diffraction pattern of BCfe that will be 

discussed in the next chapter. 

When the yellow sample was heated at 360°C for 5 hours in a 

stream of H2, ' thermal decomposition occurred since mercury drop¬ 

lets were seen and the color changed from yellow or black to white. 

X-ray photographs were taken and Table 6 shows the d-values and assign¬ 

ments . It should be mentioned that the formation of dense (3-Ife03 in 

the decomposition products points out that the (3-form of I^03 has a 

boron coordination number of higher value than that in the distorted 

tetrahedra of hexagonal or-Ee03. This is consistent with the work of 

Dachille and Roy (201) who calculated from infrared data that in 

P-3=03, B had a coordination number of 3<^ while in a-Bg03, it was 5*2. 

(v) Phase transformations and isolation of the 

Won-cubic phase 

Since the yellow product contains a cubic and a non-cubic phase, 

it is worthwhile to separate the non-cubic phase from the cubic one and 

study their relationship. 

When the mixture was heated in H2 at the decomposition tempera¬ 

ture of mercuric oxide, it was found that the yellow color changed to 

black. The x-ray powder photograph showed the disappearance of the 



FIGURE 23 

The mass spectrum of yellow product at 

(A) 400°C, 

(B) 500°C, 

(C) 800°C, and 

(D) 850°C * 





FIGURE 24 

The mass spectrum of (A) background 

and (B) yellow product at 1050°C. 
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TABLE 6 

X-ray diffraction pattern of decomposed product 

Relative ^ 
intensity 

* 
Of ~Ife03 P-Ife03

+ H3BO3* 

Relative 
intensity 

d 
Relative 
intensity 

d 
Relative 
intensity 

d 

W 6.10 20 6.04 
M 3.88 VS 3.905 
M 3.42 50 3.42 
W 3.20 100 3.18 

M 2.85 VS 2.865 

S 2.78 90 2.78 

M 2.23 70 2.23 

S 2.10 100 2.096 

vw 2.06 6 2.08 

W 1.98 M 1.987 
VW 1.92 20 1.920 

W 1.82 20 1.822 

VW 1.79 W 1.789 
W 1.71 50 1.710 

VW 1.40 50 1.403 

vw 1.20 50 1.197 

* Data taken from ASTM cards 

+ Data taken from Dachille and Roy, J. Am. Ceram. Soc. k2, 78(1959) 
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non-cubic phase as can "be seen in Fig. 25. In helium gas, the yellow 

color remained even up to J>60°C. Therefore, the transformation of 

non-cuhic to cubic is connected with the decomposition of mercuric 

oxide; in other words, there is a difference in molar ratio of HgO 

and %>03 between these two phases and apparently the non-cubic phase 

contains higher HgO ratio. 

From "washing", it was realized that the cubic metaborate is 

slightly soluble in hot water. If the yellow product is washed in 

hot water 20 times, the cubic form content becomes less, i.e., the 

characteristic lines become weaker. Table J shows the powder photo¬ 

graph of the non-cubic phase. It was indexed on the basis of a tetra¬ 

gonal structure to have a = 6.l43 and c = 6.2658. 

The infrared spectrum of the tetragonal borate is shown in 

Fig. 26. Strong bands at 800 to 1100 cm. 
1
 region are indicative 

of tetrahedrally coordinated boron and the similar bands at 1250 

to 1400 cm. 
1
 region are indicative of 3“fold coordination. Therefore, 

borons in the tetragonal phase are not all 4-fold bonded as in the 

cubic borate. 

By comparing the IR spectrum with that of 2CdO.B2O3, it seems 

that the tetragonal phase is a 2:1 borate. This is supported by the 

connection of the phase transformation to the decomposition of mer¬ 

curic oxide. It was also found that if one assumes the formula 

2Hg0.fe03 per unit cell, the calculated density was J.07 g/cm.3. 

Although this value is higher than measured value of 6.04 g/cm3, 

this is the best fit and the low value for the measured density can 



TABLE 7 

X-ray diffraction pattern of tetragonal 
mercury Borate 

Relative 
intensity 20 a 

obs. ^calc. hkl 

W 14.54 6.09 6.14 100 

W 20.46 4.34 4.34 110 

S 24.94 3-57 3-57 111 

S 28.79 3.10 3.07 200 

W 32.21 2.78 2.79 102 

W 32.93 2.72 2.74 210 

M 35-46 2.53 2.54 112 

M 41.02 2.20 2.19 202 

VW 42.02. 2.15 2.17 220 

M 43.70 2.07 2.09 003 

W 46.17 1.97 1.97 103 

VW 46.57 1-95 1.94 310 

W 48.69 1.87 1.88 113 

W 48.97 1.86 1.86 311 

S 53.OO 1-73 1-73 . 203 

S 63.29 1.47 1.47 114 

VW 64.23 1.45 1.45 330 

VW 69.06 1.36 1.36 214 

a 
, , o 
6.l43 A c = 6.265 ^ 



FIGURE 25 

Debye-Scherrer powder photograph of the yellow 

product after being heated in HQ at 250°C 





FIGURE 26 

Infrared spectrum of tetragonal mercury borate 
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be possible because of B2O3 and/or BN impurities, which have low 

densities. 

(b) Cadmium metaborate 

A full study of the CdO-B2O3 system was performed by Subbarao 

and Hummel (202), who found that the system contained 4 compounds, 

3CdO.B2O3, 2CdO.B2O3, 3CdO.2E2O3 and 2CdO.3^203. A subsequent study 

(203) indicated that the 2:3 material was a mixture of two phases, 

1:2 and 2:1. The predominant 1:2 compound was found to be orthor¬ 

hombic with a = 8.22 fi, b = 8.74 $ and c = 14.20 S. The 3^2 compound 

was found (2O3), (204) to be the low-temperature modification of cad¬ 

mium pyroborate, 2CdO. ]^03, which is triclinic with a = 3.47 K, 

b = 6.36 A, c = 10.06 A, a = 105°36', 0 = 90°55’ and i = 91°23'. 

Since the earlier investigation showed that mercury could form 

both a cubic metaborate and a tetragonal pyroborate, it seemed very 

possible that cadmium, being a member of group lib, would also form 

a metaborate. A study of the possibility of synthesizing cubic cad¬ 

mium metaborate was thus made. 

A mixture of cadmium oxide and boric oxide with molar ratio of 

4:3 was pressed in a fired pyrophyllite container at 40 kilobar and 

heated at 790°C for 10 hours. A brownish-white product in contrast 

to the dark brown color of the starting mixture was obtained after 

releasing the pressure and temperature. Table 8 shows the x-ray 

diffraction pattern of the product along with that of the mercury 



TABLE 8 

X-ray diffraction pattern of the brownish-white cadmium 
product contrasted with those of the mercury borates• 

Cadmium borates Mercury borates 

Relative 
intensity d Cubic phase Cubic phase Tetra. phase 

hkl a d hkl d hkl 

VW ^•35 4.34 110 
M 3.82 : 

M 3.58 3-57 111 
W 3.09 211 7-72 3-08 211 

VW 2.77 2.78 102 

VW 2.68 

S 2.61 

W 2.53 2.53 112 

VW 2.40 310 7.59 2.39 310 

VW 2.20 222 7.62 2.18 222 

VW 2.06 2.07 003 

w 1.91 400 7-64 1.89 400 

w 1.87 1.87 113 
VW 1.79 411 7-59 . I.78 411 

w 1.66 

w 1.62 332 7.60 1.617 332 

VW 1.46 1.47 114 

VW 1-39 521 7.61 I.38O 521 

VW 1.34 440 7.59 1.341 440 
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"borates. The pattern for the cubic Cd-compound can be indexed with 

a = 7.62 + 0";04 A. 

Attempts have been made to synthesize the pure metaborate by 

reacting BN with CdO, but without success, even up to 1040°C. The 

reason might be that at 40 kilobars, the decomposition temperature 

of CdO would be very high. Further studies are necessary to isolate 

these two phases and investigate the transitions between these phases 

and those which have been synthesized under atmospheric pressure. 

An infrared spectrum of the product is reproduced in Fig. 27. 

A broad and medium band centering at 1015 cm.-1 shows 4-fold coordi¬ 

nation of boron which indicates the existence of cubic cadmium meta¬ 

borate with low concentration. This is consistent with the x-ray 

data. The weak band around 1200 cm. 1 and the strong band at 

1395 cm. 1 are probably from a compound isostructural with tetrago¬ 

nal mercury borate. One can see from Fig. 26 and Fig. 27 that they 

have quite similar structures. 

(c) Conclusions 

From the above results and discussions, it is concluded that 

mercury and cadmium metaborates which are isostructural to cubic 

zinc metaborate can be synthesized under high pressures and high 

temperatures. 



FIGURE 27 

Infrared spectrum of the reaction product of 

4 CdO + 3 Ife03 
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The preparations of cubic and tetragonal mercury borates can be 

described as follows: 

30Kb 

1. 2 HgO + BZ03 JJQSC 2 KgO.BzOz (Tetragonal, yellow) 

40 hrs 

i 2 1 
2 HgO.HaOa ^o^T 5 Hg*0(BCte)6 (cubic, black) + ^ Hg + - Qa 

5 hrs 

40 Kb 

2. 13 HgO + 6 BN Hg40(B02)6 + 9 Hg + 3 % 

10 hrs 

It is believed that the same procedures can be applied for 

cadmium borates except' that the temperatures required will be 

higher. The structural configuration of the cubic metaborate 

ion is shown in Fig. 28 and the unit cell constants are compared 

with the strong bands of V5(E) as shown in Table 9* 



FIGUKE 28 

Structural configuration of the cubic metaborate ion 
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TAKEN FROM P. SMITH ETAL, Z. KRIST. 115, 460 ( 1961 ) 



TABLE 9 

Unit cell constants and Vs(E) of Group lit metatorates 

Borates Unit cell constant A vs(E) cm. 

Zaj.O(BCfe )6 7.49 + 0.06 1082 

Cd40(BQ2)6 7.62+0.04 1015 

7.56 + 0.02 Hg40(BCfe)6 1025 



V. SYNTHESES AND PROPERTIES OF GROUP III SUPEROXIDES 



SYNTHESES AND PROPERTIES OF GROUP III SUPEROXIDES 

(a) Boron superoxide 

Introduction 

In the study of the vaporization of boric oxide, Margrave et 

al (2O5), (206) identified the "fluctuation" or "green" bands with 

a gaseous boron oxide. Later studies by Millikan and Kaskan showed 

that these bands were characteristic of a triatomic radical, that 

the absorptions increased from 1 or 2$ to 10$ when Efe03 was treated 

with oxygen or air, and that absorptivity depended on the l/4 

power of the Cfe-pressure (207), (208). These facts were inter¬ 

preted as the evidence that the absorbing species was BCfe formed 

by the reaction 

1 %Qa(l) + 1 Cfe(g)-» BQs(g) 

Johns (209) observed the absorption spectrum of gaseous BCfe, 

which is isoelectronic with CCfe, during the flash photolysis of 

BCI3-Q2 mixtures. Sommer and White (210) then generated BCfe gas 

from a platinum Knudsen cell containing a mixture of ZnO(s) and 

1^03(1) heated to 1550°K« Two bands at 1276 amd 1323 cm. 1
 were 

found in the IR spectrum of the argon matrix-isolated BC^. 

Although BQ2 has been reported only in the gaseous state at 

very high temperatures, it appears that the synthesis of solid BCfe 

might be possible under extreme conditions. In this work, the com¬ 

bination of high pressures and high temperatures was explored to see 

if solid BCfe could be prepared. 
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Studies of Rg03 under high pressure were first performed by 

Dachille and Roy (201) and a dense form was observed when pressures 

were higher than 22,000 atm. at temperatures above 400°C. A phase 

diagram was then constructed up to 1100°C and 90,000 atm. by 

Mackenzie and Claussen (211). 

By employing the results of the studies on the thermal decom¬ 

position of potassium chlorate and using boric oxide as starting 

material, the possible synthesis of solid BQ2 by high pressure 

oxidation of ^03 was investigated. 

Experimental procedures 

Boron trioxide was obtained and dried as described previously. 

Glassy Ife03 was ground with granular potassium chlorate in the dry 

box. Mixtures of Ife03 and KC103 in 1:1 and 3:1 ratios were prepared 

and transferred into high pressure cells. 

Preliminary experiments were carried out in the Tem-Press unit 

with anvils of 9/l6" diameter working surfaces, nickel rings and 

platinum foils. The pressure was raised to around 15 kilobars and 

the heater was then turned on. to start heating. After the tempera¬ 

ture reached 370-^°°C, the pressure was increased to 18 kilobars 

and kept constant for 4-7 hours. When the reaction was complete, 

the temperature was brought down before pressure was released. 

From careful examination of the products of these preliminary 

experiments, it was found that there were possibilities of side 

reactions with the nickel containers and the platinum foils. Diffe¬ 

rent combinations of sample containers and metal foils were used. 
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Among them were pyrophyllite ring-Pt foil and pyrophyllite ring-Ta 

foil. 

Reactions were also carried out in the tetrahedral-anvil 

device. Two kinds of heater-container were used. One consisted 

of a BN container and a graphite heater and the other used a Ni- 

dimple as "both heater and container (212). 

Results and discussions 

The preliminary study of the x-ray powder photograph showed 

that if the reaction was carried out using Pt foils to separate 

the sample mixture from anvils, the product sometimes contained 

potassium chloroplatinate, KgPtCle, which was formed'in a side reaction 

Using potassium chloride which was formed in the reaction as the 

internal standard, a diffraction pattern from a product containing a 

high yield of KePtCle was analyzed as shown in Table 11. Four 

diffraction lines with d = 9*280, 3.100, 2.118 and 1.964 appear 

along with those of KC1 and KePtCle. From patterns of products 

prepared in different environments, it was found that beside KC1 

and occasionally KC103 when the reaction was not complete, a number 

of new lines were observed. Table 12 shows the pattern which was 

obtained from products prepared in the pyrophyllite-Ta cell and also 

in BN containers and graphite heaters in the tetrahedral device. 

It was indexed on the basis of a simple cubic to have 

a = 9.28 + 0.07 A. 



TABLE 11 

Results of the analysis of jt'-ray diffraction pattern 

from a reaction product of E^03 + KC103 in a pyro- 

phyllite ring with platinum foils 

♦Values obtained from ASTM cards 



TABLE 12 

X-ray powder pattern of BO^ made in 
graphite heater and pyrophyllite-ta 

Relative 
intensity 20 d hkl a 

W 9.53 9.280 100 9.28 

VW 16.34 5-425 111 9.39 

W 19.22 4.618 200 9.33 

W 21.19 4.193 210 9.38 

M 26.87 3.318 220 9.38 

S 28.81 3.099 300 9.30 

W 33.00 2.714 222 9.40 

VW 34.72 2.584 320 9.32 

VW 36.48 2.463 321 9.22 

M 42.67 2.119 331 9.24 

W 46.22 1.964 332 9.21 

W 51.89 1.762 333 9.16 

W 53-53 1.712 520 9.22 

VW 54.96 1.671 521 9.15 

VW 57.02 1.615 522 9.28 

VW 59.70 1.549 600 9.29 

VW 60.71 1.525 610 9.28 

w 62.07 1.495 611 9.22 

VW 64.54 1.444 621 9.25 

w 66.96 1-397 622 9.27 

VW 77.26 1.235 722 9.32 

VW 79.85 ■ 1.201 731 9.23 

w 81.96 1.176 732 9.26 

a = 9.28 + 0.07 & 
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An infrared spectrum of a product prepared in a pyrophyllite 

Ta cell is reproduced in Fig. 29 along with the spectrum of a 1:1 

mixture of ^03 and KC103. Fig. 29(A) shows actually a mixture of 

H3BO3 and KC103 hecause ^03 is so hygroscopic that it picks up 

water in the air while the spectrum is being recorded. The very 

broad band from 1200 to 1400 cm. 1 seems to compare with the absorp¬ 

tion maxima at 1276 and 1325 cm- 1 for matrix-isolated BOfe obtained 

by Sommer and White. An absorption spectrum in the visible range 

showed two broad bands at 4400 and 4800 A while BCfe trapped in an 

argon-matrix showed peaks from 4084 to 5623 A. 

Electron spin resonance studies were performed at 23°C using a 

Varian E3 ESR spectrometer with the field set at 3386.25 gauss, the 

modulation frequency 100 Kc and microwave power of 200 mw. It was 

observed that BCfe was paramagnetic and had quite a similar ESR 

spectrum to KO2. Fig. 30 shows the ESR spectra of both BO2 and KQ2 

powders taken under the same conditions. Without a doubt the spect¬ 

rum of KO2 is due to the superoxide ion O2, and this is also the 

likely species which accounts for the spectrum of BO2. 

Various chemical properties were also studied. The product 

gave a small amount of oxygen when dissolved in water. The water 

solution could oxidize iodide and had.the same UV spectrum as that of 

KCfe solution. When BCfe was heated under 1 atmosphere in a platinum 

crucible, it changed in color from yellow to orange at 250°C and 

decomposed at 525°C. A similar thermal behavior has been found when 

YLOz was heated. 



FIGURE 29 

The infrared spectrum of (A) a 1:1 mixture 

of EbQ.3 and KCIO3 and (B) the reaction pro¬ 

duct prepared in the pyrophyllite-Ta cell 
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FIGURE 30 

The ESR spectrum of (A) KCfe and (B) BCfe 



I 

+
.1
 

+
.2
 

+
.3
 

+
.4

 



108 

The product prepared from the 1:1 molar mixture of and 

KC103 was analyzed. It contained K, 24 .38$; B, 13.2136; Cl, 22.45$ 

and o, 39-96$ (hy difference). If one assumes the following 

reaction l8 kb 

Be03 + KCIO3  > 2Bp2 + KC1 + Cfe, 

4oo°c 

then for a product mixture of 2 BQ2 and 1 KC1, the calculated 

percentages of the four elements are: K, 24.4l$; B, 13• 51$; 

Cl, 22.13$ and o, 39-95$ ("by difference). 

From the above results and discussions, it is felt that the com¬ 

pound is a complicated system of some sort with approximate stoi¬ 

chiometry BO2, which has a large unit cell probably containing 

+« 4
M 85 5S 

B , Q2 , O2 and 0 ions. Thus, although boron has a valence num¬ 

ber of 3, the oxygens vary from 0 to CQ and sum up to an empiri¬ 

cal formula of BOfe. Further studies, especially the definition of 

the molecular formula and single-crystal work, are necessary to 

characterize this compound. 

(b) Aluminum and gallium "superoxides" 

When a-Al203 was mixed with KCIO3 in a 1:1 molar ratio and 

heated at 20 kilobars and 425°C for 13 hours in the pyrophyllite- 

Pt cell of the Tem-Press unit or at 19 kilobars and ^00°C for 2 

hours in the Ni-dimple with the tetrahedral press, a poor yield of 

yellowish product was obtained. X-ray diffraction patterns showed 

mostly KC1, KC103 and AlgOs. After careful examination, some new 

lines were found at high angles. They were indexed on the basis of 

o 
a cubic structure with a = 10.51 A. As shown in Fig. J>1} infrared 



FIGURE 31 

The infrared spectrum of (A) a 1:1 molar 

mixture of AI2O3 and KCIO3 and (B) AlCfe. 
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TABLE 13 

X-ray diffraction pattern of AlQp 

Relative 
intensity 

2© d hkl a 

w 35.36 2.538 410 10.46 

w 37-97 2.370 420 10.59 

vw 46.57 1.950 520 10.50 

vw 47.53 1.913 521 10.48 

M 67.33 1.391 722 10.50 

W 68.39 1.372 731 10.54 

VW 77.OO 1.238 822 10.50 

M 95.15 1.044 1010 10.49 

o 
a = 10.51 + 0.04 A 



Ill 

spectrum of the product has 3 distinct hands at 1050, 1130 and 

1245 cm. 
1
 and a "broad hand centering at 1450 cm. 1. 

Gae03 was also reacted with KC103. A 1:1 molar mixture of 

these two compounds was pressed to 18 kilobars and heated up to 

430°C for 35 hours in a pyrophyllite ring separated from the anvils 

hy Pt foils. A yellow product was obtained in 50$ yield. An x-ray 

powder photograph, which was summarized in Table 14, of this product 

was also obtained when the reaction was carried out in the Ni-dimple 

with the tetrahedral press. Three peaks were found in the infrared 

spectrum as shown in Fig. 32. 

Summing up the above studies, Table 15 describes the syntheses 

and gives the properties of these "superoxides." 



TABLE 14 

X-ray diffraction pattern of GaCfe 

Relative 
intensity 

26 d hkl a 

w 15.83 5.598 111 9.70 

w 30.47 2.93^ 311 9-73 

M 34.82 2.576 321 9.64 

S 37.05 2.462 400 9.85 

W 46.02 1.972 422 9.66 

W 47.11 1.929 500 9.65 

w 48.77 1.867 511 9.70 

w 54.61 1.681 530 9.80 

w 57.52 1.602 610 9.74 

w 60.06 1.540 620 9.74 

w 61.13 1.516 621 9.71 

w 62.97 1.476 533 9.68 

s 64.09 1.453 630 9-75 

s 64.84 1.438 631 9.75 

w 69.53 1.352 640 9-75 

w 70.51 1.336 720 9-73 

V¥ 72.53 1.303 642 9-75 

vw 76.29 1.248 650 9.75 

w 84.42 1.147 822 9-73 

a = 9.73 + 0.05 A 



FIGURE 32 

The infrared spectrum of (A) a 1:1 molar 

mixture of Gae03 and KC103 and (B) GaCfe 
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TABLE 15 

Syntheses and .properties of group III auperoxides 

Syntheses and Properties BQ2 AlQg GaQg 

1. Heater and 
Container 

Ni-Pt, 
Lava-Pt 
Lava-Ta, 
Ni-dimple 
Graphite-BN 

Lava-Pt 
Ni-dimple 

Lava-Pt 
Ni-dimple 

2. Pressure ^gkilobars ^ki lobar s ^gkilobars 

3- Temperature 420°C 425°C 430°C 

4. Color Yellow Yellow Yellow 

5- X-ray structure Simple cubic 
a = 9.28 Q 

+ 0.07 A 

Simple cubic 
a = 10.51 Q 

+0.04 A 

Simple cubic 
a = 9-73 0 

+0.05 A 

6. Color change + + + 

7. IR absorption peaks Band at 
1340 cm."1 

1050,1130 
1245,1^50 cm"1 

1090,1110 
1145 cm"1 

8. UV absorption spectrum 
of water solution 

Same as KCfe Same as KC^ Sam* as KQs 

9- UV absorption bands 4083-4419 0 
4805-4830 A 

- - 

10. ESR spectrum Same as KQ2 - - 

K 
Cal .24 .41 
Ohs .24.38 
B 

22.13 
22.44 
0 (by difference) 
39-95 
39.96 

11. Chemical Analysis $ 



VI. DIRECT SYNTHESES OF HIGH PRESSURE LiMCfe 

AND 

REACTIONS OF Li2Q2 



DIRECT SYNTHESES OF HIGH PRESSURE LiMCfe 

AND 

REACTIONS OF Li202 

(a) Introduction 

The nomenclature presently used for LiMCfe compounds does 

not have a unique basis, therefore, it is quite easy to be con¬ 

fused and misled. For example, the low pressure form of LiBCfe 

is called the c*-phase, that of LiAlO^ is the Y“Phase while the 

corresponding form of LiGaQ2 was proposed (235) as the |3 -phase, 

following to the nomenclature for NaFe02 polymorphs. 

Since it is quite reasonable to assume, as will be demon¬ 

strated in the following sections, that the polymorphism in 

LiMp2 compounds is analogous to that of metaboric acid, HBCfe, 

the adaptation of a general nomenclature similar to that already 

used for HBCfe and by Merezio and Remeika (219) for LiB02 is 

recommended and will be followed in this study. In the recom¬ 

mended nomenclature, the cv-form is stable at ordinary temperatures 

and pressures, the p-form is stable at higher pressure and the 

y-form is found at still higher pressures. 



116 

(b) Direct syntheses of high pressure lithium metaborates, 

3 -LiBp2 and S'-LiBCfe 

(i) jf-LiBCfe 

Introduction 

Lithium metaborate, LiBCfe, was first found by Ribaud (213) 

in 1909* Later studies (214), (215) confirmed the existence of the compounds 

LisO .Eg03 in the lithium oxide-boric oxide system. At normal tempera¬ 

ture and pressure, LiBCfe, o'-phase, is monoclinic with space group 

P2ilc and unit cell dimensions, a = 5*838 A, b = 4.348 A, c = 6.449 A 

and p = 115.12° (216), (217)* There are four molecules in the unit 

cell with a calculated density of 2.223 g/cm.3. Boron in this struc¬ 

ture is triangularly bonded by oxygens and long chains of B03 tri¬ 

angles are joined by Li-0 bonds. The coordination of the lithium 

atom in this structure is unique; lithium has four oxygens surround- 

o 
ing it tetrahedrally with Li-0 = 1.97 A, and a fifth oxygen at a dis¬ 

tance of 2.47 A (217). 

By subjecting the low pressure monoclinic form to a pressure 

of 35 kilobars at 850°C for 15 mins., a high pressure -phase of 

LiBCfe was obtained by Marezie and Remeika (218), (219). They repor¬ 

ted that the new phase is tetragonal with lattice parameters, 

.0 o 
a = 4.1961 A, c = 6.5112 A, 4 molecules per unit cell and space group 

l52d. This new structure, zinc blende type, consists of an infinite 

three dimentional array of tetrahedra having vertices in common. Both 

boron and lithium are tetrahedrally bonded by oxygens and oxygen itself 
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has a tetrahedral coordination. 

Experimental procedure 

Lithium peroxide was obtained from Barium and Chemicals, Inc., 

Steubenville, Ohio, checked by taking an x-ray powder photograph 

and used without further purification. A 1:1 molar mixture of B2O3 

obtained and dried as described previously, and Li^Os was prepared 

in the dry box and stored in the desiccator. The sample was then 

transferred into the pyrophyllite high pressure cell of the Tem-Press 

unit as soon as possible. It was covered with Pt or Ta foils and 

pressed to a pressure of 15 kilobars before heating. The tempera¬ 

ture was raised to 370°C and finally the pressure- was increased up 

to 18 kilobars. After a period of 10 hours, the heating current was 

shut off and the system restored to room temperature by cool air before 

the pressure was released. A high pressure, metastable ^-LiBQp was 

obtained metastabably at atmospheric pressure. 

A 2:1 molar mixture of LiaCfe and BN was also held in the pyro¬ 

phyllite cell at 18 kilobars and 460°C for 10 hours. It was found 

from the Debye-Scherrer powder photograph that a main product of Li3B03 

was obtained with other compounds. After "washing", Li3B03 and Lj^O 

being dissolved in water, a diffraction pattern of high pressure 

V-LiBOfe was observed. 

Results and Discussions 

The x-ray diffraction photographs of the starting materials and 

the quenched products were taken at room temperature using a Norelco 

114.6 mm. diameter camera with Ni-filtered CuKor radiation at 35 KV and 



FIGUBE 33 

Debye-Scherrer powder photograph of 

(A) 1:1 molar mixture of E^03 and Li2Q2 

(B) reaction product of I^03 + at 

370°C and 18 kilobars, and 

(C) reaction product of BN + Li2Q2 at 
470°C and 18 kilobars 





TABLE 15 

X-ray diffraction pattern of synthesized y-LiBQ2 

hkl 20 d 
0 

* 
a 

c 
I 

0 

* 

I 
C 

21.37 4.158 vw _ 

101 25.24 3.528 3.527 vs 790 
30.62 2.920 - vw - 

31.84 2.810 - W - 
37.05 2.426 - VW - 

112 4i.l4 2.194 2.193 VS 1000 
200 43.09 2.099 2.098 M 34 
103 47.12 1.929 1.928 M 45 
211 50.57 1.805 1.803 S 329 
202 51.74 1.767 1.764 M 62 
004 56.53 1.628 1.628 W 31 
220 62.55 1.485 1.484 M 72 
213 65.65 1.422 1.420 S 136 
301 68.58 1.368 1.368 M 32 
310 71.02 1.327 1.327 M 47 
204 73-59 1.287 1.286 S 164 
312 77.59 1.230 1.229 M 63 
303 81.83 1.177 1.176 W 25 
321 84.42 1.147 1.146 M 83 
323 97.48 1.026 1.026 M 45 
116 98.58 1.017 1.019 M 52 
4ll 100.30 1.004 1.005 W 23 
402 101.23 0.997 0.9985 W 44 
422 117.50-. 0.901 0.9016 W 32 
325 125.25 0.867 0.8678 W 40 
316 133.08 0.840 0.8400 W 45 
510 138.88 0.823 0.8229 ¥ 54 
415 147.85 0.802 0.8019 W 21 
5l2 149.83 0.800 0.7978 W 58 
503 159.58 0.783 0.7827 W ll4 

a = 4.1961 + 0.0004 £ c = 6.5112 + 0.0007 & 

*Taken from M. Marezio and J. P. Remeika, J. Phys. Chem. 
Solids 26, 2083(1965) 
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18mA.. As shown in Fig. 53; the diffraction pattern of (A) completely 

disappeared in (B), and no diffraction lines of either BN or Li2Cfe 

could he seen in ( G ). The powder diffraction pattern of (B) could 

i /- ° 

he indexed on the basis of a tetragonal lattice with a = 4.196 A and 

, o 
c = 6.5112 A. The pattern is given in Table 15 along with calculated 

d spacings and intensities given by Marezio and Remeika (218). Weak 

lines at d = 4.158, 2.92, 2.8l and 2.426 do not belong to the structure; 

they are a decomposition product or products of Li2p2 or its impurities 

because it was found that these lines also existed in the product when 

LizOz alone was decomposed. A compound which had a simple cubic lettice 

with a = 4.64 A was found in (c) and further study was necessary to 

identify this compound. 

The product from the reaction of Li&Oz and 1^03 was purified by 

washing in hot water to remove unreacted 1^03 and Li2Cfe or Li20 which 

might be formed from the decomposition of Li2Cfe. The density of this 

product was measured by using the setup described in Chapter II. It 

had a measured value of 2.81 g/cm.3 compared to the calculated value 

of 2.885 g/cm.3 for LiBCfe. The measured value is expected to be lower 

if there were some Li20 or Ife03 left after washing since their 

densities are all lower than 2.5O g/cm.3. 

Since in this high pressure form, the borons are all tetrahe- 

drally bonded by oxygens, one would expect that absorption frequencies 

due to the BO4 group should show up in the infrared spectrum. Spectra 

of -LiBCfe prepared by both reactions are reproduced in Fig. . The 

assignment of the absorption peaks is given in Table l6. The BO4-group 



FIGURE 34 

Infrared spectrum of y-LiBC^ (A) from 

Bg03 + Li^Qa (B) from BN + LiaOfe 

followed by "washing" 
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TABLE 16 

Infrared absorption spectrum of y-LiBO^ 

Frequency Relative 
intensity 

Assignment 

BO4 LiC>4 

1090 WSh CD 
> 
+ H

 
> 

1040 MSh v2 + v6 

990 SB V5(E) 

965 WSh VI(AI) 

885 SB V2(Al) 

765 M 

690 S V4(E) 

490 SVB 

*See P. Tarte and R. Collongues, Ann. Chim. 

9, 135(1964) 



123 

frequencies are really seen when the spectrum is compared with those 

of "both zinc and mercury metahorates in Fig. 22. The 765 cm. 1 peak 

is probably from the interaction between MO4 and BO4 groups and peaks 

at 825 and 645 cm. 1 are from the cubic compound. The assignment of 

the LiC>4 band is based on a study by Tarte and Collongues (220). 

(ii) p-LiBCfe 

Introduction 

The polymorphism of metaboric acid, HBCfe, has been studied and 

it has been reported that HBO^ has three crystalline forms. The a - 

phase is orthorhombic and all borons in this phase have coordination 

number 3 (221). The g-form is monoclinic and the coordination number 

of boron in this structure is sometimes 3 and sometimes 4 (222). The 

•y -form is cubic with all borons tetrahedrally bonded (223)- Analogous 

to the HBC^-system, cv-LiBCfe has the borons triangularly bonded and in 

y-LiBCfe, the borons are all tetrahedrally bonded. It is, therefore, 

reasonable to speculate that a third form, g-LiBCfe, exists. In the 

report by Marezio and Remeika (219), they predicted that the transfor¬ 

mation pressure for the ot—>y transformation would be higher than for 

the a—>g transformation, but apparently they did not succeed in making 

the direct a->|3 transformation. 

Experimental procedure and Results 

The experimental procedure is the same as described in the syn¬ 

thesis of the y-form. of LiBCfe. The 1:1 molar mixture of LisPs. and BsC>3 

was pressed in Ta foils and the pyrophyllite ring at 15 kilobars 



FIGURE 35 

Debye-Scherrer powder photograph of 

(A) p-LiBCfe (B) of-LiBCfe 
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and 230°C for 9 hours and the new p-LiBC>2 was synthesized directly. 

The x-ray powder photograph taken at room temperature with 

CuKff radiation is shown in Fig. 35(A). The powder pattern was not 

indexed, yet it should he mentioned that the crystalline structure 

of p-LiBp2, apparently, has lower symmetry than that of a-form. This 

is parallel to the HBQ2-system in which the 3-form is more complicated 

because of the two different kinds of coordinations among the borons 

and is monoclinic, while a-form is orthorhombic. Table 17 shows the 

20 values and d spacings for this new phase. 

The existence of borons in p-LiBO^ with both coordination num¬ 

bers 3 and 4 is well illustrated by the infrared spectrum shown in 

Fig. 36. The absorption peaks from 715 to IO7O cm. 1
 are characteris¬ 

tic of BO4 group, while those at 1155> 1190, 1243 and 1322 cm. 
1
 are 

characteristic of 3"fold coordination. The strong band from 400-575 cm. 

is an indication of lithium being in 4-fold coordination. 

The P->a? transformation was observed when P-LiBC^ was heated in 

a platinum crucible at 400°C in the air for 3 hours. The x-ray powder 

photograph and infrared spectrum of the resultant a-LiBQs are shown in 

Fig. 35(B) and Fig. 37* The IR spectrum is in fairly good agreement 

with that obtained by Weir and Schroeder (198). The p-form could be 

transformed to the y-form by pressing to 18 kilobars at 375°C for 9 

hours. 

(c) Direct syntheses of high pressure lithium aluminates, p-LiAlQa 

and y-LiAlQa 

(i) y-LiAlQp 



TABLE 17 

X-ray diffraction pattern of p-LiBCfe 

Relative intensity 26 d 

M 5-46 16.185 

M 13.10 6.758 

VW 16.61 5-557 

M 17.64 5.028 

W 19.81 4.482 

W 21.00 4.230 

W 24 .22 5.675 

W 25.78 5.456 

VW 26.46 5.568 

VW 27.51 5.265 

VW 28.01 5.185 

w 29.07 5.072 

D* 51-95 2.801 

S 55.56 2.525 

VW 59.22 2.297 

M 40.24 2.241 

W 41.23 2.190 

WW .44.19 2.049 

VW 47.52 1.915 

w 49.55 1.840 

w 55-02 1.727 

w 54.67 1.679 

WW 56.63 1.625 

VW 59-04 1.565 

VW 59.96 1.545 

*D = Diffuse 



FIGURE 36 

Infrared spectrum of (3-LiBOfe 
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FIGUBE 37 

Infrared spectrum of af-LiBQ2 
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Introduction 

Two crystalline forms of LiAlCfe have been prepared and studied, 

a y-form with a hexagonal lattice structure and an a-form with a tetra¬ 

gonal lattice structure. The or-phase was first mentioned by Hatch {22k) 

and x-ray data were given by Hummel (225) • Recent studies by Thery et 

al (226), Bertaut et al (227) and Marezio (228) showed that the a-phase is 

0 o tetragonal with lattice constants, a = 5*169 " and c = 6.268 A. :It 

belongs to space group P4I2I2 with 4 molecules in the unit cell. The 

y-phase was obtained for the first time by Lehmann and Hesselbarth (229) 

when a 1:1 molar mixture of Li^COs and a-AI^Os was heated at 600°C. 

Lejus and Collongues (259) later reported that the Y-phase was hexago¬ 

nal with a = 2.801 A and c = 14 .214 A. 

The most important difference between these phases is that in the 

a-phase, all of the cations have tetrahedral coordination, while in the 

Y-phase, all of the cations are octahedrally bonded. From a systematic 

study of alkali and alkaline earth metal aluminates, Kolesova (251), 

(252) concluded that the infrared stretching frequency for the Al-0 

bond appears at -,760 cm."1 in compounds with octahedrally-coordinated 

Al(A106), and at 8OO-9OO cm. 1 with tetrahedrally-coordinated Al(A104). 

Since in the y-phase, all cations have a higher coordination number 

and it is denser (dy = 5*^01 g/cm.3, cto = 2.615 g/cm.3), it is 

reasonable to speculate that it is possible to transform the a-phase 

into the y-phase under high pressures. Marezio and Remeika (158) 

did succeed in making this transformation at 55 Kilobars and 850°C. 
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Experimental procedure and results 

By subjecting a 1:1 molar mixture of LisQz and to a 

pressure of 25 kilobars at 550°C for 10 hours in a pyrophyllite-Ta 

high pressure cell, the high pressure y-LiAlC^ was directly synthe¬ 

sized. 

A Debye-Scherrer powder photograph of the quenched y-LiAlC^ 

was taken at room temperature. Fig. 38(A) shows the pattern and it 

was indexed on the basis of a hexagonal structure with a = 2.8058 R 

and e = 14.231 R as shown in Table 18 along with the results of 

Marezio and Remeika (138). 

The infrared spectrum of the synthesized y-LiAlC^ is shown in 

Fig* 39(B) • The distinctive band at 740 cm. 1 corresponds to the 

Al-0 stretching frequency for A1 in octahedral coordination (231), 

(232) and no absorption in 8OO-9OO cm. 1 which falls in the region 

of AIO4 group was seen. This is consistent with the conclusion from 

the x-ray structure which shows that all of the aluminums are octahe- 

drally bonded in y-LiAlCfe . 

(ii) p -LiAlQa 

The possible variations for aluminum in the LiAlC^-system are 

quite similar to those for borons in the LiBQ2-system. At low pres¬ 

sure, the aluminum has a coordination number of 4 and under high pres¬ 

sure, the coordination number is changed from 4 to 6. It is, therefore, 

reasonable to speculate that a third form exists having some aluminums 

tetrahedrally and others octahedrally coordinated, paralleling (3 -LiBQp _ 

form. 



FIGURE 38 

Debye-Scherrer powder photographs of 

(A) y-LiAlCfe (B) p-LiAlCfe 
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FIGUBE 39 

Infrared spectrum of (A) P-LiAlQa (B) y-LiAlC^ 
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TABLE 18 

X-ray diffraction pattern of y-LiAlCfe 

Present work Marezio and Remeika* 

hkl d _ 
obs. ^calc. *obs. 

d , 
obs. ^calc. ■*"cal( 

003 4.740 4.743 S 4.715 4.740 52 

101 2-395 2-395 M 2.386 2.391 17 

104 2.007 2.007 VS 2.000 2.003 100 

015 1.8480 1.8480 WW 1.844 1.845 2 

107 1.5583 1.5592 w 1.556 1-557 18 

018 1.4356 1.4354 w 1.4317 1.4334 35 

110 1.4026 1.4028 M 1.3990 1.4002 21 

113 1.3457 1.3453 VW 1.3418 1.3428 10 

021 1.2111 1.2106 WW 1.2079 1.2082 5 

00(12) 1.1862 1.1859 WW 1.1844 1.1847 6 

024 1.1506 1.1500 VW 1.1478 1.1476 179 

027 1.0420 1.0429 WW 

11(10) 0.9999 O.9992 VW 

213 O.9O36 O.9017 WW 

20(11) 0.8872 0.8856 w 
20(13) 0.8146 O.8133 VW 

301 O.8083 O.8O87 VW 

303 0.7968 0.7989 WW 

a = 2.8058 £ c = .14.231 £ a = 2 .8003 1 C = 14.2: 

*M. Marezio and J. P. Remeika, J. Chem. Phys. 44, 3145(1966) 



By subjecting the 1:1 molar mixture of LieCfe and a-A 1^03 to 

a pressure of 18 kilobars at 370°C for 10 hours in the pyrophyllite- 

Ta cell, a new p-form was obtained. At 19 kilobars and 420°C, a 

mixture of about 90$ of the p-form and 10$ of the y-form was formed 

and at higher conditions, 21 kilobars and 480°C, the y-form became 

predominant. When a 2:1 molar mixture of L32Q2 and AlW was pressed 

at 22 kilobars and 550°C for 11 hours in the pyrophyllite cell of the 

Tetrahedral press, only p-LiAlC^ was obtained. 

The x-ray powder photograph of newly synthesized p-LiAlC^ is 

shown in Fig. 38(B), and the existence of both tetrahedral and octa¬ 

hedral bonding is illustrated in the infrared spectrum as shown in 

Fig. 39(A). The occurrence of the absorption bands from 725 to 9^0 cm. ' 

in contrast to the spectrum of y-LiAlC^, Fig. 39 (B), is indication 

of the tetrahedral bonding of aluminum. The x-ray diffraction pattern 

shows that the crystal structure of p-LiAlC^ has lower symmetry than 

that of y-LiAlC^ . It was indexed on the basis of a monoclinic structure 

to have cell dimensions, a = 8.147 S, b = 7*94l S, c = 6.3O3 $ and 

P = 93.18°. As shown in Table 19, although the agreement between cal¬ 

culated and observed d-spacings in good, a final lattice structure 

should be determined by single crystal work. 

(iii) Phase transformations 

In contrast to the result reported by Marezio and Remeika (219), 

the Y~BiAlC^ is very stable at atmospheric pressure. It was heated in 

the air in a platinum crucible at 710°C for 3 days and no y -^ex- 

transformation, which was found by Marezio and Remeika after the y-phase 



TABLE 19 

X-ray diffraction pattern of synthesized p-LiAlCfe 

hkl 
Relative 
intensity 

29 
’Vbs. d 

calc. 

200 s 21.92 4.055 4.068 

020 s 22.98 3.870 3-914 

002 w 28.57 3*124 3.146 

300 s 33.10 2.706 2.712 

030 M 33*97 2.639 2.647 

022 S 36.65 2.452 2.467 

212 w 38.00 2.368 2.344 

230 ww 41.46 2.178 2.219 

003 vw 43.17 2.096 2.097 

023 w 50.17 1.8183 1.8553 

240 vw • 50.78 1.7979 1.7844 

340 vw 57*45 1.6040 1.6023 

004 w 58.56 1.5762 1.5730 

014 M 60.14 1.5385 1.5449 

440 w 66.72 1.4019 1.4213 

36? vw 67.34 1.3905 1.3951 

304 w 72.55 1.3029 1.3004 

a = 8.147 A h = 7.941 A c = 6.3O3 A 

0 = 93*18° 
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was heated overnight at 600°C in air, was observed. Similarly, 

p-LiAlC^ was also heated under the same conditions for 3 days and 

no cv-phase was formed. 

(d) Direct synthesis of a new high pressure phase of lithium 

gallate, LiGaCfe, and the synthesis of LiGasOe 

(i) A new high pressure phase of LiGaCfe 

Introduction 

LiGaC(2 was first reported by Hoppe (233) and recently by Marezio 

(234) to crystallize in an orthorhombic structure with a = 5*402 $, 

b = 6.372 S and c = 5*007 ^ at normal pressure and temperature. There 

are four molecules in the unit cell with all cations tetrahedrally 

bonded. 

By subjecting the low pressure form to a pressure of 30 kilobars 

and a temperature of 850°C, Marezio and Remeika (235) obtained a high- 

pressure y-phase with a hexagonal cell of a = 2.9113 S and c = 14.466 $ 

with 3 molecules in it. The high-pressure form has a structure similar 

to y-LiAlQp in that all of the galliums are octahedrally bonded. 

Since the coordination number of Ga+3 ion in oxide compounds has 

been reported to vary from 4 to a mixture of 4 and 6 to 6 as shown in 

Table 20; and furthermore, since the behavior of Ga in the LiGaQa-system 

is quite similar to that of A1 in the LiAlCfe -system, one expects that 

a third phase which parallels p-LiAlC^, i.e., galliums have both tetra¬ 

hedral and octahedral coordination, should exist. 



TABLE 20 

Coordination numbers of Ga 3 ion in oxide compounds 

compound 
lattice 
structure 

C.$ of 
Ga 3ion 

reference 

0i - GBQOQ Trigonal 6 R.W.C. Wyckoff 

fel^kS^cture" 
Interscience Pub., 
Inc., New York 

P - GQQOQ Monoclinic 4,6 S. Geller, J. Chem. 
Phys. 33, 676(1960) 

a-LiGaCfe(L.P.) Orthorhombic 4 M. Marezio, Acts 
Cryst. 18, 48l(1965) 

y-LiGaCfe(H.P.) Trigonal 6 M. Marezio and J. P. 
Remeika, J. Phys. 
Chem. Solids 26, 1277 
(1965) 

LiAls _5^ja5X0a Cubic 4,6 J.C. Joubert et al. 
Compt. Rend. 256, 
5324(1963) 

LiFe5 _aGaa0a Cubic 4,6 J.A. Schulkes and 
G. Blasse, J. Phys. 
Chem. Solids 24, 

1651(1963) 

(1^ (Gag)(Ga3 )0i& Cubic 4,6 P. Bertaut and F. 
Forrat, Compt. Rend. 
243, 1219(1963) 

LaGa03 Perovskite- 
like 

6 J.B. Gobeel and A.S. 
Wilson, A709O Program 
for Indexing x-ray Diff 
Powder Patterns, Han¬ 
ford Lab. Report, 
Richard, Washington 

GaFe03 Orthorhombic 4,6 S .C. Abrahams and J.M. 
Reddy, Phys. Rev. 
Letters 13, 688(1964) 
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Experimental procedure and results 

A 1:1 molar mixture of QB&OQ and lAsOz was prepared and pressed 

in the pyrophyllite-Ta high pressure cell of the Tem-press device to 

a pressure of 18 kilobars at 420°C for 10 hours. A new LiGaCfe-phase 

was obtained after quenching. * 

The new phase is isostructural with |3-LiAl^ with a similar x-ray- 

powder photograph as shown in Fig. 40(A). It has been indexed on the 

basis of a monoclinic structure with a = 8.110 fi, b = 8.O65 $, 

c = 6.422 A and |3 = 9^*56°, Table 21. The infrared spectrum, Fig. 4l(B), 

o*f the new phase bears considerable resemblance to that of p-LiAlQs. 

The absorption from 625 to 750 cm. 1 is from the Ga04 group and that 

in the region 475-600 cm. 1 is from GaOs group. 

(ii) The high pressure synthesis of LiGasOs 

LiGa50e was prepared the first time by Hahn and Theune (256) 

when a mixture of LiF and Ga203 was heated. Joubert et al (257) 

reported that it could be prepared from a mixture of lithium and 

gallium nitrates and they found that it became disordered at ll40°C. 

LiGasOs crystallizes in a spinel-form in which 5/5 of the galliums 

occupy octahedral sites while the other 2/5 occupy tetrahedral sites. 

When the 1:1 molar mixture of LisQs and Ga203 was heated under 

54 kilobars at 820°C in the pyrophyllite container of the tetrahedral 

device for 4 hours, the more stable LiGasOs was obtained instead of 

y-LiGaCfe. The x-ray diffraction pattern of the quenched LiGasOe shows 

the ordered form as presented in Table 22, along with the result obtained 

by Joubert et al (257)* The IR spectrum, Fig. 4l (A) shows the pre¬ 

sence of both 4-fold and 6-fold coordination of gallium ions. 



FIGURE 40 

Debye-Scherrer powder photographs of 

(A) 0 -LiGaCj2 (B) LiGa^Og 





TABLE 21 

X-ray diffraction pattern of newly synthesized 0-LiGaCfe 

hkl 
Relative 
intensity 

20 d . 
ohs. ^calc. 

200 s 21.78 4.080 4.042 
020 s 22.83 3.895 4.032 
002 W 28.25 3.159 3.201 
300 M 32.77 2-733 2.695 
030 W 33.32 2.689 2.688 
022 S 35.98 2.496 2.507 
202 M 37.49 2.399 2.396 
131 W 37.95 2.371 2.390 
230 vw 40.63 2.220 2.239 
003 M 42.28 2.138 2.134 
401 VW 45.96 1.9746 1.9732 
140 VW 46.47 1.9541 1.9562 
331 W 49.27 1.8494 1.8518 
411 W 49.63 1.8368 1.8352 
402 W 51.87 1.7627 1.7730 
033 VW 54.99 1.6698 1.6714 
422 M 56.18 . 1.6372 1.6239 
430 VW ■ 57.01 1.6153 1.6154 
004 W 57.83 1.5944 1.6005 
0l4 M 58.88 1.5684 1.5698 
104 VW 59.59 1-5514 1.5468 
143 w 64.18 1.4511 1.4562 
304 M 65.42 1.4266 1.4269 
413 VW 67.45 1.3885 1.3912 
134 VW 68.33 1.3727 1.3714 
600 w 69.83 1.3469 1.3473 
30F M 70.83 1.3303 1.3305 

a = 8.110 A, b = 8.O65 A, c = 6.422 A 

0 = 94.56° 



FIGURE 4l 

Infrared spectrum of (A) LiGasOg (B) p-LiGaCfe 
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TABLE 22 

X-ray diffraction pattern of LiGa508 

This work Joubert et al (237) 

hkl ^obs ^obs. 
a 

"^obs. d , obs. 

110 W 5.802 8.204 7 5.91 
210 W 3.666 8.197 13 3.71 
211 W 3-346 8.194 10 3.38 
220 M 2.899 8.198 36 2.92 
221 W 2.742 8.226 1 2.76 
310 VW 2.594 8.202 4 2.61 
311 VS 2.475 8.209 100 2.49 
222 VW 2.364 8.189 4 2.36 
320 VW 2.272 8.193 3 2.29 
400 w 2.051 8.204 13 2.06 
421 VW 1.791 8.208 4 1.797 
422 w 1.676 8.211 14 1.680 
510 ww 1.608 8.199 1 1.613 
511 M 1-579 8.204 30 1.584 
520 VW 1.527 8.223 2.5 1.527 
521 VW I.500 8.216 3.5 1.502 
404 s 1.453 8.220 45 1.454 
620 w 1.299 8.216 5 1.300 
535 w 1.253 8.216 10 1.253 
622 VW 1.240 8.220 3 1.239 
444 VW 1.188 8.230 2 1.188 
810 w 1.023 8.184 
822 VW O.965O 8.188 
751 w 0.9455 8.188 
840 VW O.916O 8.198 
664 VW 0.8734 8.193 
931 VW 0.8591 8.195 
844 w O.8367 8.198 

(10)20 VW 0.8041 8.202 
951 w 0.7928 8.198 

a = 8.204 + 
0 

0.012 A 



143 

(e) Conclusion 

(i) Direct syntheses of high pressure LiMC^ 

From mixtures of Li2Q2 and where M = B, A1 and Ga, high 

pressure forms of LiMCfe were synthesized directly under high pres¬ 

sures and high temperatures. Beside two y-phases, y-LiB02 and y-LiAlCfe, 

three new p-phases were formed through the following reaction: 

H.P. , 

Li2Q2 + Jfe03 —> 2 LiMCfc + £ Os 
H.T. 

Conditions for the syntheses of the p-forms, p-LiBQ2 and p-LiAlOp 

are less extreme than for the corresponding high pressure y-forms as 

summarized in Table 23. It is predicted that the conditions for the 

synthesis of y-LiGaCfe will he more extreme (higher pressure and tem¬ 

perature) than for p-LiGaQg. 

(ii) Polymorphism of LiMCfe -compounds 

The polymorphism of LiMOfe (M = B, Al, Ga) involves three structures. 

In the.. ', a-form, which is stable at normal pressures and temperatures, 

all of the metal ions, M+3, have a low coordination number; in the 

+0 

y-form, prepared at high pressures, all of the metal ions, M , are in 

a high coordination state; while in the p-form, prepared under interme¬ 

diate conditions, the metal ion shows the low coordination number in 

some sites and the high coordination number in other sites, analogous 

to P -HBO2. 

Owing to the complexity created by the metal ion being in two 

coordination states, the crystal structures of the p-form have lower 



TABLE 23 

The direct syntheses of high pressure LiMO^-compounds* 

LiMQ2 P-phases Y-phases 

LiBCfe 15 kilohars 
230°C 

18 kilohars 
370°C 

LiAlCfe 18 kilohars 
370°C 

25 kilohars** 
530°C 

LiGaQg 18 kilohars 
420°C 

30 kilohars*** 
850°C 

* By the reaction Li^Oz + %03 

** a-*y transition at 35 kilohars and 850°C 

*** a-*y transition at kilohars and 850°C. 
At 34 kilohars and 820°C, one gets LiGasOe formed. 



TABLE 24 

Polymorphism of HBQ2 and LiMO^ compounds 

o'-phase P-phase Y-phase 

lattice 
structure 

C.N. c.N. 
structure 

iattice 
1 , • l\l • 

structure 

HBCfe Orthorhombic 3 Monoclinic 3,4 Cubic 4 

LiBCfe Monoclinic 3 (Probably 
Triclinxc) 3,^ Tetragonal 4 

LiAlCfe Tetragonal k Monoclinic 4,6 Trigonal 6 

LiGaC^ Orthorhombic 4 Monoclinic 4,6 Trigonal 6 
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symmetries than those of the or- and y-forms, as shown in Table 2k. 

The high pressure y-form crystallizes in a structure having higher 

symmetry than that of the low-pressure a-form. 



VII.. SUGGESTIONS FOR FUTURE WORK 



SUGGESTIONS FOR FUTURE WORK 

It has "been shown by workers in this area and emphasized by this 

research that the combination of high pressure and high temperature 

is a great tool for obtaining a better understanding of the physical 

properties of matter and for the syntheses of new substances. 

This tool will especially be of great importance in the follow¬ 

ing situations: 

1. The compound is unstable at 1 atm. for the study of 

physical properties. 

2. The size ratio of the atoms might not be favorable for the 

syntheses at 1 atm. and the relative compressibilities of 

the atoms could be such that at higher pressures the size 

ratio would improve to favor the synthesis. 

3. The vapor pressure of one or more than one component of a 

system might be too high at the temperature for the synthesis, 

and high pressure would therefore be required to contain it. 

4. Pressure might change the phase diagram to permit the synthesis. 

If one can use the tec hniques of high pressure x-ray powder 

diffraction and/or high pressure optical spectroscopy, which will enable 

one to look at substances at high temperature and high pressure, the 

usefulness of high-pressures and high-temperatures as experimental tools 

will be enhanced and many more "unusual" substances will be observed 

and studied. 
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