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Abstract

The phase diagram of the pyridine–iron(III) chloride system has been studied for the 223–423 K temperature and
0–56 mass-% concentration ranges using differential thermal analysis (DTA) and solubility techniques. A solid with
the highest pyridine content formed in the system was found to be an already known clathrate compound,
[FePy3Cl3]ÆPy. The clathrate melts incongruently at 346.9 ± 0.3 K with the destruction of the host complex:
[FePy3Cl3]ÆPy(solid) ¼ [FePy2Cl3](solid) + liquor. The thermal dissociation of the clathrate with the release of
pyridine into the gaseous phase (TGA) occurs in a similar way: [FePy3Cl3]ÆPy(solid) ¼ [FePy2Cl3](solid) + 2 Py(gas).
Thermodynamic parameters of the clathrate dissociation have been determined from the dependence of the pyridine
vapour pressure over the clathrate samples versus temperature (tensimetric method). The dependence experiences a
change at 327 K indicating a polymorphous transformation occurring at this temperature. For the
process 1

2[FePy3Cl3]ÆPy(solid) ¼ 1
2[FePy2Cl3](solid) + Py(gas) in the range 292–327 K, DH0

298 ¼ 70.8 ± 0.8 kJ/mol,
DS0

298 ¼ 197 ± 3 J/(mol K), DG0
298 ¼ 12.2 ± 0.1 kJ/mol; in the range 327–368 K, DH0

298 ¼ 44.4 ± 1.3 kJ/mol,
DS0

298 ¼ 116 ± 4 J/(mol K), DG0
298 ¼ 9.9 ± 0.3 kJ/mol.

Introduction

Werner clathrates is an important class of supramolec-
ular materials [1–3]. Most studies accomplished so far
were devoted to Werner clathrates of the general
formula [MA4X2]ÆxG, where M is a metal(II) cation, A
is a neutral ligand such as pyridine, X is a monovalent
anionic group, and G is a guest component. One
example of such inclusion compounds is a series of
[MPy4X2]Æ2Py clathrates [4–6], where four molecules of
pyridine form a part of the host complex while the other
two molecules of pyridine are included in the host lattice
as a guest. The clathrate nature of these compounds was
illustrated by replacing the guest pyridine with other
organic components [7]. Several series of the compounds
were thoroughly studied to elucidate their thermal and
thermodynamic properties, and how these properties
change upon variation of the host components and the
guest [8–10]. Much less is known about clathrates
formed by molecular metal(III) complexes. Our litera-
ture search revealed only few compounds of general
formula [MA3X3]ÆnG (Table 1). With pyridine as A, the

most typical host to guest molar ratio is 1:1 and the
guest component is pyridine. The 1:2 host to guest molar
ratio is observed with smaller guest molecules of
acetonitrile, but the same ratio is observed with bulky
pyridine and toluene in [TaPy3Cl3]ÆPyÆMePh [11]. With
4-methylpyridine as A, four listed compounds fall into
two groups differing in their stoichiometry, with host to
guest molar ratio of 1:1/2 and 1:3/2; the guest component
is 4-methylpyridine. The listed inclusion compounds
were characterized structurally but almost no physico-
chemical studies of this type of clathrates have been
reported. Systematic determinations of the clathrate
formation conditions and real stoichiometry have not
been carried out as well. The lack of this information
made it difficult a substantial comparison of this new
group of inclusion compounds with the well studied
[MA4X2]ÆxG compounds.

The clathrate [FePy3Cl3]ÆPy is a typical representative
of the group of clathrates with the host to guest ratio
1:1. Two polymorphous modifications of this compound
(phase transition temperature 237 K) were found by
Januszczyk et al. [12]. The low-temperature (here and
there the phase I) modification was studied with
single-crystal XRD analysis (190 K, sp. group C2221,
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a=8.861 Å, b=16.712 Å, c=14.280 Å; V=2114.6 Å3),
while for the high-temperature (here and there the phase
II) modification only unit cell parameters were measured
(290 K, a=4.745 Å, b=14.395 Å, c ¼ 7.816 Å, b ¼
93.93�, V ¼ 535.7 Å3) [13]. In this work we elucidate
dissociation behaviour and outline thermal and thermo-
dynamic stability of the clathrate. Phase diagram of the
pyridine–iron(III) chloride system in the clathrate for-
mation region and thermodynamic parameters of the
[FePy3Cl3]ÆPy clathrate dissociation are reported.

Experimental

Preparations

All preparations were done in a dry box desiccated with
P2O5. The [FePy3Cl3]ÆPy was prepared by adding the
anhydrous FeCl3 (1.3 g, 8 mmol) to the excess of
pyridine (10 ml, analytically pure grade, b.p.
388.2–388.7 K (cf. 388.5 K from literature)). The mix-
ture was stirred and heated till a transparent red–brown
solution formed. Red–brown crystals of the clathrate
grew after the solution was left to cool down. The
crystals were unstable in air and, therefore, were kept in
a desiccator under thin layer of pyridine. When neces-
sary, the crystals were dried with a piece of the blotting
paper. Anal. Calcd. for [FePy3Cl3]ÆPy (mass%): Fe,
11.67; Py, 66.11. Found: Fe, 11.44(3); Py, 65.1(7).

Fe(III) was determined by a reverse titration with
0.04 M CuSO4 solution of the excess of 0.02 M EDTA
remaining after binding the Fe(III) cation, using pyro-
catechin violet as an indicator, the maximum error in
iron content being 1.5%. Pyridine was determined
potentiometrically by reverse titration with 0.04 M
KOH solution of the excess of 0.02 M nitric acid
remaining after the neutralization of the pyridine base.
The titration by literature technique revealed that
presence of Fe(III) results into lowering of pyridine
content. To avoid iron influence it was masked by
addition of the theoretical amount of NaF (up to 1:6

Fe(III):F) molar ratio). This technique proved to give
satisfactory results on titration of samples containing
pyridine and FeCl3 in molar ratio 1:3–1:4, the maximum
error in pyridine content being 1.8%. Three or more
determinations were performed in each case.

Phase diagram determination

A variety of samples differing in the pyridine to iron(III)
chloride ratio were sealed in glass ampoules and studied
with DTA technique. Samples with high concentration
of pyridine were prepared by mixing neat pyridine and
the [FePy3Cl3]ÆPy clathrate in various proportions.
Samples with lower pyridine content were produced by
a controlled dissociation of the grinded crystals of the
clathrate in a desiccator with P2O5 (the composition was
calculated from the mass loss and confirmed with the
analysis of the samples for Fe). The ampoules with the
samples were equilibrated at room temperature from
several days to 4 months and then thermal curves were
recorded for each of the ampoules. The temperatures of
the phase transitions and approximate values of the
corresponding thermal effects were determined from
endothermal effects on the DTA thermograms. The
accuracy of the temperature measurements was 0.5 K
and the heating rate was 1.0 degree/min.

The solubility of the clathrate in pyridine (liquidus
curve) was studied in the 293–353 K temperature range.
Under a required temperature, the crystals of
[FePy3Cl3]ÆPy were equilibrated with liquid pyridine.
After the equilibrium between the solid and liquor was
attained, a portion of the liquid phase was taken with a
pre-heated pipette and analysed for the Fe content. It
was determined in trial and error procedure that the
system is in equilibrium if the composition of the liquid
remained unchangeable for 3–4 h. In the 293–313 K
temperature range, the approach to a required temper-
ature was accomplished both from lower and from
higher temperature.

Thermal decomposition processes were studied on a
Q-derivatograph under quasi-equilibrium conditions

Table 1. Known clathrates of [MA3X3] complexes

Clahtrate Sp. group/ syngony Unit cell parameters, A * Reference

[FePy3Cl3]ÆPy C2221 a = 8.861, b = 16.712, c = 14.280; V = 2114.6 A3 [13]

[TiPy3Cl3]ÆPy C2221 a = 17.002, b = 8.910, c = 14.482; V = 2193.9 A3 [14]

[TaPy3Cl3]ÆPy C2221 a = 8.719, b = 17.042, c = 14.474; V = 2168.6 A3 � [11]

[CrPy3(NO2)2(NO)]ÆPy Pnna a = 19.148, b = 10.101, c = 12.345; V = 2387.7 A3 [15]

[AlPy3(N3)3]ÆPy P21cn a = 10.645, b = 11.983, c = 18.688; V = 2383.8 A3 [16]

[TaPy3Cl3]ÆPyÆMePh P21/n, b = 93.96� a = 8.642, b = 18.750, c = 14.916; V = 2406.2 A3 � [11]

[TiPy3Cl3]Æ2MeCN C2/c, b = 116.74� a = 19.598, b = 11.009, c = 11.937; V = 2300.0 A3 [17]

[TcPy3Cl2(NO)]Æ2MeCN C2/c, b = 116.58� a = 19.182, b = 10.873, c = 11.937; V = 2226.4 A3 [18]

[Cr(4-MePy)3Cl3]Æ1/2 4-MePy monoclinic, b = 96.52� a = 8.543, b = 17.431, c = 15.840; V = 2343.5 A3 � [19]

[Mo(4-MePy)3Cl3]Æ1/2 4-MePy P21/n, b = 95.80� a = 8.595, b = 17.472, c = 15.911; V = 2377.2 A3 � [19]

[Mo(4-MePy)3Br3]Æ1/2 4-MePy P21/n, b = 96.26� a = 8.721, b = 17.827, c = 16.172; V = 2499.3 A3 � [20]

[Cr(4-MePy)3Br3]Æ
3/2 4-MePy monoclinic, b = 101.40� a = 8.730, b = 17.590, c = 16.370; V = 2464.2 A3 � [21]

*The mark ‘‘�’’ means that the [MA3X3] host complex exists and its crystal structure is known.
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[22] using different sample holders. The sample mass
was about 100 mg, the rate of the mass loss was
0.16 mg/min.

Strain experiments

The pyridine vapour pressure over the clathrate was
measured by the static tensimetric method using a glass
membrane null-manometer [23–25]. In a dry box, large
red–brown crystals of the [FePy3Cl3]ÆPy clathrate were
crushed and placed into the reaction vessel. The reaction
vessel was evacuated for a shot time and sealed. The
membrane sensitivity was 0.05–0.1 Torr, the thermo-
statting and temperature measurement accuracy was
0.05 K. Two sets of measurements were carried out in
the 292–368 K range. The process of dissociation of the
clathrate was well reversible; the equilibrium vapour
pressure established in several hours or faster. The P(T)
experimental data were approximated by the linear
equation log (P/Torr) ¼ A)B/(T/K), with the coeffi-
cients A and B refined by a least-squares technique.

Results

Thermal dissociation of the compound

The [FePy3Cl3]ÆPy clathrate became unstable at lower
temperatures when pyridine pressure is low (plate
crucible), and stage which correspond to the reaction
(1) can be separated. In the case of closed and conic
crucibles, the pyridine pressure is high and the clathrate
is stable to higher temperatures and then melts with
decomposition.

Thermal decomposition of the [FePy3Cl3]ÆPy clath-
rate in air flow under quasi-isobaric, quasi-isothermal
heating conditions (Figure 1) indicates that a change of
the evolving pyridine does not cause any changes in the
manner of the clathrate decomposition, which follows
the reaction:

½FePy3Cl3� �PyðsolidÞ ¼ ½FePy2Cl3�ðsolidÞ þ2PyðgasÞ ð1Þ

Remarkably, the dissociation of the clathrate phase
is accompanied by the dissociation of the host complex
[FePy3Cl3].

Phase diagram of the FeCl3–Py system

Figure 2 shows the phase diagram of the FeCl3–pyridine
system in the clathrate formation region. The coordi-
nates of the experimental points defining the liquidus
curve are listed in Table 2. The compound with the
highest content of pyridine forming in the system has
four moles of pyridine per one mole of FeCl3; according
to previous studies [13] it has a clathrate structure with
one of pyridines included as the guest: [FePy3Cl3]ÆPy.
The clathrate is stable up to 346.9 K; at further heating
it melts incongruently according to the equation:

½FePy3Cl3� � PyðsolidÞ ¼ ½FePy2Cl3�ðsolidÞ þ liquor ð2Þ

The eutectics

PyðsolidÞ½FePy3Cl3� � PyðsolidÞ ¼ liquor ð3Þ

is degenerated and its temperature (230.5 K) is very
close to the melting point of neat pyridine (231.6 K).
A phase transition observed at 363 K was attributed to

Figure 1. Mass loss curves for [FePy3Cl3]ÆPy recorded under quasi-
equilibrium conditions. Sample mass: 150 mg; q ¼ 0.16 mg/min;
sample holders: 1, plate; 2, closed; 3, conic crucibles.

Figure 2. Phase diagram of the pyridine–FeCl3 system. Designations:
D, analitical data (calcd. for [FePy3Cl3]ÆPy (%): Fe, 11.67; Py, 66.11;
found: Fe, 11.44 ± 0.03; Py, 65.1 ± 0.7 (experimental errors are given
for the probability level of 95 %)); m, DTA data defining the eutectics
Py(solid) + liquor + [FePy3Cl3]ÆPy(solid); n, DTA data defining the
peritectics liquor + [FePy3Cl3]ÆPy(solid) + [FePy2Cl3](solid); ., DTA
effects arising from incongruent melting of [FePy2Cl3]; b, DTA data
defining the liquidus curve; d, data on solubility of the clathrate in
pyridine (define liquidus curve).

233



the incongruent melting of the [FePy2Cl3] complex (the
highest specific thermal effects were observed for the
samples having this composition). Phase transition of
the [FePy3Cl3]ÆPy clathrate compound at 237 K [12] has
not been observed on experimental thermogrames prob-
ably due to low values of corresponding heat effects.

Pyridine vapour pressure over the [FePy3Cl3]ÆPy
compound

The temperature dependence of the pyridine vapour
pressure over the [FePy3Cl3]ÆPy clathrate is shown in
Figure 3. The dependence experiences two bends, at 327
and 346 K. The bend at 327 K indicates polymorphous
transformation of the clathrate, and the bend at 346 K
corresponds well to the incongruent melting point of this
compound. Therefore, there are three segments where the

pressure logarithm is a linear function of reverse temper-
ature. In the studied 292–368 K temperature range the
segments are described by the following equations:

Segment 1 ð292�327 KÞ
logP¼ð13:15�0:14Þ�ð3698�44Þ=Tð10 exp. pointsÞ

ð4Þ
Segment 2 ð327�346 KÞ
logP ¼ð8:94�0:20Þ�ð2320�68Þ=T ð7 exp. pointsÞ

ð5Þ
Segment 3 ð346�368 KÞ
logP ¼ð6:42�0:16Þ�ð1450�59Þ=T ð6 exp. pointsÞ

ð6Þ

The Equations (4–6) define pyridine vapour pressure over
a low-temperature clathrate modification (the phase II) ,
over high-temperature clathrate modification (here and
there the phase III) and over saturated solution of
[FePy2Cl3] in pyridine, respectively. Thermodynamic
parameters calculated from the found P(T) dependence
for the clathrate dissociation process are listed in Table 3.

Discussion

The phase diagram of the studied system (Figure 2)
reveals the temperature-concentration stability region of
the [FePy3Cl3]ÆPy clathrate compound. At the same
time, the [FePy3Cl3] host complex does not appear as a
thermodynamically stable solid in the system. The
removal of the guest pyridine from the clathrate phase
causes dissociation of the host complex to a compound
with lower pyridine content, [FePy2Cl3] (Equation 1). A
similar result (Equation 3) is observed from the TGA
experiments (Figure 2). Therefore, the molecules of mer-
[FePy3Cl3] exist only in the clathrate phase and cannot
create a thermodynamically stable guest-free solid. Thus
we see that, depending on the type of paking in the host-
guest system, the host molecules themselves undergo a
substantial rearrangement, i.e. the non-bonded intermo-
lecular interactions affect the conformation of the host
molecules. Earlier, similar observations were made for
some [MA4X2]ÆxG clathrate compounds and this phe-
nomenon was referred as ‘‘contact stabilization’’ of host
complex molecules in a supramolecular clathrate matrix
[8, 9, 26–28], by analogy with the term ‘‘contact
stabilization isomerism’’ introduced by Zorkii [29] to
describe the coexistence in a homomolecular crystal of
more than one molecular conformation, which also
determined by the packing factor. In other words the
host molecule does not exist at all in the absence of
contacts with the guests molecules, i.e. without their
non-bonded ‘‘support’’. Therefore, the contribution of
non-valent interactions which are responsible for retain-
ing of the guest inside the solid phase is comparable in
this system to a contribution of the chemical coordina-
tion bonds in the host complex.

Figure 3. Temperature dependence of the pyridine vapour pressure
over the [FePy3Cl3]ÆPy clathrate. log P-1000/T coordinates (P/Torr,
T/K).

Table 2. Coordinates of the liquidus curve experimental points in the
title system

T (K) FeCl3, mass-% Method Phases in equilibrium

231.6 0 DTA l + Py (solid)

293.2 1.54 ± 0.02;

1.55 ± 0.07*

Solubility l + [FePy3Cl3]ÆPy

303.2 2.74 ± 0.06;

2.76 ± 0.09*

Solubility l + [FePy3Cl3]ÆPy

313.2 4.76 ± 0.06;

4.97 ± 0.08*

Solubility l + [FePy3Cl3]ÆPy

323.2 6.44 ± 0.09 Solubility l + [FePy3Cl3]ÆPy

338.2 9.80 ± 0.04 Solubility l + [FePy3Cl3]ÆPy

353.2 15.2 ± 0.3 Solubility l + [FePy3Cl3]ÆPy

375.2 18.5 DTA l + X

384.7 24.57 DTA l + X

387.1 30.66 DTA l + X

392.8 40.6 DTA l + X

392.0 51.79 DTA l + X

396.0 55.71 DTA l + X

*In these cases the equilibrium was achieved from the lower and the
higher temperature.
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The thermodynamic parameters for dissociationof the
studied [FePy3Cl3]ÆPy clathrate are comparable to anal-
ogous parameters for previously studied [MPy4X2]ÆxPy
compounds (some are listed in Table 3). It is interesting
that the increasing charge of theMcentral cation does not
make a significant difference in the thermodynamic
stability of the resulting clathrate phases. This conclusion
illustrates further similarity between clathrate com-
pounds of M(II) and M(III) complexes.

From the comparison of thermodynamic parameters
of low-temperature (phase II) and high-temperature
(phase III) polymorphous modifications of the studied
and previously known clathrates (Table 3), it is clearly
seen that the transition into high-temperature modifica-
tions occur at the expense of significant entropy profit
while the resulting change in free energy is not very big.
This implies an additional disorder in the high-temper-
ature modifications of the clathrates. Detailed studies of
polymorphous transitions in [CdPy4(NO3)2]Æ2Py [30]
and [CuPy4(NO3)2]Æ2Py [31] showed that the appearance
of the additional disorder in these clathrates at similar
temperatures occurs due to increasing dynamics of
weakly bonded nitrate groups. In the compound of this
study the disorder may arise from increasing dynamics
of the host molecules. The single-crystal XRD study of
the high-temperature form of the clathrate (phase III)
would be useful to elucidate these changes.

Conclusion

The first physicochemical study of a clathrate compound
with M(III) Werner complex, [FePy3Cl3]ÆPy, was per-
formed. The data obtained make it possible to conclude
that the physicochemical properties of the studied
[FePy3Cl3]ÆPy clathrate reveal similarity with some
well-known Werner clathrates. The contribution of
non-valent interactions to the overall stability of the
clathrate phase is significant and favours the formation
of the host [FePy3Cl3] complex molecules inside the
clathrate matrix. The guest–free form of the host
complex does not exist as a thermodynamically stable
solid in the system studied. Therefore, the clathration
process is a convenient, and may be the only, way to
stabilize the [FePy3Cl3] complex in the solid phase due
to the contact stabilization phenomenon. This study
shows that inclusion phenomena may well be used to

observe and to characterize other M(III) complexes
which are not stable enough to exist in solvent-free
forms.
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