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Structural and thermodynamic data reported in the literature
for the three crystalline phases of ferrocene are used to build
a topological representation of its (p,7) phase diagram. Two
phases (orthorhombic and monoclinic) exhibit stable phase re-
gions whose temperature ranges increase with increasing pres-
sure. The triclinic phase is found to be metastable at any
temperature and pressure. In fact, in the (p, T) diagram, it is not
associated with any state of lowest energy although it transforms
into the monoclinic phase according to a transition which is
reversible. This transition occurs in the phase region where the
orthorhombic phase is the stable one. © 2002 Eisevier Science (USA)
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1. INTRODUCTION

In a recent article on phase changes in molecular crystals,
it was emphasized by Jack D. Dunitz (1) that “from thermo-
dynamics alone one cannot make any detailed statements
about the actual structures involved in phase transitions or
about the mechanisms involved. ... Although the problem
of predicting the crystal structure of a compound, given the
molecular structure, is still far from being solved, the con-
verse problem can usually be answered: given the crystal
structure, show that it is energetically stable, i. e. that it
corresponds to an energy minimum ... .”

As far as polymorphism is concerned, i.e., different crystal
structures for the same component according to the phase
rule, it ensues that each crystal structure is energetically
stable (even if metastable). The main question to be an-
swered then for industrial and regulatory purposes (2) is that
of the stability hierarchy among a set of polymorphs. This
was the aim of a series of preceding articles on polymor-
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phism (3-6) in which general rules were proposed (3) for the
construction of (p, T') diagrams, and stability hierarchies to
be inferred from the vapor pressure criterion according to
Ostwald (7). These rules were used to clarify the concept of
monotropy (4) and were applied to the trimorphism of
sulfanilamide (5) and piracetam (6). In these two cases, the
stability inequalities between polymorphs were deduced
from the relative location of their sublimation curves in the
(p, T) diagram and were compared with those obtained
from lattice energy calculations.

In the present article, the case of the trimorphism of
ferrocene (bis-(cyclopentadienyl)iron) is presented as an-
other example of construction of a (p, T') diagram resorting
to the topological method to locate triple points already
applied in the aforementioned articles. Such diagrams, ob-
tained by combining thermodynamic and crystallographic
data, allow the stability hierarchy of polymorphs to be
inferred from the relative location of the sublimation curves
according to the rule “the most stable phase has the lowest
vapor pressure.” In so doing, absolute vapor pressure
values, which are rather tricky to obtain experimentally, are
not needed.

The crystal structures of the three solid phases [mon-
oclinic (8,9), triclinic (10), and orthorhombic (11)] known
for ferrocene have been determined. On cooling below
200K, the monoclinic (M) phase usually transforms into
a triclinic (T) phase at 164 K. However, Ogasahara et al. (12)
have discovered that the molar heat capacity of a low-
temperature phase was lower than that measured for the
triclinic phase, thus implying the existence of a third phase
that was found to be orthorhombic (O). It was obtained
either by disintegrating large crystals of monoclinic ferro-
cene, by cooling them below 164 K followed by annealing
for several hours at about 190K, or by means of low-
temperature crystallization experiments (11).

Although the M — T transition turned out to be always
reversible, Ogasahara et al. concluded that the low-temper-
ature O phase was the thermodynamically stable one below
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242 K, since they observed the O — M transition at this
temperature on heating. Consequently, the well-investigated
M — T transition at 164 K was thought to occur between
metastable phases.

As far as ferrocene is concerned, another aim of this work
was to check whether the O phase is the stable one at low
temperature according to Ogasahara et al. (12), and sub-
sequently to conclude either the existence of a high-pressure
stability domain for phase T or its overall metastability.

2. GENERAL RULES FOR THE CONSTRUCTION
OF A (p, T) DIAGRAM

In the case of a trimorphism, 10 triple points are to be
determined. By naming Sy, Sz, S3, [, and v the solid, liquid,
and vapor phases, respectively, these triple points are S;-I-v,
Sz-l-l), S3-l-l), Sl-Sz-U, Sl-S3-U, Sz-S3-U, Sl-Sz-l, Sl-S3-l, Sz-
Ss-I, and S1-S,-S3. They cannot be all stable and hence are
located in the phase diagram according to the following
rules:

(a) The three (S;-I-v) fusion triple points lie on the single I-v
equilibrium curve. By applying Ostwald’s rule, according to
which, at a given temperature, the stable phase exhibits the
lowest vapor pressure, it ensues that the stability degree of
the S;-l-v triple points increases as temperature does.

(b) At each stable triple point, the extensions of the stable
two-phase equilibrium curves are metastable, those of the
metastable curves at each metastable triple point are super-
metastable, and those of the supermetastable curves at each
supermetastable triple point are hypermetastable (3, 13).
This is known as the alternation rule which allows the
determination of the degree of stability of each triple point
with respect to the others.

Since differential scanning calorimetry (DSC) measure-
ments are generally performed on samples in sealed pans or
vessels, melting occurs in the presence of a vapor phase that
fills the dead volume in the sample container. Thus, melting
points correspond to S;-I-v triple points. In turn, the S;-S;-v
triple points, whose corresponding solid transitions are not
experimentally observed, may be localized by building the
phase diagram according to the preceding rules. Further-
more, since melting (S;-/) and solid transition (S;-S;) curves
may be represented by straight lines up to pressures as high
as 200 MPa (3,4, 6,13), the dp/dT slopes of these equilibria
can be calculated from a set of data obtained at room
pressure according to the Clapeyron equation,

dp AH
dT ~ TAV’

which incorporates enthalpy and volume variations at the
transition temperature. This leads to the location of the
solid-solid-liquid (S;-S;-]) triple points and, in the present
case of trimorphism, to that of the S;-S,-S; triple point,
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where all S;-S; lines converge. These triple points may fall at
negative pressure, with no physical significance, as a conse-
quence of the assumed linearity of the S;-S; and S;-I equilib-
rium curves. Indeed, such values are no more than
a convenient tool for the topological location of the triple
points.

3. THE CONSTRUCTION OF THE (p, T) PHASE
DIAGRAM OF FERROCENE

3.1. The Melting Points of the Three Phases

According to the first rule, the melting triple points O-/-v,
T-I-v, and M-I-v have to be situated on the [-v curve. Only
the melting point of phase M has been experimentally
determined (14) (T, =448.7K and AqH =17.78k]-
mol~'). The corresponding temperature can be calculated
from interception of the [-v curve (15), Eq. [1], with the
sublimation curve (M-v) of the M-phase (16), Eq. [2], since
the M and [ phases must have the same vapor pressure at
the M-[-v triple point. By solving the following system,

5602

In(p/MPa) = 8.44 — T []
8819
In(p/MPa) = 15.67 — T [2]

a Ty value of 445.0 K, in very good agreement with the
experimental one, is obtained. It is also worth noting that
the sublimation enthalpy (73.3kJ-mol™!) from Eq. [2]
agrees rather well with the more recently determined value
of 72.5kJ-mol ™! (17).

In order to determine the melting points of the O and
T phases, their sublimation curves have to be calculated
first. Because the sublimation enthalpy of the M phase
(73.3kJ-mol ') as well as the transition heats of O - M
and T — M transitions (4.145 and 0.854 kJ - mol !, respec-
tively) are known (18, 19), the sublimation heats of the
O and T phases can be estimated by applying the first
principle of thermodynamics. The following may be written,

AHO*’U = AHO*’M + AHM*’U == 77.4 kJ'mOI_l [3]

and

AHT"U - AHT"M + AHM"U == 742 kJ 'mol_l, [4]

neglecting the heat capacity differences.
In a Clausius-Clapeyron equation given in the integrated
form,

1 A B
np= =
which is the pertinent relation to represent l-v and S;-v
equilibrium curves, constant B is directly proportional to
the evaporation or to the sublimation enthalpy. Because the
B value for the M-v equilibrium is known, those for the O-v
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and T-v equilibria may be easily determined: B(O-v) = 9312
and B(T-v) = 8927, from

B 774 X B
8819  73.3

respectively.

Constant 4 values are found by equalizing the vapor
pressures of phases O and T to those of the phase M at the
O -» M and T — M transition temperatures, 242 and 164 K,
respectively: A(O-v) = 17.71 and A(T-v) = 16.33, from

9312 8819
(242/K) (242/K)
and
8927 8819
(164/K) (164/K)’
respectively.

In conclusion, the O-v and T-v sublimation equilibria are
represented by Egs. [5] and [6],

9312
8927

respectively.

Consequently, the temperatures of the melting triple
points O-l-v and T-I-v are easily calculated by solving the
following systems:

5602
9312
In(p/MPa) =17.71 — —(T/K) [5]
5602
8927

which give T(O-l-v) =400.2K and T(T-l-v) =4214K,
respectively.

From the first rule for constructing phase diagrams, it
turns out that M-[-v is the stable melting triple point, since it
is situated at the highest temperature, with T-/-v metastable
and O-[-v supermetastable.

3.2. The O-T-v Triple Point

The O-T-v triple point is determined by calculating the
intersection between the sublimation curves of the O and
T phases, i.e., by solving the system of Egs. [5] and [6], from
which T (O-T-v) = 279.0 K.
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FIG. 1. Topological drawing of the two-phase equilibrium curves in-

volving the vapor phase, with indication of the stability hierarchy. Curves:
1=0-v, 2 =T-v, 3 =M-v, 4 =I-v. Triple points: A = M-l-v, B = T-l-v,
C =0O-l-v, D = O-T-v, E = O-M-v, F = M-T-v.

The triple points calculated at this step of construction
are shown in Fig. 1 together with the two-phase equilibrium
curves involving the vapor phase. It is worth noting that
these curves are represented by straight lines according to
Oonk (13), notwithstanding the logarithmic form of the
related Clausius—Clapeyron equations.

3.3. Preliminary Inferences

The M-Il-v, M-O-v, and M-T-v triple points are localized
on the M-v equilibrium line in order of decreasing temper-
ature. Since M-I-v is a stable triple point and the M-O-v
triple point temperature (242 K) is higher than that of the
M-T-v triple point (164 K), it turns out that the M-T-v triple
point is metastable by applying the alternation rule. In fact,
the M-T-v triple point is situated on the metastable exten-
sion of the M-v equilibrium which is stable between the
stable M-l-v and M-O-v triple points. In turn, the O-T-v
triple point (279 K) delimits the metastable extension of the
O-v sublimation equilibrium on increasing the temperature.
Because the O-v equilibrium is stable only for T <242 K
according to the same rule, then triple point O-T-v is ex-
pected to be metastable (Fig. 1). In addition, since the T-v
and O-v equilibrium curves diverge from the O-T-v triple
point on decreasing the temperature, phase T cannot be the
stable phase at low temperature. This corroborates the
conclusions drawn by Ogasahara et al. (12). It is worth
noting that all the triple points determined so far possess
a common feature: their pressures are very low (values are
reported in Table 1).

At this stage, four triple points remain to be located,
namely O-T-M, M-T-I, M-O-I, and O-T-I. They may be
situated either at high pressure or at very low (or even
negative) pressures. As far as phase T is concerned, the goal
is to find out whether it is an overall metastable phase (with
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TABLE 1
Calculated Coordinates of the 10 Triple Points
in the (p, T) Phase Diagram of Ferrocene

Triple point p/MPa T/K
M-l-v 1.6x 102 445.0
T-l-v 78x1073 421.4
O-l-v 39%x1073 400.2
O-T-v 1.6x1077 279.0
O-M-v 1.0x107° 242.0
T-M-v 28x10717 164.0
O-T-I (—398.4) 1924
M-O-I (—433.9) 174.1
M-T-I (—471.7) 150.5
O-T-M (—609.1) 146.6

no stability domain) or a stable one exhibiting a high-
pressure enantiotropic behavior.

It also remains to be determined whether the M phase,
which is the stable one between 242 and 448.7 K, is a mere
low-pressure enantiotropic phase or, conversely, an enantiot-
ropic variety whose stability range is not pressure-limited.

3.4. The O-T-M Triple Point

The position of the O-T-M triple point on the phase
diagram lies at the intersection of the O-M and T-M equi-
librium lines. Hence, in order for it to be determined,
the dp/dT slopes of these equilibria and the corresponding
linear equations have to be calculated. These slopes are
determined by means of the Clapeyron equation, whose
application requires that temperatures and also volume and
enthalpy changes at transitions be determined beforehand.

Volume variations have been estimated from crystallo-
graphic data reported in the literature. Specific volumes of
the M, T, and O phases as linear functions of temperature
have been calculated using data measured by Seiler and
Dunitz (8) (M and T phases), or derived from the data of
Bérar et al. (20) (O phase). The equations are the following:

[v/(cm®- g~ )] (M) = 0.6115 + 1.633 x 10 *[T/K] [7]
[v/(cm®- g~ H)](T) = 0.6193 + 1.108 x 10" *[T/K] [8]
[v/(em®- g~ 1)](0) = 0.6082 + 1.175x 10 *x [T/K]. [9]

The endothermal O — M transition occurs at 242 K with an
enthalpy variation of 4.145kJ-mol~ ' (22.28 J-g~'). The
specific volumes of the O and M phases calculated at 242 K
by means of Eqgs. [9] and [7], respectively, are 0.6366 and
0.6510cm®-g~ ' , and hence:

dp\ 2228
dT Jon  242(0.6510 — 0.6366)

=6.39 MPa-K ™.

J-em 3-K!

[10]

TOSCANI, DE OLIVEIRA, AND CEOLIN

Conversely, the endothermal T — M transition occurs at
a lower temperature, 164 K, with an enthalpy change of
0.854 kJ-mol ™! (4.59J-g™'). The specific volumes of the
T and M phases calculated at 164 K by means of Egs. [8]
and [7], respectively, are 0.6375 and 0.6383 cm®- g~ !, giving

4.59

dp P
2 — J- 3.K1?
(dT>T.M 164(0.6383 — 0.6375)

= 3498 MPa-K 1. [11]

The linear equations for the O-M and T-M equilibria are
then

p/MPa = 6.39[(T/K) — 242.0] [12]

and

p/MPa = 3498 [(T/K) — 164.0], [13]

respectively.

In conclusion, by solving this equation system, the
O-T-M triple point coordinates are found to be p =
— 609.1 MPa and T = 146.6 K.

At this stage, the linear equation for the O-T equilibrium
can be calculated because the corresponding straight line
goes through the previously located O-T-v and O-T-M
triple points, being then

p/MPa = 4.60[(T/K) — 279.0]. [14]

3.5. The (p, T) Phase Diagram Set-up by the Topological
Location of the S;i-S;-l Triple Points

First, the linear equation of the M-I equilibrium, which
exhibits a stable extension at and above ordinary pressure,
has to be determined. In order to calculate its dp/dT slope,
the volume variation upon melting of phase M as a stable
phase at 448.7 K has to be estimated. Data found in the
literature (21) on the density of the liquid phase in the
temperature range between 453.6 and 627.1 K linearly de-
pend on the temperature according to

[p/(g-em™3)] = 1.7674 — 1.2199 x 10 3[T/K].  [15]

The latter leads to the specific volume value v, =
0.8197cm®-g~! extrapolated at T(M), at which
vy = 0.6848 cm®-g~! according to Eq. [7]. Because
Ao H(M) is 17.78kJ -mol ! (95.57]-g~ 1),

d
<p> — 158 MPa-K !
M-

IT [16]

is found by applying the Clapeyron equation. So, the linear
equation of the M-I equilibrium is

p/MPa = 1.58 [(T/K) — 448.7]. [17]
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3.6. The M-T-I Triple Point

The M-T-I triple point is situated at the intersection of the
T-M and M-I equilibrium curves, whose linear equations
are known. By solving the corresponding system,

p/MPa = 3498 [(T/K) — 164.0] [13]

p/MPa = 1.58 [(T/K) — 448.7], [17]
the values arrived at are p= —471.7MPa and
T = 150.5 K.

3.7. The M-O-I Triple Point

The M-O-I triple point is located at the intersection of the
O-M and M-I equilibrium curves. By solving the pertinent
system,

p/MPa = 6.39 [(T/K) — 242.0] [12]

p/MPa = 1.58 [(T/K) — 448.7], [17]

p= —4339MPa and T = 174.1 K are obtained.

At this stage, before constructing the (p, T') diagram, it is
worth emphasizing that the open questions concerning the
enantiotropic behavior of the M phase and the overall
metastability of the T phase can be easily sorted out. Indeed,
as M-T-I and M-O-I triple points are situated at negative
pressure, the M-I and T-I curves, on one hand, and the M-/
and O-I curves, on the other, diverge on increasing the
pressure. Consequently, no intersection of the stable M-I
equilibrium with a metastable extension of either the O-[ or
the T-I curves is expected at high pressure: the M phase
proves to be the stable one for T > 242 K and its stability
range is not pressure-limited. The same applies to the
O phase for T < 242K. On the other hand, as the M-T-v
triple point is located at near-zero pressure and the M-T-]
and O-T-M triple points are located at negative pressure,
the metastable extension of the T-M curve for p > 0 cannot
intersect any stable equilibrium curve (bearing in mind that
no more than three triple points can be located on an
equilibrium curve). So, the T phase proves never to be
a stable phase on the (p, T') phase diagram, meaning that no
stable phase region can be assigned to it.

3.8. The O-T-I Triple Point

The O-T-I triple point is situated at the intersection of the
O-T and T-/ equilibrium lines. It may be determined via the
linear equation of the T-/ equilibrium which passes through
the M-T-I and the T-I-v triple points, leading to

p/MPa = 1.74[(T/K) — 421.4]. [18]

As expected, the slope of the T-I equilibrium is steeper
than that of the M-I equilibrium. By solving the following
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system,
p/MPa = 4.60[(T/K) — 279.0] [14]
p/MPa = 1.74[(T/K) — 421.4], [18]

the values p = — 398.4 MPa and T = 1924 K are found
for the O-T-I triple point.

3.9. Other Inferences

The M-O-I, O-T-1, and O-I-v triple points are located on
the O-[ equilibrium line. By taking into account the coordi-
nates of these triple points, the following linear equation is
obtained for this equilibrium:

p/MPa = 1.92 [(T/K) — 400.2] [19]

As expected, the slope inequalities for the solid-liquid
equilibria are

dp dp dp
<dT>o_l = <dT>T_, = (dT)M_l > 0.

It is worth stating that the high-pressure divergence be-
tween the solid-liquid equilibria, derived from the topologi-
cal location of the S;-S;-I triple points, is also accounted for
by a simple treatment of experimental results concerned
with melting at ordinary pressure of the three solid phases of
ferrocene.

It was shown above that the melting of the M phase is
stable. Conversely, the melting of the T phase, calculated to
occur at 421.4 K, is a metastable fusion. The volume vari-
ation upon melting has been calculated by taking into
account the specific volume of the supercooled metastable
liquid ferrocene given by Eq. [15] (0.7979 cm?®-g~ ') and
that of the solid phase obtained from Eq. [8§]
(0.6660 cm?-g~'). The melting enthalpy may be estimated
by applying the first principle of thermodynamics, that is,

AHT—'l = AHT—}M + AHM—'I = 10016 J'gil, [21]

[20]

neglecting the heat capacity differences.

So, the (dp/dT )y, slope is found to be 1.80 MPa-K 1,
close to that calculated by the method of the topological
location of triple points, steeper than that of the M-/ equilib-
rium, and lower than that of the O-I equilibrium.

In turn, the melting of the O phase, calculated to occur at
400.2 K, is a supermetastable fusion. The specific volumes of
the liquid and solid O phases at equilibrium are
0.7817cm?®-g~' and 0.6552cm®-g~ ', respectively. The
melting enthalpy is estimated as for the T phase,

AHO"Z - AHO"M + AHM"I - 117.85J'g_1, [22]

neglecting the heat capacity differences.
Hence, the (dp/dT),, slope turns out to be
2.33 MPa-K !, Although this value is 21% higher than
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FIG. 2. Topological (p, T') diagram of ferrocene. Two-phase equilib-
rium curves: 1 —>4 (see Fig. 1), 5=M-T, 6 = M-0O, 7=0-T, 8§ =0O-|,
9 = T-I, 10 = M-I Triple points: A - F (see Fig. 1), G = O-T-M, H = M-
T-I, 1 = M-O-, J = O-T-l.

that arrived at by application of the topological rules, the
disclosure of the high-pressure divergence among the
solid-liquid equilibrium lines is confirmed.

The complete (p, T) diagram of the ferrocene trimor-
phism is presented in Fig. 2. In order to give a prominent
representation of the domain delimited by the O-M-uv, the
T-M-v, and the three fusion triple points, the high-pressure

FIG. 3. Topological (p, T) drawing of the stable phase diagram of
ferrocene. Stable equilibrium curves: 1 = O-v, 3 = M-, 4 = l-v, 6 = O-M,
10 = M-I. Stable triple points: A = M-l-v, E = O-M-v.
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and the negative pressure regions of the graph have been
contracted. The latter, which contains the S;-S;-S; and the
three S;-S;- triple points, is of just a topological interest. The
stability domains of the M, O, [, and v phases are delimited
by the stable O-v, M-v, O-M, M-/, and [l-v equilibrium lines,
as shown in Fig. 3. The diagram exhibits two stable triple
points, M-O-v and M-l-v, four metastable triple points,
T-l-v, O-T-v, M-T-v, and M-O-I, and four supermetastable
triple points, O-l-v, M-T-I, O-T-I, and O-T-M. The (p, T)
coordinates of the 10 triple points are gathered in Table 1.
Among the S;-S-I triple points, only M-O-/ is metastable, as
it is the only one to be situated at the intersection of two
low-pressure metastable extensions of stable equilibrium
lines (O-M and M-]); all the others are supermetastable. It
can also be noticed that the vapor pressure of the T and
M phases at the T —» M transition temperature, i.c., the
M-T-v triple point (164 K), is higher than that of the phase
O, since the transition between these metastable phases
occurs in the stability domain of the third phase (O).

4. CONCLUSIONS

Topological rules to locate triple points following a classi-
cal approach based upon Ostwald’s principle of least vapor
pressure have been applied to construct the (p, T') diagram
of the ferrocene trimorphism resorting to thermodynamic
and crystallographic data reported in literature.

The enantiotropic behavior of the O and M crystal var-
ieties has been ascertained. These phases both possess their
own stability range: the O phase is the stable one at low
temperature (T < 242 K) whereas the M phase is the stable
form at high temperature. Furthermore, both stability
ranges are shown to extend toward even higher pressures as
they are not pressure-limited. Conversely, no stable phase
region is expected for the T phase in the phase diagram,
which shows that the M — T transition, at 164 K, occurs in
the region where the O phase is stable. It follows that this
transition is metastable although it is reversible. This means
that Lehmann’s definition (22,23) of monotropy cannot
apply to the behavior of the T phase, which can, however, be
considered as an example of an overall metastable phase.
This outcome fully confirms others from previous experi-
mental works, in particular those by Ogasahara et al. (12)
based on calorimetric measurements. In addition, as far
as trimorphism is concerned, the example of the T phase
shows that overall metastability is a necessary but not
sufficient item for an overall monotropic behavior to be
stated.

In conclusion, such a (p, T') representation may be an-
other example of the heuristic value of the construction
method used here because it allows the behavior and the
stability degree of each phase under high pressure to be
predicted or topologically validated when experimental
data are available.
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