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The linear compressibility of cubic sodium tungsten bronze Na,.. W03 (x = 0'72) is (-8'56 ± 
± 0'54).1012 Pa -1; the linear compressibility of type I tetragonal bronze (x = 0'46) is (-20'2 ± 
± l ' 3) . 1012 Pa - 1 parallel to the a-axis and ( + 4'17 ± 1.9) . 1012 Pa - 1 parallel to the c-axis. 
The compressibility of cubic bronze decreases somewhat with increasing pressure (in the range 
0-250mPa). The compressibility was directly measured optically. 

Depending on the sodium content and the preparation conditions, sodium tungsten 
bronzes, Na xW03 , form a number of modifications. At sodium contents from 0 
to x = 0·12 monoclinic, rhombic and type II tetragonal modifications are fornted. 
At higher sodium contents (0'28 < x < 0'5) tetragonal type I modification is formed 
and, at sodium contents of 0·4 < x < 1, the cubic form with perovskite lattice is 
present1

• The lattice constant and thus the molar volumeofthese substances depends 
linearly on the sodium content1 - 3. This lattice expansion can be related through 
the volume compressibility Xv = -ltV. (ovtoph to the internal ~m:rgy of the 
system U by the familiar expression 

(1) 

and thus the activity coeffi.cient of sodium in NaxW03 , bronze can be derived'. 
The numerical value of the compressibility is neces£ary for this calculation. This work 
is concerned with the determination of this value,. 

EXPER~MENTAL 

Nax W03 ,s1i1gle cr~stais 'were prepared ,~I~cfroJy'HcallY by ~ath~dic reduction of a fused mixture 
of Na2 W04 arid W03 at temperiLtvres ab~ut 20°C aboye the , ~oJidification point; in this way, 
crystals with dimensions of 10-20 mm cim readily be prepared: Details on the' preparation and 
chemical analysis of br6nzes 'are' given elsewhere4

, ' 
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Measurement of the Linear and Volume Compressibility 

The effect of overall pressure results in a change of arbitrary dimension ho by ilh. The coefficient 
of linear compressibility "h = -1/ho . Bh/BP in isotropic substances is independent of the direc­
tion and roughly also of the pressure or relative compression. Thus it is necessary to measure 
the linear compressibility in all significant ·directions in crystalline substances. Thus, in cubic 
bronze wc measured the longitudinal compressibility". along the a-axis and in tetragonal bronze 
along the a- and c-axes (I':. and "c), The volume compressibility was found from the relationship 

}tv = 3xa or I':v = 2"a + "c' 
The longitudinal compressibility was measured by the direct optical method5 ,6 . Thc depen­

dence of the relative chan~e in length ilh /h on pressure p is depicted in Fig. I. All the three de­
pendences are approximltely linear and can thus be describ ed by the equation 

P = KI . ilh/II = 1/"j . M/II, (2) 

where X i and Ki are the longitudinal compressibility and the module of longitudinal compres-

TABLE I 

Longitudinal Compressibility :>t: and Longitudinal Modules K' and K" for Sodium Tungsten 
Bronzes NaxW03 
- - - - --- -

Structure 

0·72 cubic 

0·46 tetrag.I. 

0·46 tetrag.I. 

0 003 

r:.h lh 

.~;',~,@J ,0 

. ', . 
~ 0003 

100 

orientation 1':.10 '- 12, Pa- 1 K' .1010, Pa K" . 1012, Pa 

II a 

II a 

II c 

o 'e 1 

(MPo) 

-- ---

-8·56 ± 0'54 --4·6 ± 2'5 44·17 ± 16·7 

- 20·2 ± 1·3 - 2'9 ± 1·2 4-8 ± 3·2 

+ 4'17 ± 1·9 +4'3 ± 4'5 26·6 ± 29·4 

FIG. 1 

Dependence of the Relative Linear Change 
ilh/II on Pressure p 

f Cubic bronze Nao.72 W03 , 2 tetragonal 
bronze I with composition N ao .46 W03' 

along the a axis, 3 the same bronze along the 
200 c axis . 
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sibility along the i-axis. Because the measured dependence of the pressure on the relative com­
pression fl.h/II was not completely linear, the quadratic dependence 

P = Ki. (fl.h /h) + Kf. (fl.h /h)2 , (3) 

was also used for correlation of the measured relationships. Table I gives the calculated values 
of Xi' Ki and Ki' along with the reliability estimate for all the measured samples. The precision 
of the cstimlte of the coefficient of the quadratic term Ki' is not statistically significant, as can be 
seen from the table; thus the volume compressibilities were calculated using the linear comprcs­
sibilities defined by linear relationship (2); coefficients K' and K" were not considered further. 
Compressibilities Xv = (2'57 ± 0'16) .10 - 11 Pa - 1 for cubic bronze and Xv = (1,017 ± 0'3) . 
. 10 - 11 Pa -1 for tetragonal bronze were found in this way. 

DISCUSSION 

Cubic Bronze 

The measured value of the volume compressibility is of the same order as the pre­
dicted value 'Xv = 1·5 . 10- 11 Pa -1, which follows from the thermodynamic analysis 
of tungstcn bronzes 7 • 

The Griineisen constant 

y = 3V . IXj(XV . Cp) = 0·377 (4) 

can be obtaincd from the values of the lattice constant a = 0·3843 (i.e. molar volume 
VM = 3·4197. lOs m 3jmol), of the specific molar heat found from interpolation 
of the Inabe data 8 , Cp = 92·4 kJ kg mol K -1 and from the coefficient of longitudinal 
expansion given by Smith and Danielson9 , IX = 8,31.10- 6 K- 1

• Substitution 
of a value of IX = 11·6. 106 (Takamori and Tomozawa 10) for the expansion coeffi­
cient yields a value of y = 0·496. 

This value is somewhat lower than the usual value of 1-2, found for simpler 
compounds with lower specific heats and lower Debye temperatures than that oftung­
sten bronzell . The Born- Lande equation yields the quantity 

IUol mn = 9/xv. Vo = 11'7.106 kJ/kmol, (5) 

where m and n are the exponents for the dependence of the attractive and repulsive 
forces between ions in the Mie relationship for energy Uo for two ions at a distance 
ofr: 

Uo = AIr'" - BIrD . (6) 

Coefficient m is generally considered to be equal to 1 as the attractive forces have 
the character of Coulomb forces. 
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Tetragonal Bronze 

Tetragonal bronze is remarkable in that the effect of overall pressure results in elonga­
tion along the c-axis. This effect is a result of the marked anisotropy of this material; 
the sum of elongation along the c-axis as a result of pressure along both a-axes 
is apparently greater than the compression in the same direction produced by pres­
sure along the c-axis . These bronzes have a tunnel structure in which the basic 
octahedral W06 structural units are deformed. The overall structure of these sub­
stances is exposed to internal strain, which leads to the described peculiarity and 
anisotropy and results in the marked energy consumption (20-40 MJ/kg mol) 
necessary for the formation of hypothetical W0 3 with type I tetragonal structure 
(without sodium) from the low temperature monoclinic formation W0 3 .

4 The fact 
that the volume compressibility of these bronzes is less than that of cubic bronzes 
is in agreement with this finding. The value 

IUol . mn = 2·9 . 107 kJ/kg mol 

follows from the Born-Lande relationship for this type of bronze. 

The Dependence of the Volume Compressibility on the Relative Compression 

As can be seen in Fig. 1, the observed dependence of the longitudinal compression 
on the pressure is not completely linear. Thus an attempt was made to derive the 
dependence of the compressibility module on the pressure in a similar manner 
to that employed in derivation of the Born- Lande equation (5) . 

Let U be the internal energy of a system in volume V; it then holds for small 
volume changes that 

The molecular volume of a substance with perovskite lattice and lattice constant r is 
then 

(8) 

and, at equilibrium, the condition dU/dV = 0 is valid. If derivative dU/dVin equa­
tion (7) is expressed using relationship (8), by introducing lattice constant ro and 
using the Mie equation (6), then the required dependence of the pressure on the rela­
tive volume LlV/Vis obtained: 

p = -K' . LlVjVo - K" . (LlV/VoY . (9) 

In this relationship coefficient K' represents the module of volume compressibility 
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at zero pressure, described by the modified Born~Lande equation (5): 

K' = mn/9Vo .IUol (10) 

and the value 

K" = K' . (n + m - 3)/6 (11) 

or 

K"/K' = 1/6.{n + m - 3) (12) 

is obtained for coefficient K". 

Table I indicates that the value of coefficient Kp for cubic bronze is by an order 
larger than the value following from equations (11) and (12). Thus the compres­
sibility of cubic bronze is not exactly described by the Hooke law. Thus the inter­
atomic forces of repulsion in this substance increase under compression f~ster than 
determined by term - B . r ~ n in the Mie equation (6). The confidence limits of this 
coefficient are, however, rather broad (±40%) and the phenomenon of nonlinear 
compression can be much less then corresponds to the mean value of coefficient K" 

in Table I. 

This phenomenon is of much smaller magnitude for tetragonal bronze. The K" 

coefficients in both directions are much smaller than for cubic bronze. Thus the 
confidence limits of coefficient K" arc comparable with its magnitude and thus the 
Hooke law is valid within the precision limits of the experiment for this type cifbronze. 
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