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The most general case of monotropy, (p.T) overall monotropy, is described by taking both pressure
and temperature variables into account as high-pressure enantiotropy, which involves a high-pressure
stable domain for a room-pressure metastable solid modification, cannot be a priori excluded. Criteria
for ascertainment of overall monotropy are established by comparing the melting curve slope of the
stable form with those of the solid-to-solid transition curves concerned with it and of the fusion curves
of the metastable varieties. These comparisons allow also to unambiguously discern between overall
monotropy and high-pressure enantiotropy. In applying such criteria the use of straight lines for
describing melting and transition equilibria is retained. Their slopes are then calculated by means of
the Clapeyron equation also in the case high-pressure results lack, as illustrated by two examples on
menochloroacetic acid and hydrazine monohydrate, respectively, whose monotropic behaviour is not

only critically accounted for, but also extended to pressures higher than the atmospheric one.
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I. Introduction

The aim of this paper is mainly to define
from a thermodynamic point of view the
conditions of existence of a ‘“‘true,”” i.e.,
overall monotropy, which involves the sta-
bility of a unique phase over the whole pres-
sure—temperature {p, T) domain. As can be
ascertained by referring to Lehmann’s de-
scription in 1888 (/), the term ‘“monotropy”’
can be applied, in the study of dimorphism,
to the transition of a solid phase S, toward a
solid phase S, when temperature increases,
without the reverse phenomenon ever being
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observed when temperature decreases. The
phase S, is then described as monotropic,
and it is customary to observe two melting
points corresponding to each of these two
phascs. Conversely, the term *‘enantiot-
ropy’’ is used in the case where the §,-§,
phase transition turns out to be reversible.
To take fully into account the phenomena
of monotropy and enantiotropy it is neces-
sary to consider both pressure and tempera-
ture variables, as may be argued from Figs.
1 to 4, where, in several cases there repre-
sented, a high-pressure stable modification
appears. It is to be mentioned that some of
these figures had formerly been drawn at the
beginning of the century by Bakhuis Rooze-
boom (2). However, one of them (here re-
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ported as Fig. 4A) seems to have been for-
gotten since it could not be found in any
later books or papers. We show here that
this figure actually accounts for ‘“‘overall
monotropy’’ as defined by Detfet (3).

For a sake of simplification both melting
and transition curves are represented, ac-
cording to Oonk’s approach (4), by straight
lines in the same way as in our previous
work (5). From an experimental point of
view this assumption might be proved to be
well founded up to high pressure (200 MPa),
in particular for organic compounds {6—1{).
At higher pressures, however, this approxi-
mation may reveal to be arbitrary, as we
point out hereafter in a significant example
on As,Te;. The stable—metastable (metasta-
ble—supermetastable) alternation rule on the
two-phase equilibrivm curves built around
stable (metastable) triple points, as already
quoted by Oonk (4) and extended by us (5),
is again used for this representation of di-
morphism. Figure [ illustrates the case in
which the S-S, equilibrium is always sta-
ble, whatever the pressure and temperature
are, while Fig. 2 represents that in which
this equilibrium is stable only at the lowest
pressures and becomes metastable at the
highest pressures. In other words, in Fig.
2 a low-pressure enantiotropy and a high-
pressure monotropy are both represented,
of which the phase diagram of sulfur consti-
tutes a well-known similar example. On the
other hand, Fig. 3 shows the occurrence of
a high pressure stable S,-phase; it can be
argued that this phase may appear in turn as
monetropic or enantiotropic with respect to
S,, depending on the ranges in which the
variables are considered. For instance, in
Fig. 3B the straight line aa’ describes enanti-
otropic phase behavior when pressure var-
ies at fixed temperature and the straight line
bb' an analogous phase behavior when tem-
perature varies at a constant pressure higher
than that of the $,5;1 triple point, i.e.,
p(§,S;D). Conversely, the straight line cc’
describes monotropic phase behavior when
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FiG. 1. (p, T) diagram of overall enantiotropy, with
two stable triple points, §/lv(1) and §,5,v(4), and two
metastable triple points, S;1v(2) and §,5,1(3). Equilib-
rium curves: 1-v (A); §-v (B}; S;-v (C); §,-1 (D):
S;-1(E); and §,-§, (F). (—) Stable equilibrium; {ees)
metastable equilibrium; (---) supermetastable equilib-
rium. The same numbering and lettering are used also
in Figs. 2 to 4.

temperature varies at a constant pressure
lower than p(S,S,1).

Several experimental cases reported in
the literature may be identified as this kind
of behavior. In particular we recently pre-
sented one concerning As,Te, (//), whose
metastable g-form at ordinary pressure is
supposed to become stable under high pres-
sure. The slope of the a—8 (p, T)equilibrium
curve (o is the stable variety) is negative,
as well as the value of the volume change
AV, g, showing that the g-form is the
denser one. Nevertheless, in this case,
where we deal with pressures higher than
700 MPa, the straight-line approximation
previously discussed fails. In effect, if
(p, T) data concerning the «(S,)- and the
B(S,)-1 equilibrium curves (/2, 13) are inter-
polated by means of a linear law, one can
find that the latter straight line is steeper
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F1G. 2. (p, T) diagram of low-pressure enantiotropy,
with three stable triple points, S)lv(1), $,5;K3), and
5,5,v(4). The S8, tripte point (3) is located at a pres-
sure higher than that of the 1-v curve.

than the former one; consequently, such an
interpolation cannot be applied, in this case,
to account for the melting point of the 8-
form necessarily being located at a tempera-
ture lower than that of the a-variety at ordi-
nary pressure, as shown in the diagram of
Fig. 3B.

A result similar to that illustrated in Fig.
3B was likely obtained by Bridgman ({4} in
the case of the dimorphism of acetamide,
whose high-pressure S,-phase density is
higher than that of the §,-phase all along the
transition curve under pressure.

Represented in Fig. 3A is the opposite
case: the slope of the 5,-S, (p, T) curve is
positive, as well as the value of the volume
change AVg s, since the S)-form is the
denser one. An example of this type, de-
rived from an experimental investigation on
carbon dioxide by Tammann (/5), was ex-
haustively discussed by Bakhuis Rooze-
boom (/6) in his pioneer work with regard
to triple points classification.
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II. High-Pressure Enantiotropy or Overall
Monotropy

In this section we define the conditions of
existence of overall monotropy and com-
pare them with those characterizing high-
pressure enantiotropy, some examples of
which are illustrated in Figs. 3. In the case of
high-pressure enantiotropy we could notice
the existence of two stable solid domains
related to the phases §; and §,, respectively,
and the presence of two stable triple points,
S,lv and S,S,l, the latter being situated at
high pressures.

In the case of monotropic dimorphism
(Fig. 4}, the existence of a unique stable
region, S,, is accompanied by that of a
unique stable triple point, S,Iv. However,
the (p,7T) diagrams of Figs. 3 and 4 show
several similarities which are to be referred
to the common monotropic behavior at ordi-
nary and low pressure. The S,lv triple point
is metastable and is located on the metasta-
ble extension of the l-v curve at tempera-
tures lower than T(S,lv}). The S,-phase is
characterized by sublimation pressures
higher than those of the S,-phasc at given
temperatures, and the S,—v and the S,-v
curves cross at the metastable §,S,v triple
point situated in the liquid domain.

Conversely, the 5,1 and S,-1 curves con-
verge as pressure increascs only in the case
of high-pressure enantiotropy, while they
diverge in the other case, giving rise to a
metastable §;5;1 triple point located in the
vapor domain, perhaps at negative pressure,
as first suggested by Wahl (/7). The S-S,
transition curve, linking the S,8,! and §,S,v
triple points, is in turn metastable or super-
metastable over the whole {(p, T) domain
in the case of overall monotropy, while it
becomes stable under high pressure if a re-
versible S-S, equilibrium is there estab-
lished between two enantiotropic forms.

In the (p, T) diagrams for overall monot-
ropy represented in Figs. 4A, B, and C the
slopes of the $,-S, curves are positive, buta
negative one (Fig. 4D) can also be expected.
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Fig. 3. (p, T) diagrams of high-pressure enantiotrophy, with two stable triple points, 8,lv(1) and
5,5:1(3). The 55, triple point (3} is situated at a pressure higher than that of the I-v curve. (A) The
S,-UD), S,-I(E), and 8,-8«F) curves have positive slopes. (B} The 5,-¥D) and 8,-KE} curves have
positive slopes, the §,-8, (F) curve a negative one. (C) The 5;—1{D) and §,-5:F) curves have negative
slopes, the S,-1 (E} curve a positive one. (D) The S,-1(D}, S,-I(E), and S,-5.(F) curves have negative
slopes.
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FiG. 4. (p, T) diagrams of overall monotropy, with only one stable triple point, §,1v(1), the other three
triple points being metastable. As in the case of overall enantiotropy the 8,8, triple point (3} is located
at a pressure lower than that of the I-v curve. (A) The 8,1 (D), S;-1 (E), and §,-S,(F) curves have
positive slopes. (B) The $,-1(I}) and §,-84(F) curves have positive slopes, the $,—I(E) curve a negative
one. (C) The §,-I(D} and 8,-HE) curves have negative slopes, the $,—8,(F} curve a positive one. (D)
The S,-I(D}, S;—=I{E}, and §,-S,(F) curves have negative slopes.
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This last case implies that the temperature
of the S,S,v triple point is lower than that of
the S8, triple point. For this to be possible,
the slopes of the S,~v and S,-v sublimation
curves should be rather different although
the curves are to be located near each other
over the (p, T) surface. It seems quite rea-
sonable to presume that such an eventuality
should be only scarcely detected, since it
moreover implies volume contraction with
increasing temperature for S;-1, S,-1, and
3-S5, phase transitions, as well.

However, a positive sign of the dp/dT
slope of the §,~8, transition curve cannot
be used as a mere criterion to state whether
an experimentally observed dimorphism is
a case of overall monotropy. Conversely,
the comparison between the slope of the
S,~1 fusion curve of the stable form S, and
one of the two other curves extending to
high pressures, i.e., S,-1 or §,-5,, can
allow, as we will demonstrate, to immediate
discernment between overall monotropy
and high-pressure enantiotropy.

In applying such a criterion the use of
straight lines to describe melting and transi-
tion curves is retained. The dp/dT slopes
can then be calculated by means of the Cla-
peyron equation starting exclusively from
thermodynamic and crystallographic data at
ordinary pressure on the transformation en-
thalpy and volume changes.

From the observation of Figs. 3 it can be
concluded that the high-pressure enantiot-
ropy is accounted for if one of the following
double inequalities is satisfied:

dp)
o >
(dT §1-5;

dp)

- =
(ffT -1
dp)

=) =
(dT 5t

dp :
(dT)s,1>0 (Fig.38) (1)

dp )
(dT)Sz-l > (Figs.3A and 3R)

2)

dp .
> (dT)s‘_sz (Fig.3B) (3
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In the same way, the conditions for an
overall monotropy to be accounted for are
instead

dp) (dp) .
= = | =L = L4
( a7 s dThs 0 (Fig. 4A)

dp .
( 5 T)S]_] <0 (Fig.3D)  (6)

0

(Figs. 4A and 4B) (8)

Al ()
%] =0>[-£

( T/s, d¥ /s,
Ho7 0> ()
) =0 (5
(dT $,-5; dt/s 4

a ie) .
(dT)sf-l = (dr i <0 (Figs-4Cand 4D)
(1)

(Fig. 48) (9)

(Fig. 4C)  (10)

(Fig. 4D) (12

A perfect complementarity can be ob-
served between the two series of inequali-
ties in that there is no common condition
accounting both for high-pressure enantio-
tropy and for overall monotropy.

Conditions for discriminating between the
different cases of dimorphism may also be
founded upon comparison between the
slopes of the S,—1 and §,-5, curves. How-
ever, for the sake of better accuracy, it is
preferable to deal with data concerning the
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stable S,—I transition at ordinary pressure
and temperature.

In the present treatment we have also
comprehensively taken into account the fu-
sion processes accompanied by volume con-
traction. It can be noticed that in most cases
where melting occurs accompanied by vol-
ume expansion the accounting inequalities
reduce to (1), (2), and (3) for high-pressure
enantiotropy and to (7) and (8) for overall
monotropy.

III. Application Examples of the Criteria

The criteria defined in the preceding para-
graph are applied in this section to establish
over the whole (p, 7) domain the mono-
tropic nature of the polymorphism of two
compounds:

{a) an organic one, monochlorpacetic
acid;

(b) an inorganic one, hydrazine monohy-
drate.

HI. a. Monochloroacetic Acid

This compound is known to exist in three
forms: «, B, and y (18, 19). It should be
pointed out that the crystal structure of the
metastable y-phase has not been solved yet.
In the present work the polymorphic behav-
ior of this compound is studied by separately
taking into account the a—8, a—y, and B8—y
dimorphic couples, from which a complete
trimorphic description can be derived.

Miitler (/8) investigated the volume varia-
tion and the enthalpy change at crystalliza-
tion of each form and also determined the
same quantities at the transition from one
modification to another (Table ). He
showed that both crystallizations and solid-
to-solid transitions could occur in a very
narrow temperature range (308.35 to 308.85
K), revealing an extended phenomenon of
supercooling which was confirmed by the
density measurements of Kamaeva (20) on
the liquid phase. The values of the dp/dT
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slopes reported in Table I are the results of
our application of the Clapeyron equation
to Miller’s experimental data. The above-
established criteria for overall monotropy
and high-pressure enantiotropy can then be
applied. By alternately referring to the meta-
stable 8- or y-variety as the 8,-form and to
the stable a-variety as the S,-form, which
we have both dealt with in the preceding
paragraph, it turns out that 3- and y-modifi-
cations should be both monotropic with re-
spect to the a-phase. In fact we have:

o> ()
= > | == >0
(dT asp-l AT Jais )

and
dp)
—_ >
(dT *(Sy)-1

On the other hand,

#er > ()
iy > = >0
(d T/vspr AT Jags e

and
- > [== >0,
(dT (S )1 dT /uis,)-vs5)

By the way, Kérber (6) determined the
melting points of the stable «- and of the
metastable y-forms up to 1766 and 840 atm,
respectively. In both cases (p, T) data up to
864 atm may be accurately interpolated by
means of a linear law, as shown in Table I1.
This result seems to corroborate the as-
sumption made by us in the preceding sec-
tion, at least up to not too high a pressure.
Although very slightly, the slope of the y-1
curve turns out to be steeper than that of the
a—-| curve, accordingly to the conclusions
drawn from the experimental work by
Miiller.

Timmermans (27), however, refers to two
different values of these slopes from which
it turns out that the v-form would become
the stable one at pressures higher than 2500

(fiﬂ) > {}
dT /s )-asy
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TABLE I

MONOCHLOROACETIC AcCiD: TEMPERATURES T, ENTHALPY CHANGES AH, AND VOLUME VARIATIONS AV AT
CRYSTALLIZATION OF EacH POLYMORPHIC MODIFICATION (@, 8, AND ¥) AND AT THE SOLID-TO-S0LID

TRANSITIONS DETERMINED BY MULLER (/8)

Transition T (K) AH(J - g™ AV (cm® - g7 1) dp/dT (atm - K1)
l— a 308.65 —161.08 —0.09233 55.79
|— 8 308.55 —141.42 —0.07965 56.79
f— vy 308.55 —135.56 —0.07309 59.32
B— o 308.35 —-21.34 —0.01268 53.86
¥ — « 308.85 —31.80 —0.01924 52.81
y— B 308.65 —8.37 —0.00636 40.79

2 The slopes of the related (p, T} curves at atmospheric pressure have been calculated by us according ta the

Clapeyron equation.

atm, referred to by this author as the avl
triple point. Since the origin of these data is
not clearly specified we have examinated
each reference given by Timmermans about
monochloroacetic acid, but unsuccessfully.
The unique quoted measurements on this
compound (22} are referred to the fusion of
the stable a-form and claimed by the author
himself, Bridgman, to be approximate. A
direct comparison with the steepness of the
melting curve of the metastable y-form stud-

TABLE Il

MONOCHLOROACETIC ACID: CALCULATED PRES-
SURE VALUES P IN THE REPRESENTATION BY MEANS
OF A LINEAR INTERPOLATION OF THE (p,. T) RE-
SULTS AT THE FUSION OF THE STABLE (a) AND OF
THE METASTABLE (y) ForMs REPORTED BY KORBER
(6) up TO 864 ATM

Stable phase (o) Merastable phase (y)

T KD peog (alM)  peyc (atm)  T: (K) Peyp (AIM) poye (atm)
33413 14 —3.49 323.15 1 1.78
334.35 L 6.83 334.15 570 571
339.15 260 255 138.75 800 805
347.65 700 694 339.15 830 830
349.65 8O0 797 33925 840 835
351.05 B4 869

dpldT = 5164 atm - K™}
r = 0.9999
p = 35164 ¥ ~ 17239

dpldT = 51.74 atm - K™!
r o= 0.999%
p=351.74T - 16718

ied by Kdrber is not allowable since Bridg-
man performed his measurements at pres-
sures {p > 6000 atm) much higher than those
of the experimental range investigated by
Kdrber (up to 840 atm),

On the other hand, the two respective sets
of measurements on the stable a-form can
be satisfactorily correlated by means of an
equation for melting curves recently pro-
posed by us for the fusion of a-As,Te, (/3),
which is more suitable than a linear law to
fit to results obtained at very high pressures
(Table III). On account of this result and of
that shown in Table 11, the occurrence of an
overall monotropy of the v-form seems to
be definitely confirmed.

Incontrast, the metastable fusion of the 3-
form has not as yet been investigated under
high pressure. In any case, we can test its
overall monotropy, predicted by Miiller’s
investigations, since its melting enthalpy
and crystal structure are known. In Tables
IV and V crystallographic results at room
temperature (23-23) as well as several ther-
modynamic data at the melting points of the
«- and 3-varieties (26-28) are respectively
collected. In order to calculate the dp/dT
slopes, we have determined the specific vol-
ume variations at fusion according to the
following procedure:

(a) linear interpolation of the liquid den-
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TABLE IiL

MONOCHLOROACETIC ACID: PRESSURE VALUES pj,
IN THE CORRELATION BETWEEN KORBER'S () AND
BRIDGMAN'S (22) (Peyp, T) MEASUREMENTS AT THE
FusloN oF THE STABLE o-ForRM CALCULATED BY
MEANS OF AN INTERPOLATING EQUaTION

Karber (6} Bridgman (22}
T UK} pegp lalm)  pey, latm) TIK}  Pexp (@Im)  pege (alm)
334.15 1 ~8.57 335.68 1 65.5
334.35 1 1 412.53 6146 6070
339.15 260 40 424.85 797 7421
347.65 700 709 437.75 9020 8971
349.65 800 827
35005 64 912
361.25 1597 1575
363.55 1757 1736
363.85 1766 1757
Interpolating equation:¢

P=prplal(TI Tl — 11 + B(TiTip — 1) + 1}
a = 374884 b = —433838 c=12
Prg = | atm Tro = 33435 K r = 0.9999

¢ The equation incorpurates the values prg and 75, of one of the data
couples for melting at atmospheric pressure reported by Korber.

sity results reported by Kamaeva (deviation
<20.03%) and calculation of the supercooled
liquid densities by extrapolation at the crys-
tallization temperatures of the «- and B-
phases given by Miiller;

(b) determination of the densities of the
a- and fB-phases at the crystallization, ac-
cordingly to the volume variations reported
by Miiller;

(c) determination of the thermal expansiv-

TABLE 1V

MONOCHLOROACETIC ACID: CRYSTAL DATA FOR
THE MONOCLINIC a- AND 3-FoRrMs

a-form B-form
Ref. {23 (25) (24)
ald) 5.380 5.379 4.635
BAY 19.150 19.148 12.974
clA) 7.860 7.859 6.686
AC) 109.14 109.08 107.93
z 4 8 4
dogie 1g - cm™Y 1.6407 16408 1.6406
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ities of the solid phases using the crystallo-
graphic data at room temperature (assumed
to be 293.15 K) presented by Kanters et al.
(23, 24) and confirmed, as to what concerns
the stable a-form, by Kalyanaraman et al.
(25);

(d) estimation of the volumes of the a- and
B-forms as well as those of the liquid phase
at the two respective melting temperatures,
and calculation of the specific volume varia-
tions at fusion which are also reported in
Table V.

Because of their easiness, calculations are
not reported. We merely underline the fair
agreement of their final mean results (0.1037
cm® - g~! for the fusion of the a-form and
0.0840 cm’ - g~ ! for that of the g-form) with
the specific volume variations at crystalliza-
tion (0.0923 ¢m® g~! for the‘a-form and
0.0797 ¢m® - g~! for the B-form, respec-
tively), as should a priori be expected. Also,
Table V shows that, in spite of the strong
deviation among the melting enthalpy val-
ues respectively found in literature for these
two modifications, the dp/dT slopes calcu-
lated by means of the Clapeyron equation
are always steeper for the fusion of the meta-
stable form than for that of the stable one.
This result agrees with the conclusion drawn
from Miiller’s experimental work of an over-
all monotropy for the metastable g-phase.

The trimorphism of monochloroacetic
acid (Fig. 5) may easily be represented by
superimposing the monotropic dimorphism
diagrams of the couples a—8 and a—y and
by taking into account that, from the dp/dT

slopes of Table I,
dp
(d T).B—l >0

dp
(d T)y—l ”
dp
(d T)ﬁ—'}‘ 0

dp
(d T)ﬁ-l -

One can notice that the fusion of the g-
form is metastable while that of the y-form

and
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TABLE V

MONOCHLOROACETIC ACID: TEMPERATURES T, ENTHALPY CHANGES AH;, AND SPECIFIC VOLUME
VARIATIONS AV AT THE FUSIONS OF THE STABLE (&) AND OF THE METASTABLE (3) FOorMS

Ref.  Tp(K) AH J-g™) Vjiem' g% Voem-g ) AV (em': g  dpidT (atm - K-
Stable phase (a)
(26) 334.15 203.66 0.7268 0.6231 0.1037 58.01
(26) 334.15 177.10 0.7268 0.6231 0.1037 50.44
(27) 334.45 207.56 0.7270 0.6232 0.1038 59.01
28) 334.35 129.95 0.7269 0.6232 0.1037 36.99
Metastable phase (3)
(26) 329.15 199.24 0.7235 0.6395 0.0840 71.12
(26) 329.15 169.57 0.7235 0.6395 0.0840 60.53
(27) 329.35 199.55 0.7236 0.6397 0.0839 71.24
(28) 329.15 146.94 0.7235 0.6395 0.0840 52.45

“ The specific volumes of the liquid phase at melting, V|;. have been calculated by linear interpolation of the

experimental results by Kamaeva (20).

¥ The specific volumes of the solid phases at melting, V5;, have been calculated according to the procedure

designed in Section Il.a of the text.

“ The dp/dT values represent the stopes of the two melting curves at atmospheric pressure.

is supermetastable, according to the meta-
stable—supermetastable alternation rule.
The metastability hierarchy between the
nonstable forms does not change with in-
creasing pressure since the Byl triple point is
situated at a very low or, perhaps, negative
pressure.

. b. Hydrazine Monohydrate

Two crystalline forms of this compound
are known: a stable trigonal variety (T) and
a metastable cubic modification (C}, respec-
tively (29-32). The crystallographic and
thermodynamic data on these two forms
are collected in Tables VI and VII, respec-
tively.

The absolute value of the measured en-
thalpy change for the C — T transformation
on cooling (—42 1 - g™ " (32) rather well
agrees with that calculated for the conceiv-
able reverse transformation T — C on heat-
ing (40 J - g7, by taking into account the
experimental value of the melting enthalpy
change AH7 , (180 J - g~ ") (33) as well as

that of the crystallization enthalpy of C
(— 14071 - g% (32), and assuming that

AHT—)C = AHT_,| + AH]%(:.

This assumption is well founded since it
will be proved that these three transitions
may occur in a narrow temperature range
(from 215 to 222 K). From this, it can be
deduced that the entropy of the T— C trans-
formation should be unambiguously pos-
itive.

At this stage, we have to put aside the
hypothesis according to which the C-phase
would be the stable one at low temperatures
{(we would be dealing with the case of overall
enantiotropy already illustrated in Fig. 1). If
this occurred, the C — T transition would
be accompanied by an endothermic effect
on heating, contrarily to what is shown by
Foulon et ai. (32), whose experimental work
does indicate that the reverse transition is
assoctated with such an effect onanincrease
in temperature.

Also, their measurements of the cell pa-
rameters show that the T — C transition, if
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330

340 K

FiG. 5. (p, T) diagram of the monotropic trimorphism of moenochloroacetic acid, with only one stable
triple point, a-t-v(1). Other tripl: points are 8-1-v (2): y-1-v {3); a-8-1 (4); a-y-1(5): B-y-1(6): a-B-v (7);
a~y-v (8); B-y-v (9): a-B-y (10). Equilibrium curves: 1-v (A); a~v (B); 8-v (C); y-v (D); a—1 (E}: £~
(F); y-1 (G); a8 (H); a—y (I); B—y (J). (—) Stable cquilibrium; (e®®) metastable equilibrium; {---)

supermetasiable equilibrium; (*=) hypermetastable equilibrium.

it occurred, should be characterized by a
positive volume change. In fact, the specific
volume of the T-form is equal to 0.9109
cm® - g7 and 10 0.9220 cm® - g~'at 130 and
206 K, respectively, while for the other vari-
ety itis 0.9333 cm’ - g~" at 212 K, this last
value being in rather good agreement with
that which can be drawn from the crystallo-

graphic study by Zocchi er af. (30) (0.9292
cm’® - g~ at about 213 K). In contrast, the
specific volume value of the stable T-form
at 108 K estimated from the structural data
by Liminga et al. (29) (0.9023 cm® - g~V is
not satisfactorily correlated to the results
reported by Foulon et af. (31, 32) at higher
temperatures. The conclusion drawn from
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TABLE VI

HYDRAZINE MONOHYDRATE: CrRYSTAL DATA FOR
THE TRIGONAL T-ForM aAND THE Cudic C-Form

T-form C-form

Ref. (29) (32) (31) 30 31
TIK) 108 130 A4 213 212
a (A) 4.873 4.896 4.905 6.76 6.7
e (A 10.94 10.941 11.034 — —
F4 3 3 3 4 4
Gy (g - em ™Y 1. 1083 1.0978 1.0846 1.0762 1.0715

this set of experimental data is reinforced
by the-result of a recent crystallographic
simulation study performed by Foulon et al.
(31) which shows a small volume contrac-
tion of about 19 at the C — T *‘transition.”

Since the metastable C-variety appears to
be the less dense one, we may exclude the
conclusion that we are to be dealing with a
case of high-pressure enantiotropy such as
those illustrated in Figs. 3B, C, and D, or
with the case of overall monotropy of Fig.
4D. Consequently, for hydrazine monohy-
drate it is necessary to discern only between
the case of high-pressure enantiotropy of
Fig. 3A and those of overall monotropy of
Figs. 4A, B, and C.

TABLE VII

HyDRAZINE MOMNOHYDRATE: TEMPERATURES T
aND T, aND ENTHaLPY CHANGES AH; aND AH,
FOR MELTING {f) 0F THE T-FosM aND CRYSTALLIZA-
TION {¢) OF THE C-FORM, AND THE SAME QUANTITIES
FOR THE C — T TRANSITION, T 1 AND AHp 7

Modification C-form T-form

Ty (K) — 222
T, (K) 218 —
AH () g Y — 180
AH. (J-g™h — 140 ﬁ

215
—42

Ter (K
‘AH(‘_.T g-gh

4 For a cooling rate of the DSC investigation equal
to 0.1 K - min~".
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The melting point of the stable T-form has
been determined to be 222 K by van Ekeren
ef al. (33). Since the metastable C-variety
is, by the way, monotropic with respect to
the stable one at least at the lowest pres-
sures, its melting point is necessarily situ-
ated at a lower temperature. So, in spite of
the phenomenon of supercooling, we have
assumed the temperature of crystallization
of the C-variety (218 K) (32) to correspond
to its fusion temperature. As forthe C— T
transition temperature, we have chosen
that, 215 K, observed with the lowest cool-
ing rate (0.1 K- min~') and the highest
transformation rate (100%) in the experi-
mental differential scanning catorimetric
(DSC) investigation by Foulon et af. (32). In
their communication, an exhaustive study
of the C — T transition temperature varia-
tion as a function of the cooling rate is re-
ported in a graph. This temperature is shown
to decrease until about 196 K as cooling rate
increases to 50 K - min ™.

In order to estimate the specific volumes
of the solid phases at their transformation
temperature and at their respective fusion
temperatures, the following procedure was
adopted:

(a) determination of the thermal expansiv-
ity ag of the stable T-form by means of the
couple of specific volume values at different
temperatures available from the c¢rystallo-
graphic study by Foulon ef al. and estima-
tion of the specific volume of this phase at
215 and 222 K;

(b) assuming the thermal expansivity of
the C-form to be roughly the same as that of
the stable form, estimation of the specific
volume of the former at 215 K and at fusion
(218 K).

The results of these calculations are

I

1.46 1074(31'1'13 . g_] . K—l’
Vias = 0.5232 cm? - g,
Vigm = 0.9242cm’ - g~!

25

for the trigonal phase;



PHENOMENOLOGY OF POLYMORPHISM, II

Veas = 0.9337¢m® - g,

Veag = 0.9341cm’ - g~/

tor the cubic phase.

The calculated volume contraction
(1.12%) at 215 K in passing from the C-
form to the T-one on cooling is in very good
agreement with that computed by crystallo-
graphic simulation (about 19). As to what
concerns the specific volume of the liquid
phase at the two melting temperatures, nei-
ther experimental values nor extended sects
of measurements al room lemperature
allowing suitable extrapolations at these
lower temperatures have been found in the
literature. Specific volumes of hydrazine
monohydrate have been determined at
294.15 K by Curtius and Schulz (34) (0.9704
to 0.9709 cm?® - g '), at 283.15 K by Dito
(35) (0.9551 cm® - g '), and at 273.15 K by
Semishin (36) (0.954 cm?® - g7"). These ex-
perimental values are exploited in the fol-
lowing application of the criteria for high-
pressure enantiotropy or overall mo-
notropy.

Application of the criteria for high-pres-
sure enantiotropy implies the double ine-

qualities
g™ ()
e >\ = >0
(dT Tsp-csp AT/ s
and

ap - (4P -0
(d T /150 dT/cesm1

to be verified by application of the Cla-
peyron equation. Let us then consider, to
begin, the double inequality related to the
meiting phenomena. We obtain, for the fu-
sion of the T-form, the results

AH; = 1776.7atm-cm’®- g~ ! (180]-g™ )
T, = 222K

Vgr = 09242 cm’-g™!
V| r unknown,
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and, for that of the C-form, the results
AH; = 1381.7atm-cm®-g~' (140]-g™")
T, = 218K

Vg = 0931cm® - g7!
Vi ; unknown,

where A, T;, Vg, and V| ;are the enthalpy
change, the temperature, and the specific
volumes of the solid and liquid phases at
fusion, respectively. Since the melting tem-
perature values are very close one may, in
the application of the Clapeyron equation,
refer to the unknown specific volume V; at
the mean temperature (220 K). By applica-
tion of the second condition for high-pres-
sure enantiotropy we may write

1776.7
222(V,; — 0.9242)

1381.7

>0
218(V,; — 0.9341)

(atm.K™H

from which it turns out that the double in-
equality is satisfied only for

Vip> 09718 cm’® - g,

This result reveals that the hypothesis of a
high-pressure enantiotropy is not consistent
since such values of specific volume are
characteristic of the liquid phase at tempera-
tures higher than 293.15 K, as previously
shown, and not at 220 K as assumed.

So unmistakable a result fully justifies the
approximation made for its calculation.
High-pressure enantiotropy is excluded also
by comparison of the slope of the T-I melt-
ing curve with that of the C-T transition
curve for which the results are available

AH, = —414.5] atm - ¢cm® - g~!
(—427J-¢g7h,
T, = 215K,

AV, = —0.0105cm® - g !,
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where AH,, T,, and AV, are the enthalpy
change, the temperature, and the specific
volume variation at the transformation. In
fact, we should obtain

— 414,51
215(-0.0105)

1776.7
222(Vi; — 0.9242)

{atm - K1),

>0

but this double inequality would be satisfied
only if

Vip> 09678 cm?® - g,

It could equally be demonstrated that the
condition for high-pressure enantiotropy re-
mains unsatisfied whichever 7, temperature
value belonging to the occurrence range (215
to 196 K) of the C — T transition is con-
sidered.

Conditions for overall monotropy are thus
necessarily satisfied. The only point to be
elucidated remains the choice among the
cases illustrated in Figs. 4A, B, and C, re-
spectively. ’

To achieve this, it should be necessary to
know whether the two fusions occur with
volume expansion or, instead, whether one
(the C-form) or both modifications melt with
volume contraction. To this purpose, no in-
formation is provided by literature sources.
In the first case, in which the specific volume
of the liguid phase at the melting tempera-
ture of the C-form has to be greater than or
equal to 0.9341 cm?® - g7, the case of overall
monotropy is that illustrated in Fig. 4A. In
fact one obtains

o™ (B
oot = [ 2= >0
(d T /s, dT/1s)1

and
dp) (dp)
= > = > (.
(dT (S -1 dT/rs)-cesy)

In the second case, for a liquid specific
volume smaller than 0.9341 cm?® - g~'at 218
K and greater than or equal to 0.9242
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cm’ - g~! at 222 K, overall monotropy is

that of Fig. 4B, where the slope of the
metastable C(S,)-1 curve is negative.
The following double inequalities are

satisfied:
™ ()
—i > & > 0’
(dT s \dT/Ts)-csy
and

- >0> x5 .
(G'T TS dT Jesy-

In the third case, related to a liquid specific
volume smaller than 0.9242 cm® - g~ at 222
K, overall monotropy is illustrated in Fig.
4C where the slopes of the stable T(S;)—i and
of the metastable C(S,;)-! curves are both
negative. The double inequalities are

—_ >0>|—=
(dT T(S)-C(S4) dT /s,
and

Fhs < (F)
—_ < | == < 0.
(dT syt AT /syml

Nevertheless, it is meaningful to underline
the capability of this approach to come to
unambiguous conclusions about the nature
of polymorphism even when sets of results
at room pressure are partially incomplete,
as in this last example. Hydrazine monohy-
drate, together with «,8-dibromopropionic
acid investigated by Wahl (/7) and o-nitro-
toluene, o-toluidine, n-cetyl iodide, ethyl
stearate, and veratrole studied by Deffet (7,
8), can be thought of, to our knowledge, as
one of the examples unambiguously related
to.the {p, T) diagram for the fourth type of
dimorphism illustrated in Fig. 4A, formerly
reported by Bakhuis Roozeboom (37) but
always forgotten since.

IV. Concluding Remarks

The method discussed in this paper for
discriminating between types of dimor-



PHENOMENOLOGY OF POLYMORPHISM, II

phism (and trimorphism) may be of useful
predictive interest in the case where expen-
mental results on melting and solid-to-solid
transition curves under pressure are lack-
ing. It involves a simple step to gather data
from heterogeneous sources and to deal
with them in a comprehensive way.

Finally, by merely obtaining of atmo-
spheric-pressure results one can predict
polymorphic features up to higher pres-
sures, provided the straight-line approxima-
tion in describing equilibrium curves always
holds.

This method is not, in any case, intended
to eliminate high-pressure measurements
since, owing to this kind of experiment, it is
easier to evaluate its relevance in studying
and classifying polymorphic behaviors.
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