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ABSTRACT 

A calorimetric study on the thermodynamic properties of NaPO, is reported. The heat 
capacity of crystalline, vitreous and undercooled liquid NaPO, is measured. It is found that 
the heat capacity of crystalline orthorhombic a-NaPO, is described by the Einstein formula 
with 13~ = 516 K and a pre-exponential constant A = 144 J mol-‘. The temperature depen- 
dence, AC,(T), of the difference in the heat capacities of the undercooled melt and the 
crystal is represented by the equation 

AC,(T)=151-O.l67TJmol-‘K-’ 

The enthalpy of melting, AH,,, = 22 kJ mol-‘, the entropy of melting, AS,,, = 24.7 J mol- ’ 
K-r, and the enthalpy of crystallization, AH,(T), at different temperatures are also de- 

termined. 

INTRODUCTION 

Sodium metaphosphate is a substance which is of interest in many 
respects. It forms a glass readily (Grahams glass), (NaPO,), [l], whose 
structure of polymer-like anionic chains is typical of the large group of 
inorganic glass-forming substances. Hence the structure of vitreous and 
crystalline NaPO, has been subject to intensive investigations [l-5]. These 
investigations have revealed that the main structural units in undercooled 
NaPO, melts and in the respective glasses are anionic chains of the type 
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with a mean degree of polymerisation ranging from 100 to 300 [2,41. 
Measurable quantities of anionic rings (up to 10%) are also 
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present in molten and vitreous NaPO, [1,4]. The orthorhombic form, (Y- 
NaPO,, is usually obtained upon crystallisation [4]; it is composed of these 
benzene-like trimetaphosphate structural units, which explains its formula 
Na,[P,O,]. Both this crystalline modification and vitreous NaPO, are water 

soluble, a factor which assists structural investigations [l]. 
Graham’s glass is a classical model of the vitreous state, and has been 

extensively investigated with respect to rheological [6--S] and especially 
crystallisation aspects. The temperature dependence of the viscosity of 
NaPO, has been reported [6,8]. 

The crystallisation of NaPO, melts to give the a-NaPO, form takes place 
by the structural change described and so is an example of a reconstructive 
crystallisation process, as shown by detailed investigations [3,4,9,10], where 
the kinetics of the overall crystallisation rate and its dependence on the 
dispersion of samples was also studied [ll]. The same melt containing active 
metal cores [12] served as a model for the detailed analysis of the kinetics of 
nucleation [13,14]. The temperature dependence of the rate of crystal growth 
of a-NaPO, from the NaPO, melt has been determined [15,16]. 

However very little is known of the thermodynamics of this substance in 
its different modifications. Existing thermodynamic data for NaPO, are 
restricted to an estimation of the enthalpy of melting, AH,, obtained from 
solubility measurements * (AH,,, = 20.7 kJ mol-’ NaPO, [17]) and to an 
estimation of the heat capacity ACptpJ at low temperatures over a relatively 
limited temperature interval [18]. This substance vitrifies at about 550 K [18] 
while its melting temperature T, is 898 K [2]. The lack of detailed informa- 
tion on the thermodynamic properties of NaPO, restrict the quantitative 
analysis of the crystallization data. 

EXPERIMENTAL 

Vitreous NaPO, was prepared from NaH,PO, - 2H,O in platinum or 
porcelain crucibles at 1000°C as described [1,4]. The formation of a-NaPO, 
was controlled by X-ray diffraction, paper chromatography and IR spectra 

[I,4,9,I31. 
The heat capacity and enthalpy measurements were obtained using three 

standard instruments: DSC-2 (Perkin-Elmer), Differential Scanning Analyser 
(Rigacu) and DSM-2(AS USSR). The calorimeters were calibrated by melt- 
ing pure metals (In, Sn, Pb, Zn) and using synthetic sapphire (Al,O,) as a 
material with a known heat capacity. 

* Hereafter the thermodynamic data are referred to the formula-weight (101.9) of the 
substance. 
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Fig. 1. DSC heating curve of a vitreous NaPO, sample. 

A schematic DSC scan of a sample of vitreous NaPO, is given on Fig. 1. 
In the temperature range from 620 to 670 K, the enthalpy change, AH,(T), 
accompanying the crystallization of the melt is lower than the enthalpy of 
melting, AH,.,,. This accords with the positive value of the heat capacity 
difference, AC, (T), between the liquid and the crystalline phase. 

The enthalpy of melting was found to be AH,,, = 22.2 _+ 2 kJ mol-‘, and 
the entropy, AS,,,, was found to be AS,,, = 24.7 _+ 2 J mol-* K-‘. These 
results are in reasonable agreement with preliminary estimations. 

Heat capacity values for crystalline, vitreous and liquid NaPO, are given 
in Fig. 2, together with the experimental data [18] for the heat capacity of 
vitreous NaPO, at relatively low temperatures. It can be seen that the heat 
capacities of the vitreous and crystalline phases are approximately equal. 
The solid line (1) is drawn through the Cr data of glass and crystal, 
according to Einstein’s equation 

e-BE/T 

(1 _ e-eE/T) 

with A = 144 J mol-’ and 8, = 516 K. 
Glasses are non-equilibrium systems with “frozen-in” structures. Hence 

&r accounts for the vibrational energy of the molecules only. On the other 
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Fig. 2. Heat capacity of NaPO,: A, crystal; 0, undercooled melt; 0, glass-transition region; 
l , vitreous NaPO,; W, vitreous NaPO,, according to data from ref. 18. Curve 1 is calculated 
according to the Einstein equation; curve 2 is constructed from curve 1 with AC,-values 
according to eqn. (1). 

hand, the heat capacity Cp,iiq of the undercooled liquid includes a configura- 
tional term accounting for the structural changes of the melt with tempera- 
ture (i.e. CP,,iq # C,,,, while &i = C,,,,). 

Upon heating to the temperature range where vitrification occurs the 
properties of the substance change abruptly when the non-equilibrium glass 
becomes a metastable undercooled melt. The mode of this change depends 
on both cooling and heating rates as well as on the whole previous thermal 
history of the samples. For this reason thermodynamic significance was 
attributed only to the heat capacity measurements below the lower limit (540 
K) and above the upper limit (590 K) of the vitrification range. The dashed 
curve in Fig. 2 corresponds to the Cr.,< T) dependence obtained from quenched 
samples heated at a rate’of 12.5 K rnin- ‘. It is well known that this kinetic 
“nose” in the C,(T) curve depends on the scanning rate q+. At the lowest 
heating rates the “nose” is practically absent. Figure 3 illustrates the manner 
in which the vitrification temperature, Tg, was found to depend on q+. No 
measurements on CP,liq were possible above 640 K because the crystalliza- 
tion rate becomes measurable above this temperature. The estimated value 
of AC,(T,) is given by a vertical bar in Fig. 2. It was found (Fig. 2) that the 
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Fig. 3. DSC curves of vitreous NaPO, samples, obtained with different heating rates q+: 
curve 1, q+ = 0.3 K min-‘; curve 2, q+ = 3.1 K min-‘; curve 3, q+ = 12.5 K min-‘. 

heat capacity difference AC, = Cp,lis - Cp,cr 
ture 

AC,(T) = a - bT, for 580 < T < 640 K 

where a = 151 J mol-’ K-’ and b = 0.176 
Considering the thermodynamic relation 

AH(T)=AH,-jTmACr,(T)dT 
T 

decreases linearly 

J mol-’ KA2. 

with tempera- 

(1) 

(2) 

and assuming that experimentally-determined AC,(T) values (eqn. (1)) can 
be extrapolated to the melting point, the temperature dependence of the 
enthalpy difference between liquid and crystalline NaPO,, AH(T), is 

AH(T) = AH,,, - (1 - T/T,)[ aT, - bT,Z(l -k T/T,)/21 (3) 

The measured values for enthalpy of melting and enthalpy of crystalliza- 
tion, AH(T), for NaPO, are given in Fig. 4. The solid line represents values 
calculated according to eqn. (3) with the above values of a and b, so that 
AH(T,) = 14 kJ mol-’ and AS(T,) = 11 J mol-’ K-‘. 

1 I 
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. Fig. 4. Temperature dependence of AH for NaPO,. 0, direct DSC measurements of the 

enthalpy of crystallisation AH,(T) and n , of the enthalpy of melting AH,,,; the solid line is 
calculated from the ACp( T) dependence, eqn. (3). 
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DISCUSSION 

One of the most important characteristics of undercooled melts is the 
thermodynamic driving force, Ap, for crystallization. This function is de- 
termined by the difference in the molar free energies of the undercooled 
melt and the crystal. Considering eqn. (1) the Ap (T) dependence can be 
expressed [19] as 

where a, = a/AS,,, and b, = bT,/AS, 
The J.J. Thomson approximation [19] follows from eqn. (4) for AC,, = 0, 

Ap(T) = A$(1 - T/T,) (5) 

It is convenient to express the logarithmic term in eqn. (4) as 

In XZ -2(1 -X)/(1 +X) X< 1 (6) 

When eqn. (6) and eqn. (4) are combined the following approximations for 
Ap( T) are obtained: (i) for b, = 0 and a0 = 1.5 the Hoffman formula [20] 
(see also ref. 21) 

Ap = AS,T(l - T/T,)/T, (7) 

is obtained; (ii) for b, = 0 and a,, = 1 the Thomson-Spaepen equation [23] 

Ap = 2AS,T(l- T/T,)/T,(l + T/T,) (8) 

follows. 
A detailed investigation has shown that 1.5 < a,, < 2 and b,, = 0 applies 

for organic polymers, while the Thomson-Spaepen formula has usually been 
applied [19,23,24] for metallic melts. It is of interest to note that for a 
number of undercooled metallic melts ACr decreases linearly with tempera- 
ture according to eqn. (1). The experimental data for a, and b,, [25,26] are 
listed in Table 1. Results for NaPO, are also included in Table 1. A similar 
AC,< T) dependence was observed [27] for a highly undercooled metallic 

TABLE 1 

Summary of heat capacity data 

Substance a0 - bo 

Bi 1.20 1.15 
Sn 1.33 1.41 
In 2.19 2.28 
Se 2.05 1.37 
NaPO, 6.11 6.07 
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Fig. 5. Temperature dependence of Ap for NaPO,: line 1, according to eqn. (5); line 2, 
according to eqn. (7); line 3, according to eqn. (8); solid line, experimentally observed course. 

glass-forming alloy. It can be seen that, unlike polymer melts, for metals 
a, = -b, i.e. for metals ACr is negligible in the vicinity of T, ( AC,( T,) = 0). 

Figure 5 shows that for NaPO, the Ap(T) experimental curve can be 
approximated with sufficient accuracy by eqn. (8). Our numerical calcula- 
tions show that for 0.55 < T/T, < 1 the Ap( T) dependence can be de- 
scribed with sufficient accuracy over the range 3.5 < a, = -b, < 6.5. How- 
ever, for metallic substances 1.1 < a, = -bO < 2.2, so that in the same 
temperature range, 0.55 < T/T, -c 1, the Ap(T) dependence can be de- 
scribed approximately as 

Ap(T) = 2AS,T(l - T/T,)(l.5 - 0.5T/T,)/(l + T/T,)T, (9) 

Our investigation indicates that according to the temperature dependence 
of their thermodynamic properties inorganic chain glasses behave like un- 
dercooled metallic melts or metallic glass-forming alloys. 

ACKNOWLEDGEMENTS 

The authors are indebted to Professor A. Feltz and Dr. W. Ludvig for the 
control determination of AH,,, values for NaPO,, performed in the Institute 
of Inorganic Chemistry of the Fr. Schiller University (Jena, DDR). 



256 

REFERENCES 

1 E. Thilo and H. Grunze, Z. Anorg. Allg. Chem., 281 (1955) 262. 
2 A. Winkler and E. Thilo, Z. Anorg. Allg. Chem., 298 (1959) 302. 
3 I. Gutzow, J. Cryst. Growth, 48 (1979) 589. 

4 I. Gutzow, Z. Anorg. Allg. Chem., 302 (1959) 259. 
5 A.E.R. Westman and J. Growter, J. Am. Ceram. Sot., 37 (1954) 420; A.E.R. Westman 

and P.A. Gargatanis, J. Am. Ceram. Sot., 40 (1957) 293. 
6 M.P. Volarowich and D.M. Tolstoi, J. Sot. Glass Technol., 18 (1934) 209. 
7 M. Krichna-Murthy, Phys. Chem. Glasses, 7 (1965) 69. 
8 I. Gutzow, M.W. Strelzina and E. Popov, Comm. Dept. Chem. (Bulg. Acad. Sci.), 1 (2) 

(1968) 19. 
9 G.J. Exarhos and W.M. Risen, Jr., J. Am. Ceram. Sot., 57 (1974) 401. 

10 1. Gutzow in: Stekloobraznoe Sostoyanie, Nauka, Moscow, 1965, p. 331. 
11 1. Avramov, E. Grantscharova and I. Gutzow, J. Cryst. Growth, 52 (1981) 111. 
12 G.E. Rindone and I.L. Roads, J. Am. Ceram. Sot., 39 (1956) 173; G.E. Rindone and R.J. 

Ryder, Glass Ind., 31 (1957) 29. 

13 1. Gutzow and S. Toshev, in L.L. Hench and S.W. Freiman @Is.), Advances in 
Nucleation and Cjstallisation in Glasses, American Ceramic Society, Columbus, OH, 
1971, p. 10. 

14 I. Gutzow, Contemp. Phys., 21 (1980) 121, 263. 
15 I. Gutzow, in E. Kaldis and H.J. Scheel (Eds.), 1976 Crystal Growth and Materials, 

North-Holland, Amsterdam, 1977, p. 380. 

16 I. Gutzow, Silikattechnik, 20 (1969) 159. 
17 Kelley, Bureau of Mines Bull. 383, 1935, p. 132. 

18 M. Hattori, T. Tsubaki, E. Murata and M. Tanaka, J. Ceram. Sot. Jpn., 79, 2 (906) (1971) 
49. 

19 I. Gutzow and E. Grantscharova, Comm. Dept. Chem. (Bulg. Acad. Sci.), 18 (1) (1985) 
102. 

20 M. Volmer, Kinetik der Phasenbildung, Th. Steinkopf, Dresden u. Leipzig, 1939. 
21 J. Hoffman, J. Chem. Phys., 29 (1958) 1192. 
22 I. Gutzow, I. Konstantinov and R. Kaischew, Comm. Dept. Chem. (Bulg. Acad. Sci.), 2 

(2) (1969) 249. 
23 C. Thompson and F. Spaepen, Acta Metall., 27 (1979) 1855. 
24 L. Battezzati and E. Garrone, Z. Metallkd., 75 (4) (1984) 305. 
25 I. Gutzow and E. Grantscharova, in preparation. 
26 J. Perepezko and J. Paik, J. Non-Cryst. Solids, 61 and 62 (1984) 113. 
27 C. Bergman, I. Avramov, C.Y. Zahra and J.-C. Mathien, J. Non. Cryst. Solids, 70 (1985) 

367. 


