
PHYSICO-CHEMICAL STUDIES AT PRESSURES 

BY 

Jiro OSUGI 

Introduction 

Studies of physical chemistry at high pressure were started at the Physico

chemical Laboratory, Department of Chemistry, Faculty of Science, Kyoto Univer

sity, in 1940 and since 1948 these studies have been the main interest of the 

laboratory. The result of these investigations had been reviewed in journals.1l2l3l 

The effect of high pressure has been studied in various fields of physical chemistry. 

Recent studies are summarized under each article in the present paper_ 

Diffusion 

Compressibilities, Solubilities and etc. in liquids phases had been studied.1l We 

have measured diffusion rate by the capillary cell method ; the self-diffusion of 

benzene,4l methanoPl and ethanol6l were studied using CI4 as the tracer and also 

the diffusion of iodine or sulphur in benzene.4l The capillary cell, one end of which 

was sealed, was 4 em in length and 0.02~0.1 ml in volume. It was placed perpen

dicularly at the bottom of the high pressure vessel. Pressure was applied to the 

samples with mercury as the pressure transmitting fluid by means of a hand pump. 

The diffusion coefficient D is given by the following equation: 

Dt 4 1 [ 8 Co . 2 n: (1 r.~ )] 7=--;z n n:2 Cav SID 2 -1-''P ' 

where Cav is the average concentration of diffusing meterial in the cell at time t 

and {3 the compressibility. 

One of the results obtained with methanol is shown in the following table. 

Diffusion coefficients of methanol 

~I pressure (k 15 25 40 

1 1.84 2.21 3.01 

500 1.90 2.55 

1,000 1.24 2.07 

3,000 1.77 
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The diffusion coefficients of the other materials mentioned above have been 

evaluated in a similar way. 

From these results, the activation energy JEv. which can be obtained as the 

temperature coefficient of diffusion, and the activation volume JV~. which is the 

pressure coefficient, are calculated as follows : 

in CsHs Ill CHaOH 

Sa I2 CsHs CH30H 

JEv (kcal) 0.86 1.23 0.78 2.7 

JV~ (cc/mole) 29 15 22 

On methanol the diffusion coefficient increases abnormaly at 3000 kg/cm2. It 

would be very interesting to know whether this results from the formation of 

hydrogen bonds as in the case of water. 

The self-diffusion of ethanol up to several hundred atmosphere has also been 

measured and some results of a similar tendency to those of methanol have been 

obtained. 

In the gaseous phase, we have measured the diffusion coefficient in the system 

C02-02.7
' 

In parallel with these studies, the thermal diffusion was studied in H2-C02 

mixture using a perpendicular cell which consisted of two parts, the upper one 

being kept at a higher temperature and the lower one at a lower temperature. 

After about 100 hours at temperature difference of about 100°C, equilibrium 

was reached and the change of the composition was measured by chemical analysis 

and ultrasonic interferometer in the pressure range of 1 to 120 atm. From the 

results thus obtained, the thermal diffusion factor a. increases to about 10 atm, but 

shows a inverse tendency above 40 atm and decreases abruptly at 100 atm. It is 

considered that this decreases is probably related to the pseudo-critical tempera

ture.8'9' 

Infra-red Absorption 

As one of the studies on the behavior of gases at high pressure. the relations 

of P- V- T and the viscosities of various gases had been measured. 

Pressure effects on infra-red absorption appear at pressures of more than several 

ten atmospheres and are interesting projects, because they enable us to investigate 

the nature of gases at high pressure. 

The beginning of these studies was marked by the discovery of the induced 

absorption spectrum of gaseous acetylene. In this gas the vibration (112) is symmetrical 

and is therefore inactive in infra-red absorption, but it appears as an induced 



PHYSICO-CHEMICAL STUDIES AT PRESSURES 195 

absorption band at high pressure_ It has been shown that the absorption intensity 

is proportional to the square of the density and also that the pressure effects of 

the perturbing gases such as N2, Ar, H2 and 0 2 are proportional to their molecular 

polarizabilities_ 

From these observations it can be concluded that the pressure induced absorp

tion is caused by the interaction between the colliding molecules at binary collision_ 

In this laboratory such induced absorptions of C2H2, C02, and C2H4 have been 

invesitigated_ 10l 11 l 

Subsequently the relation between the infra-red absorption and pressure has 

been studied on polar molecules such as CH3Br_ In this case it has been shown 

that the regularity of fine structure of absorption band increases with pressure_ 12l 

Solid State 

Information about the strength of materials is essential for the design of high 

pressure apparatus, but it is also interesting from a theoretical point of view_ 

We have studied the influence of pressure on the mechanical properties of 

single crystals of alkali halides, which are important for their application in optical 

windows of high pressure vessel, and which are also of great theoretical interest 

because of their simple structure_ 

The amount of plastic deformation by pressure increase in the order, LiF< 

NaCl<KCl<KBr<KI and from the analysis of the results obtained, it was shown 

that the mean free path of the dislocation was 2_l-4~1.5·10-3 cm. The process of 

plastic deformation by pressure was also examined_ 13 l 14l 15 l 

On the single crystal of AgCI, the relations between the lattice defects and 

pressure were studied by measuring the ionic conductivity. The rate of decrease 

(recorvery) of the conductivity was measured by the capacitance bridge method on 

the sample, which was highly conductive after the plastic deformation. Its tem

perature coefficient was determined from the temperature dependence and the 

mechanism of this process was discussed. The effects of the hydrostatic pressure 

on the ionic conductivity were further investigated up to 700 kg/cm2
• 

From the results obtained the pressure coefficient of the conductivity was 

determined and the observed values were compared with the values calculated 

from the following equation. 

( 
olna ) __ ln(BC)x 
oP T- aT ' 

where a is the ionic conductivity, x the compressibility of the crystal, and a the 

coefficient of thermal exansion. B and C are numerical factors. 
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The value of the coefficient a are -3.0X 10-4 cm2/kg in the intrinsic range of 

temperature, from gooc to l10°C and -2.2~-2.5x10-4 cm2/kg in the extrinsic 

range, from 30°C to 50°C, depending on the temperature of measurement. 

These values are in good agreement with the calculated values and it is 

shown that these depend on the formation of the charge carriers and their mobi

lity.16l17l Additional studies on the effects of pressure on the conductivity of NaCl 

are in progress. 18l 

Rate Processes 

The influence of high pressure on biochemical systems can also be the object 

of physicochemical studies. In this field, the denaturation of protein is one of the 

most interesting problem. 

We have measured the denaturation of protein such as egg albumin and hemo· 

globin kinetically. The rate of the denaturation of egg albumin was examined 

under pressures of 1 ~9,000 kg/cm2 and at temperatures of 10~75°C to determine 

the temperature coefficient at constant pressure (activation energy) and the pressure 

coefficient at constant temperature. It was found that the coefficients changed 

their signs over the range of measurements. 19l20l 

AH"', AS"' and JV"' are calculated according to absolute reaction rates and the 

mechanism of denaturation is discussed.21l 

This research is being further continued with various proteins and different 

ex peri men tal methods. 22l23l 

The explosion and oxidation reactions of simple unsaturated organic compounds 

have been studied on C2H2 and C2F4• The effects of various added substances on 

the explosion limits were determined by varying pressure and temperature over a 

wide range 24) The same kind of study was done on C2H4 too,25l and the character 

of explosion of high pressure gases was discussed.26l 

The explosion and oxidation reactions of propylene and acrolein was studied 

at high and low pressures.27l Generally, a third explosion limit is observed in 

these systems which is called 'the thermal explosion limit·. 

The explosion peninsula, the region bounded by the first and second pressure 

limits of explosions, is found in the range of lower pressure and high temperature 

for these gases (CzH4, C3Ha and C3H40). It is concluded that in the region of the 

explosion peninsula, mainly carbon monoxide is formed during the induction 

period.28l The mechanism of the formation of CO is an interesting problem and 

is now being studied in detail. 
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Explosion limits of high pressure gases 

C2H2 C2H4 C2F4 CaHs 

o, Air o, Air o, Air 0, Air 

Pressure (kg/cm2) 10 30 80 20 100 50 15 15 
Lowest explosion 220 210 240 280 120 140 265 265 temp_ (0 C) 

Reaction at High Pressure and High Temperature 

An apparatus for the reaction at high pressure and high temperature was 

constructed, using piston-cylinder type vessel made of tungsten carbide and which 

contained carbon tube heater covered with talc. 

Studies on the reactions at high pressure and high temperature can be per

formed by this apparatus up to the temperature of zooooc and to the pressure of 

20,000 atm. 

In this apparatus we achieved a direct synthesis between boron and phosphorus, 

a reaction which does not occur under ordinary conditions. 

Reaction between boron and phosphorus took place at temperatures of 1000° 

~ 1500°C and at a pressure of 10,000 atm.29 l 

The compound formed is a gray powder. By X-ray diffraction the crystal is 

shown to have a face centered cubic lattice with a mean lattice distance of 4,530 A. 
According to the diffraction intensities, it belongs to the ZnS type with a com-

position of BP, as confirmed by chemical analysis_ 

Some electric measurements on the new 

ing table: 

2(} 

34.26 
39.92 
57.62 
68.85 
72.35 
85.82 
95.55 
98.98 

112.75 
124.01 

electric resistance 

at -107oC 

d (A) 

2.619 
2.258 
1.599 
1.364 
1.306 
1.132 
1.041 
1.014 
0.926 
0.873 

at room temperature 

h 2+k'+l2 

3 
4 
8 

11 
12 
16 
19 
20 
24 
27 

compound are compiled in the follow-

(hkl) 

111 
200 
220 
113 
222 
400 
133 
240 
224 
333 

9.0x10-3.Qcm 

4.4x 10-3.Q em 

a (A) 

4.536 
4.516 
4.523 
4.524 
4.526 
4.528 
4.538 
4.535 
4.536 
4.537 
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Hall coefficient 

Carrier concentration 

Hall mobility 

J. OSUGI 

RH=c2.03 cm3/coulomb (p-type) 

n=c3.6 X 1018 cm-3 

fl=c230 cm2 /volt em 

The new III-V compound is shown to be a semiconductor of p-type. 

Impurities contained in the compound are found to be mainly Mg by the 

spectroscopic analysis. 

Further studies on this subject are in progress. 
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