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The behaviours of dimorphism at constant pressu. e may be classified at 

least into three categories. The first is the case in which the transition 

occurs in the reversible manners or enantiotropy. The second is the case in 

which the transition is limited in one direction or monotropy. For the 

third we are able to consider a case in which the transition can riot 

occur. In the proceeding paper(1) the typical thermodynamic relations for 

enantiotropy and monotropy were discussed in general and it was tried to 

supplement the studios in this field. In the present paper these relations 

will be discussed for the individual cases, especially in the case of 

monotropv. 

The Thermodynamic Eormulae Concerning the Affinity of Transition. 

As for the unit mass of the substance in one component, we have the follow-

hlg relatious concerning the X-and ζ-functions of Gibbs,

where s, v, cp, are the entropy, the volume and the heat capacity at con-

stant pressure respectively concerning unit mass, p and l being pressure 

and absolute temperature. As the diffe once of those quantities are always 

necessary, the difference of these functions as the result of a virtual transi-

tion at p and T, between the tWo modifications, A→B will be denoted by the

corrospondiug latirge letters as follows,Z=ζB一 ζA, X=ＸB一XA, S=SB-SA, V=

VB-VA and Cp=CpB-CpA, where X is the calorimetric heat of transitioll

expressed after the manners of Berthelot and Thomsen and Z is often called

the affi11ity of trallsition rospectively concerlling tlle trallsitiOh B→A.

It is evident that we have the following relations among these 

quantities,

(1) This journal, 3 (1928), 91.
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(Kirchhofl's law)

or ……(1)

and (Gibbs and Helinholtz's law)

or

By the integration of the above equation at constant pressure, we have

… …(2)

If we let the trallsjtioln temperature be To(≠0), we havo

……(2a)

If we assume after Nernst that

or

we have the following relations at constant pressure,

……(13)

And we have

By the integration at constant temperature, we have

……(4)

The formulae (2) and (2a) show that we can estimate the affinity of tran-
sition within the range of temperature for which the specific heats of the
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two modifications are known, the affinity and the heat of transition being 

observed at any to iperature within it. On the other hand, the formula (3) 

shows that we are able to estimate the affinity of transition from absolute 

zero to any temperature if we know the specific heats for the corresponding 

range of temperature and the heat of transition at any temperature within it 

Evaluation of the Affinity of Transition. From the thermodynamic 

standpoint, the most thoroughly studied examples can be found in the 

dimorphism of sulpbur(1) and tin.(2) In the former case, the affinity of 

transition was estimated on the basis of the Nernst's theorem or by the 

formula(3). In the latter case, it was evaluated by the formula (2a) or on 

the basis of the second law of thermodynamics, from the transition tempera-

ture down to absolute zero. As the result of which the Nernst's theorem was 

verified. These are the typical cases of enantiotropy and the Z-curves (or 

affinity curves) are as in the Fig. 4 in the preceeding paper. In these cases 

the transition point is fairly clear and the affinity of transition may also be 

estimated directly by the measurement of solubility(3) or although 

the range of temperature is narrowly limited. Therefore, it is able to esti-

mate the affinity of transition within a wide range of temperature on the 

mere basis of the second law of thermodynamics. 

In the case of diamond and graphite, however, so far as the experiments 

are concerned, it is almost impossible to measure the affinity of transition 

directly. This system was first studied by Roozeboom(5) from the standpoint 

of phase theory and was ascribed to the category of pseudomonotropy, although 

its theoretical ground is not very accurate. It seems interesting to treat it 

on the basis of the Nernst's theorem, for by the sole means of which we are 

able to evaluate the affinity of transition quantitatively. Roth1e' observed the 

heat of transition as follows, 

Diamond=Graphite+156 cal./gr. atom. (at 290•‹K.) 

As for the specific heats of diamond and graphite, the Nernst's(7) data have 

been taken for the lower temperatures and the Magnus'(8) data for the higher 

temperatures from 300'K. to 1100•‹K. The values of the heat of transition 

have been calculated by means of the formula (1) from 0•‹K to 1.100•‹K. Next, 

the values of the affinity of transition have been calculated by the formula 

(3). In the above calculations, the Debye's T3 law has been applied for the

(1) W. Nernst, "Grnndlagen des neuen Warmesatzes" (1918), p. 87. 
(2) J. N. Bronsted, Z. physik. Chem., BB (1914), 479. cf. F. Lange, ibid, 110 (1924) 343. 
(3) J. N. 1 roasted, ibid., 56 (1906), 645. 
(4) E. Cohen, ibid., 30 (1899), 614. 
(5) H. W. B. Roozebooin, "Die heterogenen Gleichgewichte" (1901), p. 179. 
(6) W. A. Roth and H. Wallasch, Z. Elektroehem., 21 (1915), 1. 
(7) W. Nernst, Ann. Physik, 36 (1911), 396. 
(8) A. Magnus and A. Hodler, ibid., 80 (1926), 808; A. Magnus, ibid., 70 (1923), 303.
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calculation of the specific heats at the lowest temperatures, and the method 

of graphical integration has been used for the higher temperature. The re-

sults obtained are shown in the following table and in Fig. 1. In which

X Xdiamovd-Xgraphite and Z=ζdiamond-ζgrapnite・ Theref6re Z may be undeer-

stood as the affinity of traulsition and X the heat of transition from diaunolld

to graphite.

Cal.

Diamond and Graphite. 

Fig. 1

T hese values will also be reproduced within the limits of a few percent if we 

apply the Debye's functions for the specific heats,

where

The nature of the Z-curve in Fig. 1 shows that graphite is more stable 

than diamond in the range from 0•‹K. to 1100•‹K. And it is a well known 

fact that diamond is unstable at the higher temperatures above it. Out of 

these considerations, we are able to confirm that the dimorphism of diamond 

and graphite is truly monotropic, instead of being pseudomouotropic.

(1) P. Debye, Ann. Ph ysik, 39 (1912), 789. 
(2) Strictly speaking, it is necessary to add the condition, "under the atmospheric pressure," 

however, it will be onnitted when clear.
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Furthermore, the X-curve in Fig. 1 shows that the heat of transition changes

jts sign at ca.850°K. Above this tlmperature diamolld seems to trallsform

into graphite with the absorption of heat. It had been considered by some 

authors as one of the characteristic properties of monotropy that the unstable 

modification changes into the stable with the evolution of heat.(1) However, 

it may be mentioned here that even if there exist always stable and unstable 

modifications, the transition will not always occur with the evolution of heat, 

as is clear by the behaviours of Z-and X-curves in Fig. 1. 

All analogical case will be found in the dimorphism of white and red 

phosphorus. As red phosphorus is nonvolatile and practically insoluble in 
many solvents below the ordinary temperature, it is also difficult to 

estimate the affinity of tran+ition between them directly. Similar estimation 

on the basis of the Nernst's theorem have been carried out. As for the heat 

of transition, the Giran's(2) data have been taken,

Red phosplIlorus=white phosphorus+3.70 Kcal./gr. atom(290°K.)

With regard to the specific heats, the data of Wigand(3) and Ewald(4) have 

been taken. The data of the specific heats are not very accurate in this case. 

However, the heat of trausition is so large that the accuracy of the specific 

heats has no much influence upon the evaluation of the affinity of transition 

and the heat of transitio.u. The results are shown in the following table and 

in Fig. 2, in which Z and X are the affinity and the heat of transition from 

white to red phosphorus respectively.(5)

(1) H. W. B. Roozeboom, loc. cit.; cf. the quotation of O. Lehmann in the proceeding paper. 

(2) Giran, Ann. claim. phys., 30 (1903), 203. 

(3) A. Wigand, Ann. Physik, 22 (1907) 64. 

(4) R. Ewald, ibid., 44 (1914), 1213. 

(5) As white phosphorus has a transition point at ca. 78•Ž., the white phosphorus above given 

is the form with the inelting point at 44°C. cf. Bridgman, J. Am. Chem. Soc., 36 (1914), 

1244.



214 N. Nagasako.

The affinity curve in Fig. 2 shows that red phosphorus is snore stable 

than white phosphorus from absolute zero to the melting point of the white 

phosphorus. It is, therefore, truly monotropic, although it was supposed to
be pseudomonotropic by Findlay.(1)

In certain cases of dimorphism, however, one modification exists in a 

very narrow range of temperature. So that the above given method to de-

termine the relation of mutual stability on the rigorous bases of the second 

law and the Nernst's theorem will fail, for the specific heats will not 

completely be measured. If the melting points and the latent heats of 

fusion of the both forms are known, however, we are able to derive an ap-

proximation formula foir the estimation of the affinity of transition. After 
Nernst we may put, for the first approximation, that

X=Xo+βT2 and Z=Xo-βT2.

If we apply these formulae to the relations between the liquid phase and the 

modification A, we have

… …(5)

and … …(6)

where Xi and ζi are the specific values of X-and ζ-functinhs of Gihbs concern-

ing the liquid phase respectively.

At the melting point TA, we have ZA=0. Therefore, from(6), we have

Putting it in (5), we have

where λA is the leat of fusion at the melting point T: Accordingly we have

Similarly

where 1. ZB=ζl-ζB, λB beialg the beint heat of fusioln at the melting Point Tb

of the modificatiou B.

lleiiceforth we have,

……(47)

(1) A. Fhldlay, "The Phase Rnle"(1920); p.48.
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or

Putting Z=0, we have the transition temperature To, between the two modifi-

cations A and B,

……(l8)

With regard to the dimorphism of sulphur,(1)

TA=388°K., λA=15.7ca1./gr. (rhombic sulphur)

TB 39e°K., λB=12.5 caL/gr. (monoclinie sulphur)and

Pntthig these ValuPg in the formulae (7) and (8), we have.

Z=1.60-1.16×10-5T2 cal./gr.,

and To-372°K(obs.368°K.)(2)

As for ethyl ether, we have following data,

T
A=157°K λA=27.0 cal./gr.,(3)

and TB=150°K., λB=18.9 cal./gr.(4)

Acccogdingly we have,

Z=4.05-2.53×10-4T2 cal./gr.

andl To=177°K.(above the melting pnints of the. two modifications).

The values obtained by the above formula 

are shown in Fig. 3, which shows that 

the modification with the melting point

at 150°K. is more stable than the modifi-

cation with the melting point at 150°K.,

in the range from 0°K. to 177°K. we

may therefore consider that this dimor-

phism of ethyl ether is monotropic. 
Although it is difficult to expect 

much accuracy from it, we are able to 

find that similar monotropic relations Fig. 3

also hold for the dimorphisms in iodine monochloride,cbn benzophenone, 

bromonitrobenzene, phthalide, acetamide, monocliloracetic acid, nitro-p-

toluide and erythrite.(6) The values of Xo and a are shown in the following 

table together with the data necessary for their evaluations.

(1) G.Tammaln,"Kri8tallisieren and Schmelzen"(1903), p. 273.

(2) The results are in good coincidellce with the estilnation of Nernst, who obtaied β by the

data of specific heats.

(3) Beckmann and waentie, Z.anarg. ａllgem. Chem., 67 (1910), 17.

(4) S. Mit8ukuri, this journial, 1(1926), 30.

(5) Stortellbeker, Z. physik.Chem., 10(1892), 187.

(6) A.H. R. Miiller, ibid., 86 (1913), 237.
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In short, It the two modifications have a sharp transition point, it, may 
be easy to ascribe it to enan iotropy. However, even if we observe the tran-
sition only in one direction within a limited range of teiuper,.ture, it is rather 
difficult to ascribe it to inonotropy. For the ph se changes between the two 
modifications are often disturbed by the effects of rota (lation, and in certain 
occasions, the enantiotropic dimorphism may manifest itself like mono-
tropic. It may form one of the cases of psoudomonotropy. Accordingly, if 
we would to ascribe any dimorphism to monotrolpy, the affinity of tr.unsition 
should be estimated over a wide range of temperature. Although we know 
of many cases supposed to be monotropic, the affinities of transition con-
nected to them have not fully been testified so far. In the above discussions, 
it has been tried to estimate the affinity of transition for such cases. 

Effects of Pressure on the Affinity of Transition. In the preceeding 

paragraphs, the effects of p essure on the mutual stability of dimorphism 
have not been estimated. The affinity of transition under high pressure will 
be estimated by the formula (4), by which it is meant that we are aide to 
estimate the affinity of transition et any pressure p if we know the affinity of 
transition at certain pressure pl and the specific volumes of the two modifi-
cations between p, and p. Therefore, it may be able to determine whether or 
not it is euautiotropic under high pressure, if we know the affinity of transi-
tion at one atmospheric pressure and the necessary data of the specific 
volumes. As for the case of diamond end graphite, we have

V=Vdianrond-Vgrapllite

=12(1/3.5-1/2.3)=-1.79cm./gr. atom.(1 atm.)

For the first approximation, we may put

∫r1Vdp-pV

=-1.79p atm. cm.3/gr.atom.=-0.0433 p cal./gr. atom.

As we have gained(Page 212)that Z300°K.=386 Cal./gr. atom., and ∫110000 Vdp
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=-433cal./gr. atom., we may consider that there will be a transition point

at 300°K, under the pressure of ca.104 atms. and that the case of diamond

and graphite is probably enantiotropic under the pressure of ca. 104 atms. 
Whereas in the case of white and red phosphorus, the affinity of transition is 
enormous and V=+3.17cm3/gr. atom (1 atm.). Therefore it will remain 
monotropic even tinder the farly high pressure. 

In conclusion, the author wishes to express his hearty thanks to Prof. J. 
Sameshima whose counsels have been constantly at his disposal. 

Summary 

1. The affinity of transition and the heat of transition from diamond to 

graphite and from white phosphorus to red phosphorus have been evaluated 
on the basis of the Nernst's theorem and it has been made clear that they are 
monotropic under the atmospheric pressure. The former case will probably 
be enatiotropic under high pressure, whereas the latter case will remain 
monotropic even under high pressure. 

2. An approximation formula for the estimation of the affinity of tran-
sition has been derived and by means of which the dimorphisms in ethyl 
ether, iodine monochloride, beiizophenone, phthalide, broinonitrobenzene, 
acetamide, monochloracetic acid, nitro-p-toluide and erythrite have been 
estimated to be monotropic. 
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