
Introduction

Solid-solid transformations have constituted a highly

active research field all along the 20th Century, in-

volving a wide range of physical phenomena such as

solid state decompositions (including dehydrations

and desolvations), polymorphic transitions [1, 2], me-

chanical activation [3, 4], amorphization and vitrifi-

cation [5], etc. Among these domains, dehydration

studies of crystal hydrates often consisting of inor-

ganic salts (e.g CuSO4·5H2O, NiSO4·7H2O, aluns,

oxalates) led to develop theoretical approaches

mainly derived from kinetic investigations. Although

diffusion-controlled reactions and ‘soft’ decomposi-

tions were envisaged [6–8], the most developed con-

cept used to describe dehydration mechanisms was

nucleation and growth [9, 10]. The relationships be-

tween this model, the factors governing the kinetics of

dehydration, and the associated mechanisms were for

instance discussed by Lyakhov and Boldyrev [11]. In

the 90’s, Galwey et al. have also used kinetic data to

describe dehydration processes of inorganic crystal

hydrates, leading in particular to develop more accu-

rately the concept of progression of a reaction inter-

face [12–14], first described in 1916 by

Langmuir [15].

In the 80’s and 90’s, the interest of scientists

moved toward solid state organic chemistry, includ-

ing the understanding of crystallization, stability,

physical characterization, mechanical activation and

decomposition of organic and molecular crystals

[16–20]. This evolution was facilitated by technologi-

cal and computational progresses, allowing much eas-

ier crystal structure determinations of molecular com-

pounds and of organic solvates [21, 22]. Based on a

combination of structural and thermomicroscopic

data, Byrn proposed in 1982 one of the first rational

approach of dehydration of pharmaceutical com-

pounds [23]. Structural classifications of hydrates/

solvates, together with the analysis of thermal and

physical behaviours [24, 25], were shown to provide

useful tools for the understanding of desolvation pro-

cesses of stoichiometric or non-stoichiometric or-

ganic solvates [26, 27], and dehydration/desolvation

studies of molecular compounds constitute nowadays

an active research area [28, 29].
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A combined analysis of structural data and experimental results (DSC, temperature-resolved XRPD and hot stage optical micros-

copy) revealed that the dehydration mechanism of cortisone acetate monohydrate (CTA·H2O) involves a collective and anisotropic

departure of water molecules followed by a cooperative structural reorganization toward the anhydrous polymorph CTA (form 2).

In spite of the lack of crystal structure data, it can be postulated from experimental data that thermal decomposition of the

dihydrated form (CTA·2H2O) and of the tetrahydrofuran solvate (CTA·THF) toward another polymorph (CTA (form 3)) also pro-

ceeds according to a cooperative mechanism, thus giving rise to probable structural filiations between these crystalline forms of

CTA. The crystal structure determination of two original solvates (CTA·DMF and CTA·DMSO) indicates that these phases are

isomorphous to the previously reported acetone solvate. However, their desolvation behaviour does not involve a cooperative mech-

anism, as could be expected from structural data only. Instead, the decomposition mechanism of CTA·DMF and CTA·DMSO starts

with the formation of a solvent-proof superficial layer, followed by the partial dissolution of the enclosed inner part of crystals.

Hot stage optical microscopy observations and DSC measurements showed that dissolved materials (resulting from a

peritectic decomposition) is suddenly evacuated through macroscopic cracks about 30°C above the ebullition point of each solvent.

From this unusual behaviour, the necessity to investigate rigorously the various aspects (thermodynamics, kinetics, crystal

structures and physical factors) of solvate decompositions is highlighted, including factors related to the particular preparation route

of each sample.
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In 1996, an extended analysis of an experimental

study of solid–solid transformations based on a com-

bination of structural data, molecular modelling, ther-

mal analysis, electron microscopy and physical char-

acterization, allowed some of us to propose a global

model of dehydration mechanisms of molecular com-

pounds [30]. It was assumed in this model that ‘coop-

erative-type’ or ‘nucleation and growth-type’ pro-

cesses could probably be determined by a set of crite-

ria related to crystal lattice features of the initial phase

(hydrate) and to the evolution of the physical state of

the sample in terms of size and long range order in

particles resulting from the departure of water mole-

cules. Our dual approach led to propose the concept

of structural filiation, or transmission of structural in-

formation, as a key issue of dehydration mechanisms.

Further studies carried out in the frame of this as-

sumption revealed that both the research of new poly-

morphic forms [31] and the achievement of solvent

exchanges [32, 33] could be envisaged from the

understanding of desolvation mechanisms at a mole-

cular scale.

However, our investigations also highlighted

some intrinsic limitations of a model mainly derived

from structural data, leading to the necessity to per-

form further experimental studies in order to get a

wider knowledge about desolvation behaviours. The

present paper belongs to this evolution and illustrates

the extension of our previous ideas. It is devoted to

cortisone acetate (CTA hereafter, Fig. 1), a synthetic

glucocorticoid known since the 50’s [34] and used as

a pharmaceutical ingredient for its anti-inflammatory

or immunosuppressant properties. Several crystalline

phases, including three polymorphic forms, a

monohydrate, a dihydrate as well as methanol, etha-

nol, propanol, isopropanol, acetone, methylethyl-

ketone, dioxane, tetrahydrofuran and diethylether

solvates of CTA were identified and characterized by

X-ray powder diffraction (XRPD), differential scan-

ning calorimetry (DSC), infrared spectroscopy (IR) or

thermomicroscopy [35–39]. Crystal structures of two

polymorphs (forms 1 and 2, both orthorhombic

P212121), of the monohydrate (orthorhombic P212121,

isomorphous to the methanol solvate) and of the ace-

tone solvate (monoclinic P21, isomorphous to the eth-

anol solvate) were published [40–43]. In 1972, it was

assumed that the kinetics of thermal dehydration of

the so-called ‘unstable monohydrate’ involved a suc-

cession of two polymorphic transformations after the

departure of water molecules [44], whereas the

desolvation mechanism of light alcohol solvates was

described as a 2-dimensional growth of nuclei, ac-

cording to a more recent kinetic study using the

Avrami–Erofeev equation [39]. Surprisingly, these

authors also showed that powders recovered by

desolvation exhibited large specific surface areas and

pore volumes, which could be an indicator of a coop-

erative and non fully destructive mechanism, rather

than of a nucleation and growth process.

In this context, and owing to the propensity of

CTA to form solvates and polymorphs, our aim was to

investigate the desolvation behaviour of CTA

solvates by means of a combination of relevant tech-

niques in order to propose a satisfactory interpretation

of experimental observations, and to correlate this

knowledge, when possible, with structural data. Due

to the large number of identified CTA solvates, only

pertinent or representative cases are reported here.

Experimental

Materials

Cortisone acetate (CTA) was kindly supplied in its

monohydrated form by Sanofi-Aventis. Single crys-

tals of this hydrate (CTA·H2O) were obtained by slow

evaporation at room temperature of a saturated solu-

tion in a methanol/water mixture (70:30 v/v), and no

mixed solvate (CTA·MeOHx·H2O1–x) was obtained in

these conditions. The dihydrated form (CTA·2H2O)

was produced by precipitation resulting from the

rapid addition of water to a methanolic solution of

CTA under stirring (final ratio MeOH/H2O 1:4), but

could also be obtained by grinding in an aqueous sus-

pension. The tetrahydrofuran solvate (CTA·THF) re-

sulted from THF evaporation of a saturated solution.

Crystals of dimethylformamide and dimethyl-

sulfoxide solvates (CTA·DMF and CTA·DMSO, re-

spectively) were obtained by cooling to room temper-

ature saturated solutions prepared with the corres-

ponding solvents.

Characterization techniques

Crystalline phases were identified by means of X-ray

powder diffraction (XRPD), with a Siemens D5005

diffractometer equipped with a copper source. All

XRPD measurements were carried out in ambient at-
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mosphere. For temperature-resolved XRPD, the heat-

ing rate was 2 K min–1, and the recording time was

about 40 min in isothermal conditions.

DSC experiments were performed using a

Setaram DSC 141 apparatus. Smoothly ground sam-

ples (from 15 to 20 mg) were introduced in non cov-

ered aluminium crucibles and heated in ambient at-

mosphere at a 2 K min–1 heating rate. Samples were

weighed after each DSC analysis.

Thermally-induced physical transformations of

single crystals were also investigated in ambient atmos-

phere by using a hot stage optical microscope equipped

with a digital camera, in a magnification range varying

from 20 to 100, at a 2 K min–1 heating rate.

The CTA/solvent stoichiometries of solid sam-

ples were determined from 1H-NMR analyses per-

formed in DMSO-d6 with a Bruker Avance 300

(300 MHz) spectrometer.

Structural investigations

Crystal structures of CTA·DMF and CTA·DMSO

were determined at 293 K by X-ray diffraction mea-

surements using a Smart Apex system (Bruker)

equipped with a CCD detector and a MoK� source

(�=0.71073 �). A structure solution was obtained

with direct methods and atomic coordinates were re-

fined with the SHELX-5.10 program [45].

Results and discussion

Dehydration behaviour of cortisone acetate
monohydrate

Characterization and dehydration of CTA monohydrate

The DSC analysis of CTA·H2O shown in Fig. 2 indi-

cates that dehydration starts at ca. 60°C and is com-

pleted at 90°C. It can be deduced from this rather low

dehydration temperature that water molecules are

probably not strongly involved in the crystal cohe-

sion, nor encaged in cavities of the crystal lattice. The

shoulder observed between 60 and 70°C could be due

to the sample preparation inducing a heterogeneous

crystal size distribution and crystallinity, or to an

intermediate phase produced by the dehydration pro-

cess. However, a temperature-resolved XRPD analy-

sis performed between 30 and 120°C (Fig. 3) did not

allow to identify any intermediate crystalline com-

pounds, since the only new phase detected from 55°C

upwards is the anhydrous CTA (form 2). The temper-

ature gap (ca. 5–10°C) between DSC and XRPD anal-

yses results from the supplementary isothermal step

(about 40 min) required for pattern recording during

temperature-resolved XRPD experiments. The simul-

taneous existence of CTA·H2O and CTA (form 2) be-

tween 55 and 80°C reveals that dehydration proceeds

probably by means of a progressive and smooth

mechanism, without disruption of the initial crystal

lattice. This statement was reinforced by hot stage mi-

croscopy (HSM) observations (Fig. 4) showing that

the crystal shape and integrity is preserved along the

thermal treatment. The only detectable effect of dehy-

dration is the appearance and the development of dark

zones often located on macroscopic defects of the ini-

tial particles, and inducing, after complete dehydra-

tion, a significant loss of transparency.

Structural approach and mechanism of CTA·H2O
dehydration

From the above results, it can be stated that ther-

mally-induced dehydration of CTA·H2O occurs at

moderate temperature, without entire disruption of
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evolution of a single crystal during the dehydration of
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the crystal lattice or existence of a long lasting inter-

mediate amorphous state, and proceeds rather homo-

geneously in the sample, probably starting in the vi-

cinity of defects since macroscopic consequences of

dehydration were observed by the appearance of de-

fective zones in single crystals. These data suggest a

non destructive, cooperative dehydration mechanism,

probably involving, after the departure of water mole-

cules, a structural reorganization through cooperative

molecular movements of limited magnitude.

This hypothetical mechanism is confirmed by the

comparison of structural features in the crystal packings

of CTA·H2O [43] and CTA (form 2) [40]. Despite

slightly different molecular orientations, the similarity

between the two packings consisting of high density

(002) slices appears in Fig. 5, as well as the different

packing existing in CTA (form 1) [41]. It can also be

seen from this figure that the reorganization step should

involve a glide of (002) slices along the b direction, with

a magnitude close to b/2, probably concomitant with

molecular rotations of about 15° (Fig. 6).

This preliminary global comparison of structural

features provides a starting point from which a more

detailed structural analysis of the dehydration mecha-

nism of CTA·H2O can be envisaged, dealing in partic-

ular with hydrogen bonding patterns and with the de-

scription of the easiest (and therefore most probable)

pathway for the release of water molecules. In the

structure of CTA·H2O, water molecules are located

between (002) slices, and, owing to the size of struc-

tural channels along the a and b crystallographic axes,

are more likely to be progressively evacuated along

the a direction. This statement was readily deduced

from a comparison of space-filling representations

performed with the Cerius2 molecular modelling soft-

ware (data not shown). Concerning H-bonding pat-

terns, each water molecule in the hydrated packing

participates to three hydrogen bonds with three differ-

ent CTA molecules located in neighbouring (002)

slices, a strong H-bond involving the OH(17) group

(d(O17–OH O2
)=2.74�) and two weaker H-bonds in

which the water molecule acts as a donor group:

d(O3–OH O2
)=2.87� and d(O20–OH O2

)=2.96� (Fig. 6,

left) [43]. The departure of water molecules obvi-

ously implies the disruption of these H-bonds, and the

OH(17) group remains as the only H-bond donor. In

the crystal structure of CTA (form 2), the

intermolecular H-bond involves the O(17) and O(22)

oxygen atoms, corresponding to [010] molecular rib-

bons (Fig. 6, right) [40], and it is of interest to notice

that, in ‘dehydrated CTA·H2O’ (i.e. just after the de-

parture of water molecules), the distance between

these atoms corresponds to the shortest distance be-

tween the donor group OH(17) and an oxygen atom

(Fig. 6, middle). It can be deduced from these struc-

tural data that the reorganization step, after the evacu-

ation of water from the crystal lattice, involves a sta-

bilization of the resulting packing through coopera-

tive movements allowing the formation of a new

intermolecular H-bond along [010]. Together with the

above mentioned results, this analysis (performed on

‘ideal’ crystals deprived of any defect) provides a

supplementary argument in favour of a cooperative

dehydration mechanism of CTA·H2O, inducing the

probable existence of a structural filiation between

CTA·H2O and CTA (form 2). Although the reversibil-

ity of this dehydration was not investigated experi-

mentally, the above statements suggest that rehyd-

ration should also occur in a cooperative way.

Behaviour of cortisone acetate dihydrate and of the
THF solvate

Distinct hydrated phases of CTA, presenting specific

IR spectra and DSC curves, were previously men-

tioned in the literature [36]. The importance of sol-

vent composition, especially its water content, was

emphasized for the preparation of different solvated

or hydrated phases, but their stoichiometries were not

always clearly established.
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Fig. 5 Projections along the shortest axes for CTA·H2O (up-

per), CTA (form 2) (lower-left) and CTA (form 1)

(lower-right) crystal structures

Fig. 6. Representation of hydrogen bonds in the structures of

CTA·H2O (left) and CTA (form 2) (right). A hypotheti-

cal intermediate situation (dehydrated CTA·H2O) is

also represented (middle)



The crystalline form produced by precipitation

in a methanol/water mixture was shown to present an

original XRPD pattern, compared to that of CTA·H2O

(Fig. 7), and its dehydration, characterized by DSC,

was shown to occur in the temperature range 35–40°C

(Fig. 8), i.e. at a much lower temperature than for the

monohydrate. Furthermore, the mass loss associated

to dehydration was about 8.3%, establishing that this

form is a dihydrate (calc. 8.21%).

Attempts to prepare single crystals of CTA·2H2O

were unsuccessful, so the study of its dehydration

behaviour could only be performed by tempera-

ture-resolved XRPD. These data, shown in Fig. 9,

revealed that, interestingly, dehydration results in the

formation of CTA (form 3), and this anhydrous poly-

morph is the only detected phase between 35 and 80°C.

A similar behaviour was observed for the tetra-

hydrofuran solvate of CTA (CTA·THF, see XRPD

pattern in Fig. 7), but its thermal desolvation proceeds

in a much widespread temperature range, since the

first diffraction peaks of CTA (form 3) appear at

about 40°C, whereas CTA·THF is no longer detected

at 80°C (data not shown). This is consistent with the

DSC curve obtained with this solvate, exhibiting a

widespread endothermic phenomenon between ca. 50

and 100°C, with a maximum close to 75°C

(Fig. 8, middle). The (1:1) stoichiometry of this

solvate was assessed by both 1H-NMR spectroscopy

and gravimetric measurements (exp. mass loss:

ca. 15; calc. 15.2%).

The similarity between the desolvation behav-

iours of CTA·2H2O and CTA·THF suggests that

structural resemblances might exist between these

two solvates, and also probably with CTA (form 3).

Although it cannot be stated from XRPD pat-

terns that these forms are isomorphous, the hypothesis

of structural similarities was reinforced by equilibra-

tion studies under various residual humidities (RH) at

room temperature. It was observed that CTA (form 3)

produced either by dehydration of CTA·2H2O or

desolvation of CTA·THF is fully rehydrated into

CTA·2H2O after seven days under 100% RH at room

temperature. It also appeared that crystals of

CTA·THF maintained for several days under atmo-

spheric humidity at 20°C undergo a spontaneous

transformation toward CTA·2H2O, as confirmed by

XRPD and gravimetric analysis (mass loss: 13.4% af-

ter two days). The assumed stoichiometry for this

mixed solvate is therefore CTA·(H2O)2–2x·(THF)x

(0�x�1), but it cannot be established, owing to its

DSC behaviour (Fig. 8, lower), that this phase consti-

tutes a homogeneous solid solution since two distinct

thermal events can be contemplated, namely a dehy-

dration at ca. 37°C and a desolvation starting at about

80°C. Compared to the ‘pure’ THF solvate (Fig. 8,

middle), the reason for the well-defined shape of the

desolvation phenomenon of CTA·THF after equili-

bration is likely to be due to the different vapour pres-

sures of the two solvents in this temperature range.

Despite the absence of structural data, the revers-

ibility of CTA·2H2O dehydration and CTA·THF

desolvation is a strong indicator that structural

filiations may exist between these solvates and CTA

(form 3), and suggests, despite significant differences

in their XRPD patterns, that this non solvated form

could be close to an isomorphic desolvate [27]. In-

deed, dehydration or desolvation toward the higher

melting point CTA (form 1) [35] was never observed,

and rehydration under ambient or 100% RH did not

induce the formation of the ‘more stable’ mono-

hydrated form of CTA.

Hence, this study illustrates that, despite the ab-

sence of structural data, some assumptions about the

desolvation mechanism of molecular compounds can

be deduced from a careful experimental investigation

of solid–solid transformations between well-identi-

fied forms. Such analysis must take into account the

reversibility of transformations and the spontaneous

evolution of crystalline phases under controlled atmo-

sphere, possibly leading to mixed or non stoichio-

metric solvates [46].
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Desolvation behaviour of DMF and DMSO solvates
of cortisone acetate

Structural features of CTA·DMF and CTA·DMSO

Despite a similar skeleton, steroids can present very

different solubility values in non volatile solvents

such as dimethylformamide (DMF) and

dimethylsulfoxide (DMSO). For instance, the solubil-

ity of dexamethasone acetate at room temperature in

these solvents ranges from 30 to 35% mass/mass%

[33], whereas CTA presents very low solubilities at

20°C, 0.60 and 0.21% mass/mass% in DMF and

DMSO, respectively.

In order to determine crystal structures, single

crystals obtained by cooling hot saturated solutions

were analysed by X-ray diffraction, from which the

(1:1) stoichiometry of the two solvates could be deter-

mined. The crystallographic parameters and the main

parameters of structural determinations performed at

room temperature are presented in Table 1. Complete

structural data were deposited at the Cambridge Crys-

tallographic Data Center and registered under deposi-

tion numbers CCDC-623916 (CTA·DMF) and

CCDC-623917 (CTA·DMSO). The relatively high R

value obtained for CTA·DMSO is due to a partial dis-

order of solvent molecules in the crystal lattice, and

idealized mean atomic coordinates have been retained

for projection purposes.

The comparison of unit cell dimensions from

Table 1 suggests that the two structures are iso-

morphous with the CTA·Acetone solvate. It can be

seen from Fig. 10 that molecular conformations are

almost identical, and that crystal packings are com-

posed of high-density (001) molecular slices.

Molecules are related to each other by means of a

helicoidal arrangement, but do not form direct inter-
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Table 1. Measurement conditions, refinement factors and crystallographic parameters for crystal structure determinations of
CTA·DMF and CTA·DMSO. Crystallographic parameters of the acetone solvate of CTA are given for comparative
purpose

CTA·DMF CTA·DMSO CTA·acetone [42]

Formula C23H30O6·C3H7ON C23H30O6·C2H6OS C23H30O6·C3H6O

Molecular mass/g mol–1 475.57 480.60 460.57

Space group P21 P21 P21

Z 2 2 2

a/� 9.7935(6) 9.7416(8) 9.820(2)

b/� 7.5127(4) 7.6975(6) 7.661(5)

c/� 16.595(1) 16.533(1) 16.648(1)

�/° 97.83(1) 94.75(1) 94.65(1)

V/�3 1209.6(1) 1235.4(2) 1248.3(9)

�/mm–1 0.094 0.173 0.08

Scan type 2� 2� �/2�

Dx/g cm–3 1.306 1.292 1.225

Wavelength/� 0.71073 0.71073 0.71069

F(000) 512 516 496

� limits/° 1.24–28.30 1.24–26.40 0–27

h, k, l range –13/12 ; –9/9 ; 0/22 –12/12 ; –9/9 ; –20/20 –12/12 ; –9/9 ; –21/21

Nb of independent reflexions 5572 5028 2918

Nb of observed reflexions 5200 (F >2 (F )0

2

0

2	 ) 2821 (F >2 (F )0

2

0

2	 ) 1587 (F >2 (F )0

2

0

2	 )

Goodness of fit 1.039 0.881 –

R/wR2/% 5.50/13.98 7.22/20.31 6.3/5.7


�min, 
�max/e �
–3 –0.32, 0.38 –0.32, 0.67 –0.2, 0.2

Table 2 Geometric characteristics of CTA-solvent hydrogen bonds in the isomorphous structures of DMF, DMSO and acetone
solvates

CTA·DMF CTA·DMSO CTA·acetone [42]

d(O17···O)/� 2.72 2.63 2.80

d(OH17···O)/� 1.86 1.67 1.85

(O17–H17···O)/° 179.3 179.0 179.4



molecular H-bonds. The only donor group OH(17) of

the CTA molecule is involved in a H-bond with

solvent molecules whose geometric parameters are

given in Table 2. Further details about conformational

and packing features have been depicted by van

Geerestein and Kanters [42].

Thermal behaviour of CTA·DMF and CTA·DMSO

Owing to the existence of large structural channels

running along the b axis in which solvent molecules

are inserted, it could be postulated from crystal struc-

ture data only that desolvation should easily proceed

according to a cooperative mechanism. In the case of

the acetone solvate, this hypothesis could account for

the poor stability of single crystals, inducing a signifi-

cant decrease of diffracted intensities under exposure

to X-rays [42]. For DMF and DMSO solvates, such

decreases were not observed, probably because of the

poor volatility of these solvents at room temperature.

Large and well-defined single crystals of

CTA·DMF and CTA·DMSO were selected in order to

investigate the thermal and desolvation behaviour of

these phases by hot-stage optical microscopy. In con-

tradiction with the assumed cooperative mechanism,

it was observed upon heating to ca. 140°C that the

progressive loss of crystal transparency (Fig. 11) was

not due to desolvation but rather to a partial transfor-

mation of the material occurring only at the surface of

the initial particle, and leading to the formation of a

solvent-proof layer without destruction or detectable

change of the crystal shape.

Between 140 and 210°C, the particle slowly re-

covered a partial transparency, allowing to visualize

the existence of droplets probably made of saturated

solution (Fig. 11, lower-right). At temperatures about

30°C above the ebullition point of the solvents

(180°C for CTA·DMF and 225°C for CTA·DMSO),

the amount of dissolved material and the associated

increase of internal pressure in the particle led to ob-

serve the sudden evacuation of the solution through

macroscopic cracks, colloquially labelled ‘pop corn

effect’ in our laboratory (data not shown).

In order to get further information about the

thermal behaviour of CTA·DMF and CTA·DMSO

solvates, DSC analyses were performed in the same

temperature range, leading to hardly interpretable

curves such as that shown in Fig. 12. The succession

of thermal events may be a combined consequence of

a heterogeneity of crystal size distribution and of the

above mentioned phenomena. The only unambiguous

part of the DSC curve is the sudden and sharp peak

observed at the end of the process (228°C for

CTA�DMSO), most likely caused by the ‘pop corn’

effect corresponding to the escape of a saturated

solution through cracks appearing at the surface of

particles. As a putative interpretation of this curve,

and in relation with optical microscopy data, one may

assume that thermal events between ca. 30 and 115°C

could correspond to the formation of the solvent-

proof layer, whereas the large phenomenon detected

from 125 to 200°C could be due to the progressive

dissolution of the inner part of the particle.

Hence, it can be deduced from these observations

that, by contrast with the spontaneous desolvation

reported for the isomorphous CTA·acetone solvate

[42], desolvation of CTA·DMF and CTA·DMSO

involve successive physical phenomena that cannot be

accounted from structural data only. In particular, the
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formation of a solvent-proof layer at the surface of the

particles may be mainly a consequence of the low

volatility of the solvents, although such phenomenon

was envisaged by Galwey in the case of inorganic

hydrates [14]. Regarding the partial dissolution of

materials enclosed inside the particles, it can be

assumed that it is made possible by the diffusion of

solvent molecules encaged in the sample, caused by

the increase of thermal motions upon heating. This

hypothesis is reinforced, on the one hand, by the low

solubility of CTA in these solvents at room tempera-

ture (although solubilities at higher temperatures have

not been determined), and on the other hand, by the

relatively large anisotropic displacement parameters

for solvent molecules (in particular for DMSO) in the

crystal structures determined at 20°C. It should also be

mentioned that a related behaviour during thermal

desolvation has been reported by Petropavlov for the

DMSO solvate of another steroid, cortexolone [47]. In

this case, however, polarization microscopy

observations revealed the formation of DMSO drops at

the surface of the initial particle, from which a non

solvated crystalline form of cortexolone could nucleate

and grow, depending on kinetic conditions.

More generally, this type of phenomena relies to

the incongruent melting of solvates [48], obviously

more often encountered in the case of poorly volatile

solvents such as DMF or DMSO, but also NMP

(N-methylpyrrolidinone) [31]. In the case of the CTA

solvates studied here, another major parameter is the

size of the analysed crystals, since partial dissolution

of enclosed material can only be observed if particles

are large enough. As illustrated in Fig. 13, the evolu-

tion of samples composed of too small particles may

be limited to a solid–solid transformation (direct

desolvation, possibly by a nucleation and growth

mechanism), which may give rise to difficulties in at-

tempts to propose a consistent interpretation of data

collected by means of different techniques. In consis-

tency with results presented here, the influence of par-

ticle size on solid-solid reactions of inorganic com-

pounds and their kinetics has been illustrated and ana-

lysed by Feitknecht [49], showing that the magnitude

of this effect is also determined by desolvation or

decomposition mechanisms [50].

Conclusions

In combination with thermal analysis, optical micros-

copy and complementary characterization techniques,

structural data are powerful tools for the elucidation

of dehydration or desolvation mechanisms of molecu-

lar crystals. However, the results presented here show

that predictions based on crystal structures only are

clearly insufficient since many physical parameters

can modify or at least significantly alter the decompo-

sition mechanism of solvates as well as their kinetics.

In the case of cortisone acetate, it appeared that fac-

tors such as the nature of the solvent and its volatility,

the relative stability of the solvate vs. residual humid-

ity, the crystal size distribution and the physical heter-

ogeneity of the sample, including crystal defects,

could have major consequences on the thermal behav-

iour of various solvates.

As a consequence, it can be suggested that three

distinct groups of factors should be considered for a

satisfactory approach of desolvation phenomena. The

first one involves thermodynamic aspects, and is cor-

related, in particular, to the relative stability of solid

phases as a function of temperature, relative humidity

and composition of the system. The second group in-

cludes structural aspects and crystal lattice features,

whereas the third one (last but not least) deals with

numerous physical factors often determined by the

preparation route of each sample (size, shape, de-

fects, etc.) that can affect the desolvation behaviour.

Since parameters of this third group were often ig-

nored in previous investigations, further studies aim-

ing at analysing the specific consequences of physical

factors on the desolvation of molecular crystals

should be performed and incorporated in inter-

pretation efforts.
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