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Thermodynamic analysis of the enantiotropic phase transitions of the 1st 
order in one-component systems is presented. The relations for the experi­
mentally undeterminable temperature of fusion, Tf

a, and for the enthalpy 
of the phase transition, ÄH{

a, of the low-temperature a-modification of the 
substance under investigation have been established. 

In recent years, there has been a steadily increasing interest in substances which 
in the solid state may exist in various modifications, the transition from one modification 
to another one being characteristic of the phase transition of the 1st order. If this phase 
transition is accompanied by a sufficiently high value of the enthalpy of the phase tran­
sition, then these substances can be used as standards in the calibration of thermo­
couples [1]. 

The choice of these transition temperatures for the calibration has several advantages 
in comparison with the conventional method where the melting points of various metals 
and salts, respectively, are used as reference substances. 

In spite of this increasing importance of the practical application of the temperatures 
of the polymorphous phase transitions, the thermodynamic aspects of these phenomena 
appear to be inadequately elaborated. This problem will be dealt with in the present 
work. 

Fig. 1. Schematic presentation of the 
phase diagram of a one-component sys­
tem with an enantiotropic phase tran­

sition. 
Q — point of the equilibrium of the 

low-temperature (a) and the high-
-temperature (ß) modification; 

T{
a — hypothetical melting point of the 

low-temperature modification a 
(undeterminable experimentally); 

Tß — melting point of the high-tempera­
ture modification ß. 

* Presented at the 2nd Czechoslovak Seminar on "Molten Salt Systems", Bratislava, 
April 1 1 - 1 2 , 1973. 
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The systems of this type are schematically presented in Fig. 1. The melting point 
of the high-temperature modification, Tß, and the corresponding value of the change of 
the enthalpy of the phase transition "ß -> liq", A Hi, as well as the molar heat capacities, 
Cp, CP, Cp, the transition temperature "a -+ ß", T t r, and the corresponding value AH^Z 
can be determined experimentally (further АН$£ = AHtr). 

On the other hand, neither the melting temperature, T{
a, of the low-temperature 

modification nor the change of the enthalpy corresponding to the process "a -> liq", 
AHf

a, can be determined experimentally under the equilibrium conditions. 
The aim of our considerations is to determine the quantities AH^, АН\Г*Г, AS^,, ASXj*v> 

and Tr

a. 

1. Determination of AHlfir 

For the molar heat capacity the expression C P = (дН/ЗТ)Р holds for both the phase 
" 2 " , i.e. d#<2> = CfdT, and the phase " 1 " , i.e. d#<D = Cľ

l) dT, the difference in 
these expressions being 

d(#<2> - Ж 1)) = dAH2il = ACp11 dT. (1) 

By the integration in the limits (ÍFa, Tb) we obtain 

7'b Tb 

j" dAH2/1 = АЩ] - АЩ1 = J" ACp11 dT. (2) 
7'a * Та 

The dependence H = f (T) for the systems of this type is presented in Fig. 2. 

Fig. 2. Temperature dependence of the 
enthalpy. 

Hl — enthalpy of the substance in the 
liquid state; 

HP — enthalpy of the high-temperature 
modification ß; 

Ha — enthalpy of the low-temperature 
modification a. 

Fig. 3. Temperature dependence of the 
Gibbs energy. 

G[ — Gibbs energy of the substance in 
the liquid state; 

G*3 — Gibbs energy of the high-tempera­
ture solid modification of the sub­
stance ; 

Ga — Gibbs energy of the low-tempera­
ture solid modification of the sub­
stance. 

5 1 0 Chem. zvesti 28 (4) 509-51(3 (1974> 
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1.1. betACJl1 = 0. 

The lines H1, HP, Ha are parallel (AHl/0 = const, AHP,(X = const); hence independently^ 
of temperature it holds 

AHl/« = AHl/o + AW« = const. (3) 

1.2. Let ACfi1 Ф 0. 

We use relation (3) in the form 

AH% = AH% + AH* (4) 

since it holds 

AHftT = АЩ - lACf dT (5) 

and we finally obtain 

AH% = АЩ + AH* - J* AC]jP dT. (6) 

The following proceeding can be applied as well: 

AH% = AH{

a - f zlCP

a dT. (7) 

Since it holds 

г 
after substituting into (7) we obtain 

АН{

Л = AHfr + AH%ľ, (8) 

AH1^ = zl#£ - j* z lC^ dT , (9) 

AH^T = /1Я*г - J ACßj!a dT (10) 

2* Ttr т'а 

AH% = АЩ + AH* - J zlC1/ dT - J ACßJa dT - J JC^a dT. (Ü) 

By comparing (7) and (72) and rearranging we obtain the identity 

AC1!? = ACf + AC%*. (12) 

The correctness of this identity may be shown by the transcription 

O p = = O p — O p } etc. 

Thus the quantity AHlfir can be determined by means of eqn (6). On the other hand r 

the quantity АН*а cannot be determined in the same way since the temperature T£ 
remains unknown. 
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2. Determination of AS^r 

According to the differential definition of the enthalpy at P = const it holds that 
<dH = T dS. Let us write this relation for the phases " 2 " and " 1 " and make the difference 
(at the same temperature): 

(УЯ2/1 = TdAS*-'1. (13) 

From a comparison of (1) and (13) it follows 

dzLS2'1 = AC2/din T. (14) 

Integrating eqn (14) in the limits (Т а ,Гь), we obtain 

AS2/ - AS*l = J AC2/ d In T. (15) 
Та 

For the systems of this type, the dependence S = í(T) is analogous to the dependence 
H = f (T). 

2.1. Let AC и = 0. 

Then it holds independently of the temperature T 

ASl/« = ASl/e + ASP'« = const. (16) 

2.2. bet AC/ Ф 0. 

In the same way as for the function H, we obtain relation 

AS% = AS{
ß + AS* - fACf d In T, (17) 

which can be used for the determination of the quantity AS\£*r. 
Eqn (17) can be transcribed in such a way as to show the sequence of operations by 

which the affected quantity may be determined. The quantity ASljšr can be experi­
mentally determined in the following steps: 

a) Transition "a -> ß" at T t r: AS*. 

b) Heating of "ß" fromT t r to Tf
ß: J* Cß

F d In Т. 

c) Melting "ß -> 1" at Tf
ß: AS*ß. 

d) Cooling of " 1 " from Tr
ß to T t r: f CP din T. 

Tl 

The required quantity is given by the sum of the above terms. I t also holds 

AS^l = AS{ - ] *ACxj? d In T. (18) 

Relation (18) is analogous to eqn (7). The further proceeding is the same as that re­
ported above (eqns (7—11)). 

The quantity AS^ cannot be calculated for the same reason as is the case with АН*а. 
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3. Determination of Tf

x 

The calculation is based on the Gibbs energy G. According to the differential definition 
of this function, at P = const it holds that dG = — S dT; for. the process under in­
vestigation we get 

dAGi'i = - AS'2/1dT. (19) 

Integrating eqn (19) from T& (the lower limit) to Ть, and rearranging we obtain 

Ть Тъ 

AG*] = AS%l(Tb - Га) - J J AC2/1 d InTdT. (20) 
тл T 

I t is assumed that at T = Ть it holds that G2 = Gl and hence AG^ = 0. 
The course of the dependence G = f (T) for the systems of this type is presented in 

Fig. 3. As evident, whilst T = Tír, it holds not only that Ga = G», but also that 

AGxfiv = AG%. (21) 

3.1. AC']'1 = 0. 

From eqn (20) it follows 

•AG% = AS(
ß(T

f
ß - T*), (22) 

AG% = AS^Tl -T*). (23) 

By comparing (22) with (23) and rearranging we get 

Tí ASÍ + T* AStr 

T[ = — e — L Z (24) 

A&ß H- AS* 

In this case, the quantities AS2/1 do not depend on temperature and hence ASß = ASTt . 

3.2. Atíf- ф 0. 
At T = T* it holds 

AG% = A&ßiTfß - T*) - J J * ACf d\nT dT. (25) 
2-tr T 

AU the quantities on the right side of this equation can be determined experimentally 

AG% = AS^Ti - T*) - j " jAC^dlnTdT. (26) 

The quantity A&ß* can be determined using relation (12). Thus it remains to determine 
the quantities AS^ and Т£. 

I t holds 

A&a = ASljS +AS%ľ, (27) 

т\ 
ASX$ = AS* - J J C ^ d l n T , (28) 
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ASft = AS* - J ACp1* d In T . {29) 
* K 

Then for the quantity AS^ one can write 

ASf
a = ASf

ß + AS* - J ACf d In T - J z l C * d In T. (30) 

(Thus ASi is a function of T£.) 

After substituting from {30) into (26), only one unknown, T£, remains on the right 
side of eqn {26). This quantity can be calculated by comparing eqns {25) and (26). Sub­
sequently, it is possible to determine also the quantity АН{

Л from eqn (7) and the quantity 
AJäi from eqn (18). 

Application of the derived relations in the calculation of the unknown values of Т£ and 
AHf

a for Na3AlF6, BaCl2, and CaF2 

For practical purposes, for the calculation of C P most frequently the empirical ex­
pansion of the type 

C p = a + b T + c T"2 

is used. By substituting into the relations (2), (15), and (20), we obtain after rearranging 
equations 

Ab2/1 

АЩ1 = АЩ\ - Аа*<ЦТь - Та) (T* - Г|) + A&^ [1/Tb - 1/Ta], (3i) 
2 

АЩ\ = AS*l - Acfili In (Тъ/Тл) - АЬ*<ЧТъ - Ta) + — - - [1/2? - l/T*], (32) 

zJGf? = ^ S f ^ T b - Ta) + Zla2/1 [Ta hl (Tb/Ta) - T b + T a] + 

Zlb 2 / 1 Zlc^iTa 
H (T b - T a ) 2 [1/Tb - l/Ta]2. (33) 

2 2 

a) Na 3AlF 6 

The required thermochemical parameters for cryolite were reported by O'Brien and 
Kelley [2], Frank [3], and recently by JANAF [4]. All these three groups of data were 
applied in the calculation in the case when AGP = 0 (Table 1). 

For the exact determination of the required values (for ACP Ф 0) the data proposed 
by JANAF [4] were accepted. For the expansion of C P and C P = f (T), the data reported 
by O'Brien and Kelley [2] and the value of CP proposed by JANAF [4] were used: 

GP = (45.95 + 29.46 X 10~з T - 2.78 X \№ T~2) gibbs mol" 1, 

ďP = (52.15 + 15.86 x 10-3 T) gibbs mol" 1 , 

C p = 94.7 gibbs mol- 1 . 

The results of the calculation are listed in Table 2. 
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Table 1 

Thermochemica l p a r a m e t e r s of t h e mel t ing process of t h e l o w - t e m p e r a t u r e modification 
of ЫазАШв calculated on t h e basis of t h e init ial d a t a p r e s e n t e d b y different a u t h o r s on 

t h e p r e s u m p t i o n t h a t AG2J>ľ = 0 

Author 

O'Brien et al. [2] 
Frank [3] 
JANAF [4] 

[К] 

1300 
1279 
1285 

y t r 

[К] 

845 
833.5 
838 

Щ 
[kcal m o l - 1 ] 

27.64 
26.71 
25.64 

АН" 

[kcal m o l - 1 ] 

2.16 
2.22 
1.97 

[K] 

1251.16 
1228.61 
1237.88 

[kcal m o l - 1 ] 

29.80 
28.93 
27.61 

Table 2 

Thermochemica l p a r a m e t e r s of t h e mel t ing process of t h e l o w - t e m p e r a t u r e modifications 

of NasAlFe, B a C l 2 , a n d C a F 2 

(7p = 0 C P ф 0 ^ 

sľľnco «g П T" АЩ AH« ~Ť{ ÄHÍ Ti Ä&a 

tó [K] [K] [kcal m o l - 1 ] [kcal m o l - 1 ] [K] [kcal m o l - 1 ] [K] [kcal m o l - 1 ] 

Na 3 AlF e 

BaCl2 

C a F 2 

Г41 
Г51 
[8] 

1285 
1233 
1691 

838 
1193 
1424 

25.64 
3.90 
7.10 

1.97 
4.10 
1.14 

1237.9 
1212.2 
1648.2 

27.61 
8.00 
8.24 

1266 
1212.3 
1637 

23.83 
8.01 
9.428 

b) BaCl 2 

T h e t h e r m o c h e m i c a l p a r a m e t e r s of th i s s u b s t a n c e were d e t e r m i n e d b y Dworkin [5] 

a n d Janz [6]. W i t h respect t o t h e a t t i t u d e of Lumaden \1~], t h e d a t a presented b y Dwor­

k i n were accepted for t h i s calculat ion. 

CF = 23.1 gibbs m o l - 1 , 

Gß
P = 25.5 gibbs m o l - 1 , 

Cl
P = 26.3 gibbs m o l - 1 . 

T h e remain ing init ial p a r a m e t e r s a n d t h e resul ts of t h e calculat ions are l isted in Table 2. 

c) CaF 2 

The thermochemica l p a r a m e t e r s were p resen ted b y Naylor [8]. 

GF = (14.30 + 7.28 X 10-3 T + 4.69 X 105 T - 2) gibbs mol - i , 

C p = (25.81 + 2.5 X Ю-з T) gibbs m o l - 1 , 

C p = 23.88 gibbs mol-A. 

T h e remain ing init ial p a r a m e t e r s a n d t h e resul t s of t h e calculat ions are l isted in 
Table 2. 
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In Table 2, two sets of values of the parameters TT
a and AH{

X are listed, one of which 
was calculated on the simplified assumption that ZlCf/1 = 0, and the other one was 
determined exactly, for ACjl1 Ф 0. In the case of ВаСЬ it is evident that, because of 
the small differences Tß — Tlr, the results obtained by both methods are practically 
identical. When the differences Tß — Ttr are great, the method of calculation for AC'j!1 Ф 
Ф 0 appears to be mathematically more exact. In the calculation it is assumed that the 
relation for C P , determined for temperatures T < Ttr, can be extrapolated up to the 
temperature Ta; this assumption need not be generally valid from the physical aspect. 

In the case of Na3AlF6, the calculation for AC^l1 Ф 0 furnishes a value АНЛ inferior 
to that of AHß which is rather a seldom case. 

The parameters Ta and АНЛ find a practical application mainly in the case of the 
binary and higher systems. This will be treated in a subsequent paper. 
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