INVESTIGATION OF METASTABLE EQUILIBRIA BETWEEN LIQUID PHASE.S. III,

I. L. Krupatkin

In the previous communications an examination was made of the theoretical bases for study of metastable
equilibria between liquid phases; two types of these were studied and two new forms of equilibrium diagrams were
obtained in this connection. The study of metastable liquid-phase equilibria in three-component systems revealed
their close connection with solvent systems [1]. A more detailed clucidationof this connection necessitates a study
of a ternary system in which one of the components is in the solid state and dissolves in the other two which are
bresent in the given conditions in the liquid state, It is necessary to actualize the case of solubility of a solid in a
liquid mixture of two solvents which do not form stable chemical compounds between themselves. A further re-
quirement is that each of the solvents should form with the dissolved substance a system with metastable stratifica~-
tion. In these conditions we should come close to clarification of the very character of systems with metastable
equilibrium between the liquid Phases, to clarification of the behavior of compositions of such systems as a func-
tion of the temperature, The stated conditions are fulfilled, as preliminary experiments revealed, in the three-
component system sulfur-diphenylam ine-B-naphthylamine. The study of this sytem is the subject of this paper,

The only binary system involving these components that is mentioned in the literature is sulfur-diphenyl-
amine [2]. Crystallization in this system takes place according to the usual eutectic type. The eutectic point is
at 929% diphenylamine and 8% sulfur, and it corresponds to a temperature of 51.5°% Below the sulfur crystalliza-
tion curve is the curve of the equilibrium between the liquid phases with an upper critical temperature of solution
of 104°, corresponding to a composition of 32% diphenylamine and 68% sulfur. Above the stratification curve is a
small horizontal portion of the crystallization curve of sulfur. The remaining two systems in the given ternary sys-
.tem —sulfur~B -naphthylamine and diphenylamine-B-naphthylamine —are investigated in this research. The system
sulfur-B -naphthylamine is similar to the binary system sulfur-diphenylamine; in it is likewise established a metastable
equilibrium between the liquid phases, In the two-component system diphenylamine-B—naphthylamine no compound
formation between the components is reflected on the curve of crystallization. In the liquid phase of this sytem,
however, the existence of unstable compounds is possible since diphenylamine tended to form similar compounds,
e.g., with quinoline, .

Hence, in the three-component system sulfur-diphenylamine-B-naphthylamine we have solubility of the
sulfur  in a mixture of the two liquid amines (diphenylamine and 8 -naphthylamine) and dissociation of the asso-
ciated sulfur in them. Both of the amines in the systens with sulfur forn a metastable equilibrium between the liquid
phases, Unstable complexes are possibly formed between the two amines. Thus, the given ternary system fully sat-
isfies the above-indicated conditions. '

_EXPERIMENTAL AND EVALUATION OF RESULTS

.The following reactants were taken for the investigation: sulfur recrystallized from benzene with m.p. 117°
and apparently consisting of a mixture of the monoclinic and rhombic forms (3); diphenylamine, chemically pure,
with m.p. 54° B-naphthylamine "pure” with m.p. 112°,

The sulfur and diphenylamine were checked Aagainst the system sulfur-diphenylamine as detailed in the 1jt-
erature. The check showed agreement with the literature data. The research was carried out by Alekseev's method
[4] in sealed ampoules in an ofl thermostat,

System sulfur-B-naphthylamine was studied by fusion and stratifiability, The results are set forth in Table 1
and plotted in Figure 1. The fusion curve of this system has the usual eutectic form; the eutectic point is not ipw,
has a composition of 35% B-naphthylamine and corresponds to a temperature of 100°. The sulfur crystallizati&n
curve ha‘s. above the curve of metastable stratification, a horizontal portion at 103° extending over the concemya-
tion range of 60 and 80% sulfur. Below the sulfur crystallization curve is the curve of metastable stratificationwrith
an upper critical solution temperature at 100.5° displaced toward the sulfur comer, coinciding with the compaosi-
tion 75.05% sulfur and 24.95% B-naphthylamine. : )

Binary system diphenylamine-8-naphthylamine was studied by the fusion method. The results are set farth
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TABLE 1
Equilibrium in the System Sulfur-8 -Naphthylamdne

No. of | Sulfur | 8-Naphthyl- -Temnperature
expt. | (wi. %)|amine (wt. %) |of crystallization| of stratificarion ~
t | 0.00 | 100.00 112.0 To-
2 13.00 | 87.00 107.0 - .
3 20.56 78.44 104.5 L -
4 30.00 70.00 102,0
5 35.00E% 65.00 100,0 C -
6 40.35 59. 6 | 1010 ,’ -
1 48.50 51 50 ~- © 96,5
8 49,86 50.14 101.5 -
9 60.00 40,00 102.5 i 99.0 t
10 ! es00 | 3s.00 | - 995
11 70.50 29.50 103.0 ~100.0 ]
12 75.05 24,95 - 1 100,85 ; z
13 80.30 18.70 103.0 100.0 >
14 1100.00 0.00 117.0 ;- %
* = eutectic paint : -
in Table 2 and plotted in Figure 2. The fusion curve of this i
system Intersects the eutectic point at 42° the composition:
then being 83% diphenylamine and 17% B-naphthylamine,
Formation of chemical compounds between the components
was not observed. Nevertheless, as indicated previously, un- ‘ 5
stable compounds are possible in this system in-the liquid O(QU‘; .f A F T ‘:

hase, .
Phase . Fig. 2

TABLE 2 Equilibrium in the System Diphenyl- : 2
amine = -Naphihylaimine * The temary system sulfur~diphenylamine-8 -naphthyl-+
amine was studied by drawing polythermic sections through iﬁ};

:I:I;tOf ﬁll: k;i;m;:)n ] Sr;Niral:h(th};Z 1‘:]0)} (t:er}r:talrhtzz on prism, extending from the sulfur edge to the boundary of the *
- - - pera Ye ~ binary system dlphenylamim-e-naphthylamme $ix such ses*
1 0.00 100,00 112.0 tions were studted in all, with contents of 10, 20, 40, 60, 70
2 9.64 90.36 105.0 and 80% B-aphthylamine. Crystallization and stratification’
3 19.14 " 80.86 100.0 . were studfed in the polythemmnic sections. The data for the se¢
4 29,95 70.05 94.5 tions are sct forth in Table 3 and plotted in Figure 3, a, b, c.dx
5 40,00 60.00 88.0 -, eand f. tn all the poltythermic sections sulfur crystallizes
6 49,92 50.08 ¥ 81.0 ra with a very strong undercooling tendency, which is character
1 59,90 40,10 71.0 istic of systems with metastable equilibrium between the liqult
8 69.99 30.01 60.5 1 phases, especially above the stratification curve. Due to this,:
9 75.00 25,00 54.5 some mixinres cammot be marde to crystallize,  These mixtpres
10 80.00 20.00 46.5 | aze indicated in the table, Each section consisfs of the crys-
11 83.00E* |  17.00 42.0 t tallization curve of sulfur in the respective mixture of am{nes
12 85.06 14.94 44.0 and the curve of metastable equilibrium between the ifquid
13 90.11 9,89 47,0 f _ phases with thg upper critical solution temperature, displaced
14 95.00 ) 5.00 50.0 to the sulfur comesr. The metastability of the stratification in
15 100.00 £ 0.00 54.0 all the sections {5 an Indication of the metastability of the
*Eutecttc point « ' whole equilibrinm volumne hetween the phases of the teymary

=system sulfw«diphenylamine-8-naphthylamine, i.e., of {13
existence entirely below the surface of crystalllza;ion of sulfur.

If the curve of the critical points is drawn through the critical points of the stratification curves of the binary
systems and the sections, and if the same is done for the points of the fusion curve located above the critical points,
then the projection of both curves on to the plane extending through the critical points of the binary systems will have
the shape represented in Fig. 4. On this, the upper curve relatgp {p crystallization and the lower one to metastame
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TABLE 3 - Fig. 3.
Polytherms of the System Sulfur-Diphenylamine-B -Naphthylamine
No. of .Sulfur Temperature - No. of | Sulfur ____Temperature
expt, (wt. ) of crystallizatlon] of stratification || expt. | (wt. %) .*| of crystallization | of stratification
Section No. 1: 10% B-naphthylamine, © Section No. 4: 60% B-naphthylamine; ’
B 90% diphenylamine C40% djphenylammg .
1 1988 | g40 - 1 19.92 ! - 84.0 -
2 29821 940 . 700 | 2 30.00 | 89.0 T
3 39.99 99.5 86.0. - (| 3 34.90 J - 79.0
4 50.00 103.0 94.5 4 40.11 94.0 85.0
5 60.11 103.5 99.0 | 5 50.00 | 98.0 91.0
6 70.00 104.0 100.0 | 6 60.07 i 101.0 95.5
; 80.06 105.0 ' 99.0 P 69.95  idoes not crys- 965
84.91 - ‘
9 898 94.0 8 80.00 ;tamzeloz 0 95.0
-89 107.0 80.0 | o 3B
i 9 1 86.68 | 103.0 88.0
Section No. 2: 209, 8-naphthylamine, f -~ Section No. 5: 70% B-naphthylamine,
80% diphenylamine 30% diphenylamine
| , ‘
1 20.00 | 799 - "1 ] 3010 89.0 -
2 29,84 92.0 - ! 2 ! 40.00 95.0 83.0
3 31.07 -~ 81.0 i3 5000 99.0 95.0
4 39,97 99.0 85.0 ll 4 60.05  does not crys- 99.0
] 50,00 1015 93.0 ; ‘ ‘tallize :
6 60.60 103.0 - I 5 69.90 ! 102.0 99.0
7 61.99 | - 97.0 1 6 79.97 103.0 97.0
8 69.39. 103.0 99.0 ! 7 85.03 ' - 92.0
9. | 80.00 104,0 96.5 i 8 87.00 .. 104.0 88.0
10 . 85.85 | 105.0 92.0 g
11 86.99 - -~ 89.0 i :
12 | 87.99 106.0 87.0 ‘
13 i 90,00 ! - 81.0
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TABLE 3 -~ (continued)

No. of Sulfur Temperature No. of | Sulfur Temperature .
expt. (wt. %) , of crystallization | of stratification || expt. (wt, %) | of crystallization I of stratification
Section 3: 40% B-naphthylamine, Section 6: 80% B-naphthylamine;
60% diph¥nylamine 20% diphényldthine
1 25,00 82.5 - 1 35.96 84.0 A
2 30.12 86.0 - 2 40.00 96.0 -
3 39.89 94.0 '82.0 3 50.00 100.0 -
4 50.00 g8.0 91.0 4 59.10 1010 4.0
<& 60.00 100.5 95.8 5 65.12 | does not crys- 98.0
6 69.8"1 |does not crys- 96,0 ‘ tallize v
tallize 6 75,00 ditto 99,0
77 80.19 101.0 . 94,0 1 80.13 103,0 99,0
8 85.65 - 91.0 8 85.65 - j £8.0
9 90.00 105.0 79.0 9 90.00 106.0 ; -

stratification, . This graph alone shows that the equilibrium space between the liquid phases of the ternary system has
saddle-like point. The saddle-like point has a tem rerature of 96° and occurs on the section of the ternary system con
taining 46% B-naphthylamine and 54 % diphenylamine in the two-component system ~ B-naphthylamine-diphenylar
ine. This composition cormesponds to a 1:1 ratio between the molecules of the two amines (strictly it should be 45.8
B~naphthylamine and 54.17% diphenylamine). The projectionof the crystallization curve likewise has a minimum
falls on the same section of the ternary system at a temperature of 101°. Both curves exhibit the general course of ¢
tallization and stratification.

_ Starting from the polytherms of metastable equilibrium between the 1liquid phases, the stratification {sotherm
represented in Fig. 5 were plotted, A total of 4 isothermal sections was plotted through the prism’ of the temary sys=
tem at temperatures of 90° 95° 97°and 100° .The 97° and 100° isotherms are above the saddle-like pdint and there
fore they possess two separate regions of stratification. The latter stant from solubility breaks at the cosresponding
temperatures in the two-component systems with metastable equilibrium between the liquid phases present inside the:
prism and they later merge. At 96° i.e., the temperature of the saddle-like point, they must come into contact
with each other, The 90° and 95° isotherms are below the saddle-like point. Hence, in these isothermal sections bo
regions of stratification, starting from .the solubility break in the binary systems, run together inside the prism of the
ternary system:into one region of stratification of the ternary system. .The isotherms of metastable stratification o~
cated below the saddle-like point possess maxima of reciprocal solubility of sulfur and mixtures of the amines in the
liquid state. -These maxima coincide with the polythermal section which, in the binary system, diphenylamlne-a» '
naphthylamine corresponds to the 1:1 molar ratio,

. Starting from the crystallization polytherms, plots were constructed of the isotherms of c:ystaluzation of sul=
fur in the temary system. A total of 5 such isethermal sections was drawn through the prism of the temary system at
temperatures of 85°, 90°, 95°, 100°and 105° . The isotherms are shown in Fig, 6, They all have a similar form with
“a maximum of solubility of sulfur in the mixture of amines. These maxima fall en the very same polythermal sec=
~ tion as the maxima of mutual solubility of the components in the liquid state, namely on the section corresponding
in the binary system of the two amines to 1: 1 molar ratios. ' '

The foregoing graphical data permit the 1epresentation of the
three-component system sulfur-dmhenylamme-ﬂmaphthylamine in the
form of a prism. This is {llustrated in Fig. 7, where B, C, And D re~-
spectively denote B-naphthylamine, sulfur and diphenylamine, The
diagram clearly shows the space of the two-phase liquid state 1, 2,3,
4, Ky, Ky, metastable at all temperatures and concentrations, with a

- saddle, The surface of crystallization of sulfur 5, 6, 7 is chserved

i 1 i, Fy (1 '} 1

istere . with its solubflity maximum .in mixtures of the two amines —diphenyk
Cuotiyhigt3 ' (chga HHES amme and B-mphthylamine
’ Censequently, the two-component system Bmaphthylamine-
Fig. 4. dip_h&nylamme is a typical solvent system in relation to sulfur, both
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* In its liquid and solid state. Indeed at 95° for example, the solubility of liquid sulfur in the separate amines is
of the order of 45%, whereas in the 1: 1 molar mixture of the amines —in which the solubility of sulfur reaches a
maximum ~the solubility approaches 60%. At the same temperature the solubility of solid sulfur in the amines
1s only of the order of 30%, but in the 1:1 mixture it reaches 45%. On the basis of the theory of solubility devel~
oped by R, V. Mertslin [1], these facts may find an explanation in the following way. 'First, in the binary system
B-naphthylamine-diphenylamine, a chemical compound is formed with 1: 1 molar composition, Second, this
compound {s unstable and easily breaks down at higher temperatures even in such a nonpelar solvent a$ sulfur, )
This evidently accounts for the absence of a maximum on the fusion curve of the two-component system diphenyl= = -
- amine~8maphthylamine, . Third, sulfur in the assoclated state is not passive toward the specified compound and
dissociates therein. In this latter connection, we may recall that the dissociation of associated sulfur in amines

is a well-known phenomenon.

All the above-stated facts become fully iindérstandable on the assumption of formation of a solvent system.
. However; an additional facter is necessary for development of solvent systems. . This is a type of monotectic crys~
“tallizatlon {n the three-component system such that crystallization of one and the same component should take
Place throughout the whole ;egldn from ane stratifying binary system (In the ternary system ‘in question) to the
. other, M@nmectic crystallization takes place when there s‘stable stratification in a system, when the curves ar
surfaces of stratification intersect the curves ar swrfaces of crystallization and one of the phases of the system dis~
. 4ppears witly change of temperature. In the case of the three-component system sulfm-diphehylam,ineea-naph» N
- thylamine, throughout the whole region between the two binary systems with metastable stratification we find =
crystallization of ene and the same component, namely sulfur; here, however, the cryst allization is not monatec- .
tic since the whole surface of stratification is metastable and does not intersect the surface of crystallization.
Nevertheless, as shown by the isotherms of crystallization, the solvent character of the system s also realized
.at temperatures above the critical temperatures of the metastable equilibrium between the lquid phases, This .
fact suggests that in a series of cases the Awo~component systems with metastable stratification may behave like
systems with stable equilibrium between the liquid phases. We may, therefare, conclude that in the given systems
. with metastable stratification at temperatures very much higher than the temperatures of stratification, we obtain
a state close to.the state of latent stratification. It is clear that compositions in the latently stratified state may
“often behave like compositions with normal stratification, o T

- . The above discussion permits us to #xplain the process of development of metastable stratification, It
must proceed from true homogeneity to latent stratification and from the latter to metastable stratification.  The
possibility of development of stable stratification by this route is not excluded.

On the basis pf the above experimental material we Inay approach certain problems of prognosis of sol-
vent systems. Clarification of the conditions of farmation of solvent systemns is particularly important due to
its patential practical value in the selection of solvent systems for eertain substances for which single solvents
cannot be readily found. . These problems were analyzed by R. V. Merslin [11 for temary systems involving
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binary systems with stable equilibrium between the liquid phases. As was shown above, when metastable stratifica-
tion arises in two binary systems entering into the given ternary system and when there is compliance with the other
factors necessary for farmation of a solvent system, then such a system is actually developed. - From this {t follows
that if a given binary system contains associated components capable of dissociating in each other or of forming a
chemical compound susceptible to mutual dissociation with the dissolved substance, and if its components form bin-~
ary systems with it with metastable stratification, then we can expect the development of a solvent system.

SUMMARY

1. The binary system sulfur-B-naphthylamine was investigated by the fusibility and stratification methods.
- The fusion data point to a eutectic form of fusion diagrams. Below the crystallization curve of sulfur is seen 2
stratiffcation curve; the stratification is metastable at all temperatures and concentrations,

2. The system diphenylamine-g-naphthylamine was investigated by the fusion method. Its equilibrinm
diagram 1s of the eutectic type. . :

3. .The equilibrium of the solid and liquid phases in the ternary system sulfur-dAphenylamme— B -naphthyl-
amine was investigated. The system contained a field of the two-phase liquid state, metastable at all tempera-
tures and concentrations, with a saddle point, starting from the plane of metastable stratification of its binary
systems sulfur-diphenylamine and sulfur-B-naphthylamine

4, .Suggestions are made about the possible mode of development, from the homogeneous solution, of
metastable stratification and about its behavior at higher temperatures.-

5. . Some supplementary conditions for the practical choice of solvent systems are indicated,
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