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Abstract

Different physical and mathematical models of non-stoichiometric hydrates derived form previous work in inorganic hydrates
are reviewed. A theoretical link between the order of water molecules in the hydrate and the shape of the isotherm is outlined. The
comparison of the models with sorption isotherms and structural data of well-known cases from the literature and one in-house
case shows that the model can fit many experimental situations and is in good agreement with qualitative assessments of the

order in the hydrates.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Hydrate forms of drug substances are very common,
and therefore they have been widely studied in the phar- e
maceutical literature (e.¢dorris, 1999. Hydrates are
characterized by various methods, e.g. powder X-ray
diffraction to determine the structure, DSC to deter-
mine bonding energy and sorption isotherm to measure
hydration.

It is well-known that at least two kinds of hydrates
can exist {ippagunta et al., 2001

e Stoichiometric hydrates are those with well-defined
water content and a different crystal structure than
the anhydrous drug or other hydrates. Their sorption

* Tel.: +33 1 557 18619; fax: +33 1 557 18432.

isotherms are step-shaped isotherms with the pres-
sure of the hydration/dehydration transition being a
function of temperature.

Non-stoichiometric hydrates are those with contin-
uously variable composition within a certain range,
without any significant corresponding change in the
crystal structure, except usually some anisotropic
expansion of the crystalline network to accom-
modate the additional water molecules. How-
ever, it is also common that a non-stoichiometric
hydrate loses crystallinity when the very last water
molecules desorbMimura et al., 2002 Their
sorption isotherms can have various shapes, cor-
responding to types I, Il, Ill or V sorption iso-
therms.

Fig. 1(a—c) shows the schematic shape of possible

E-mail addressjean-rene.authelin@sanofi-aventis.com. isothermsP is the water partial pressure, ands the
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Fig. 1. Schematic shape of the sorption isotherm in a case of a sto-
ichiometric hydrate (a) or a non-stoichiometric hydrate (b) and (c),
wheree water uptake an@ partial pressure of water vapor.
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amount of water sorbed in mole of water per mole of
anhydrous drug substance.

Pharmaceutical hydrates have been alternatively
classified from a structural point of viewlprris, 1999
or Vippagunta et al., 20Qlinto three categories:

Class | are the isolated site hydrates, where water
molecules are located at well-defined and isolated
crystallographic sites.

Class Il are channel hydrates or planar hydrates
where water molecules are included in the crystal
next to each other, forming either channels or planar
networks.

Class Il are ion coordinated hydrates.

Class I hydrates are often stoichiometric, class Il are
generally non-stoichiometric. For class lll, the situa-
tion is unclear, as ion associated hydrates can be either
stoichiometric or non-stoichiometric. In case of cro-
molyn disodium Chen et al., 1999; Stephenson and
Diseroad, 200)) it was shown that in fact part of the
water is well located on crystallographic sites, whereas
some is disordered in channels: this hydrate is strongly
non-stoichiometric. However, in the case of Fenopro-
fene sodium $tephenson and Diseroad, 2p0@ater
is located in well-defined crystallographic sites: this
hydrate is strictly stoichiometric.

The thermodynamic modeling of sorption isotherms
has not been studied very often despite the fact
that many experimental sorption isotherms have been
reported in the literature. The main contribution on this
topic was given by Zografi and co-worketdgncock
and Zografi, 1993; Shambling et al., 1998; Zhang and
Zografi, 200), in particular for hydration of amor-
phous macromolecular substances like cellulose and
starch, peptides and proteins, or polyvinylpyrolidone-
sugar mixtures. They have shown that Vrantas’ theory
of adsorption, derived from the original Flory—Huggins
model of polymer solutions, provides satisfactory mod-
els of isotherms.

Sacchetti (1998)also studied the water sorp-
tion isotherm of microcrystalline cellulose and on
polyvynilpyrolidone from a thermodynamic point of
view, and derived the activity coefficients and the
excess free enthalpy of the system.

Surprisingly, a literature search did not reveal
any example of a sorption isotherm model for non-
macromolecular pharmaceutical substances.
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The aim of this paper is to show that using thermo- freedom or variance:

dynamic concepts and models it is possible:
F=C+N-9¢ 1)

e to correlate stoichiometric and non-stoichiometric
behavior with variance of the system according to
the Gibbs’ rules of phase;

e to correlate sorption isotherm shape of non-
stoichiometric hydrates with a degree of order in the
crystal.

F is the degrees of freedom, i.e. the number of inde-
pendent (so called intensive) variables that must be
arbitrarily fixed to establish the state of the syst&in;
the number of independent components, i.e. the num-
ber of components minus the number of stoichiometric
relationshipsg the number of phases ahds the num-

The thermodynamic approach to be presented ber of hon-compositional variables; in this cale; 2
was originally developed for inorganic hydrates by (Pressure and_temperature). _
Soustelle et al. (19713nd Soustelle (1994)Mineral The formation of a hydrate can be described as a
hydrates differ from organic hydrates by the nature guasi-reaction:
and intensity of water/substrate interaction, as water Anhydrous (or low level hydrate} Water (vapor)
is mainly linked by chemisorption in mineral hydrates )
instead of by H-bond as in organic hydrates. However, — Hydrate (orhighlevelhydrate)
we will show that t_hese thermodynamm_models are still In such a system, we have three components (com-
relevant for organic hydrates, and we will use the theory pound, water and resulting hydrate), and one reaction,

without modification. ~ thereforeC=3—1=2;¢=1 (gas phase) + number of
It should be mentioned that surface adsorption is gg)ig phase =1 +¢s, wheregs is the number of the
not taken into account in this discussion. It can, how- ¢g)ig phases in the system.

ever, have a contribution in the experimental sorption Finally:
isotherm curves. It is, therefore, a limitation of our
approach. F=4—¢=3—¢s (2)

Let us come back to phenomenology:

2. Material and methods (a) For a stoichiometric hydrate having a single step
isothermF =1, since for a given temperature there
2.1. Preparation of RPR102341 is only one equilibrium pressure.
(b) Foranon-stoichiometric hydrate having a continu-
RPR102341 was prepared by crystallization of the ous isothermk== 2, as there is a continuous change
crude product in ethanol-water mixtures. of solid phase composition with partial pressure
vapor.
2.2. Water sorption/desorption studies We can deduce from Eq2) the number of solid

phases in each cas&ple J.
Sorption/desorption studies were carried out in a It turns out from Table 1 that stoichiomet-

VTI MB-300G microbalance equipped with a Cahn ric or monovariant hydrates are necessarily poly-

Balance. Resolution of the balance ig.d. Experi- morphic (also mentioned bByrn et al., 1999
ments were carried out with about 20mg drug sub- whereas non-stoichiometric hydrates are necessarily
stance. Equilibrium criterion waAm<5pug for 1 h. non-polymorphic.
3. Gibbs’ phase rule 4. Thermodynamic model of stoichiometric

hydrates

For a system in equilibrium, the phase rule relates
the number of components (substances), variables Let us consider the equilibrium between two sto-
(temperature, pressure) and phases to the degree ofchiometric hydrates witm and f1+p) molecules of
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Table 1
Implication of Gibbs’ phase rule on the number of solid phases

J.-R. Authelin / International Journal of Pharmaceutics 303 (2005) 37-53

Case Degree of freedom

Solid phase number

Stoichiometric hydrates

Non-stoichiometric hydrates

F =1 mono-variant hydrate

F =2 di-variant hydrate

¢s=2; (1) anhydrous (or low level hydrate);
(2) hydrate (or high level hydrate)
ps=1

water per molecule of substrate= 0 in the particular
case of anhydrous).

S, (n+ p)H20 & S, (n)H20+ pHL0 ()

This model has also been developed elsewhere

(Chen and Grant, 1998
The application of mass action law gives:

Pl x a(SnH20) _ (o
a(S, (n + p)H20)

a(SnH20) anda(S,(n+p)H20) are the activities of
the two solid phase$) is the water partial pressure
at equilibrium andAG is the Gibbs free enthalpy of
hydration per mole of water. Index | relates to equilib-
rium (1).

Since, by convention, activities of pure solid phases
are equal to 1, the equilibriuighll) can be simplified:

(4)
®)

in a sufficiently small temperature range (exh0°C)
where the enthalpy and entropy of hydration, respec-
tively, AH andAS, can be considered as constant and
can easily be deduced from Van't Hoff’s plot (Ry)
versus 1T).

®3)

Pw(eq)= e(—AG|/RT) ~ KIO x e(—AH|/RT)

KO = e=ASI/R)

5. Thermodynamic model for
non-stoichiometric hydrates

Below we discuss various physical models of non-
stoichiometric hydrates developed Bpustelle et al.
(1971)

We explore the system with the following charac-
teristics:

e Hydration is of ann-hydrate to anr{+ p)-hydrate.
The anhydrous is a particular case, with 0.

e The solid phase is considered as a solid solution
in equilibrium with the vapor phase. The differ-

ence between the models will be the quasi-chemical
species we take into consideration.

In addition, one should notice following points:

e Thethree models that we will propose, describe only
the water inside the solid and not the water on the
surface of the solid (adsorption).

e Models A and B will describe only crystalline solids,
whereas model C will describe amorphous or crys-
talline solids with some disorder.

5.1. Non-stoichiometric hydrates with fixed
location of water molecules

There are two proposed models where water
molecules are considered to be in fixed ordered loca-
tions in the crystal lattice.

5.1.1. Substitution solid solution of a
(n+ p)-hydrate in a n-hydrate: model A
We consider the case where some structural ele-
ments have molecules of water per molecule of anhy-
drous solid, whereas others have+{p) molecules of
water per molecule of anhydrous solid. We can, there-
fore, consider the solid phase as a solid solution of the
n-hydrate and of then(+ p)-hydrate (se&ig. 2).
The equilibrium is written:
(S, (n + p)H20) < (S,nH0) + pHLO ()}
Equilibrium(1l) seems similar to equilibriuri), but
here we suppose that the two hydrates are isomorphic,
or in other words are the same phase.
Where:

(SnH20) and (S,(h+ p)H20) are then and g+ p)-
hydrates;
H>O is the vapor water.
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Fig. 2. Schematic representation of the solid as a solid solutionaofd f1+ p)-hydrates. In the example=2, p=3. During addition of the
three last molecules, the first two stay in place.

Equilibrium is simply given by: after some elementary mathematical manipulations:
v p
p o, PPw
_ o (aGu/rr) _ V1¥1Pw e—n=—"2 5 (10)
K1) =e = ©) Ku(T)+ 2 Ff
x1 and x2 are the molar fractions ofi and f+p)- 5.1.1.1. Limitcase: Henry’s lawForp=1 and for and
hydrates, respectively;; andy» the activity coeffi- Pw close to 0, Eq(10) simplifies to Henry's law
cients ofn and f+p)-hydrates, respectively; (T) " 1

the equilibrium constant &, for equilibrium(Il) and e—n~ Py~ — Py

AGy, is the standard free enthalpy of hydration whose v2Ku(T) vz Ku(T)

value depends on the definition of the reference state  Taking into account obvious, ~ 0, y1 ~ 1, where

for water. y5°is the activity coefficient forr{+ p)-hydrate at infi-
Remark that standard enthalpies, entropy, and the nite dilution.

free energy of hydration depend on the definition of ref-

erence states. For timeand @1+ p)-hydrates the choice  51.1.2. Limitcase: Langmuir isothernif the activity

is unambiguous: pure hydrates are the reference statecoefficients are constant ape 1, the above isotherm
For water, the reference should be chosen as a hypo-reduces to the Langmuir adsorption isotherm (see, for
thetic solid phase haVing the same structure as theinstanceAdamson, 1982wh|ch was origina”y devel-

(11)

hydrate. oped for surface adsorption but is very common in the
In addition: zeolite microporous adsorption, for instan&ntonot-
Grange, 198y
e =nx1+ (n + p)x2 (7) 4P
e—n=p—o_ (12)
¢ is the moles of water per mole of anhydrous solid, 1+aPy
actual stoichiometric ratio of the hydrate. where:
Thus, taking into account thag + x> = 1: y1
a=——— (13)
y2Ku(T)

n= P70 ©
p 5.1.1.3. Activity coefficients models the case where

we cannot consider the activity coefficients as constant,

_(e—n) 9 we propose to evaluate the activity coefficient by the

T p ©) Margules method often used for modeling phase tran-
sitions in multi-component solution®fausnitz et al.,

Finally, by substitutiorx; andx, by their value from 1986. Margules’ equations of second and third order

Eqgs.(8)and(9)in Eq.(6), the value of can be obtained  are indicated ifTable 2

X2
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Table 2
Margules development

gules equations (above), the equilibrium can be pre-
sented as follows:

Second orderA12=Az1)
RTIn(y1) = A12x3
RTIn(y2) = A1ox?

Third order B2 # A1)
x3(A12 + 2(A21 — A12)x1)
x% X (A21+ 2(A12 — A21)x2)

Ao andAy; are the constants, which reflect the inter-
action betweem and g+ p)-hydrates. The simplest

symmetric solution (order 2) assumes that the constants

are equal. However, this is generally not the case and
the third order asymmetric model gives a better fit for
real systems. Margules’ model, which considers the
molar volumes of the components equal, is only one o
the numerous models to represent activity coefficients
in solution thermodynamics. Many more sophisticated
models were developed to fit for instance binary or
multi-component liquid vapor equilibriums (Van Laar,
Wilson, NRTL, etc.,..., seePrausnitz et al., 1986
and they are commonly used to calculate distillation
unit operations in commercial chemical engineering
software.

The second order Margules model is equivalent
to the well-known Bragg-Williams model or to the
Flory—Huggins model for polymers if one replaces
molar fraction by volume fraction. Margules’ theory
of the activity coefficient is a regular solution model in
that it only takes into account enthalpic contributions
to the excess free energy.

If we limit Margules’ equations to the first quadratic
term,A12 is the net energy to mix the components 1 and
2:

1
A12 = Np <E12 - E(Ell + E22)> (14)
whereEj1, E12 and Exo are the interaction energies
between 1-1, 1-2 and 2-2, respectively, at the molec-
ular level and\ is the Avogadro’s number.

A negative value ofA\1 means that 1-2 interaction
is attractive (in this case 1 and 2 will trend to mix),
whereas a positive value means that the interaction is
repulsive. In this latter case, on the microscopic scale
1-1 and 2-2 clusters will tend to form, and at low tem-
perature or for an excessive value’gp, as we will see
below, phase separation will occur.

5.1.1.4. Isosteric heat of sorptiorsubstituting the
activity coefficients in(10) with the help of the Mar-

A1

RT

(e —n)

Py = K”(T)(n—l—p—e)eXp<

(1-2

According Van't Hoff, the isosteri(= cste) heat of

)

(15)

adsorption (as derived from Van't Hoff’s diagram) is

given by

(e—n)
p

AH = AH) — A2 (1 -2 (16)

)

f whereAH), is the standard enthalpy relative to the con-

stant K.

5.1.1.5. Shape of the isotherms.is interesting to
study the shape of the isotherms from these models
(Figs. 3and %

e For A1o/RT=0 or A;o/RT<0, the shape of the
isotherm is “type I”. For highly negative values of
A12/RTindicating a very strong water—solid interac-
tion, isotherm slope is very steep and the isotherm is
close to a step pattern: for very small values of the
partial vapor pressure, the solid is already close to
saturation.

e For0<A;2/RT<2aninflexion pointcan be observed
(mainly in the range of 1-2) and the sorption
isotherm is the“type V”.

Solid solution, Margules 2™ order

A12IRT <0

a2
<
LR
A4/RT =0
Pw

Fig. 3. Solid solution Margules second order fap/RT< 0. Type
1 isotherm: model A.
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solid solution of hydrates: the same resultis classi-
cally obtained for regular liquid or alloy solutions
as well as for polymer solutions (for value of Flory
parameters > critical value depending of poly-
mer/polymer volume ratiaje Gennes, 1979

Solid solution, Margules 2™ order

“TUpper NS hydrate

f 0<A12/RT <2 5.1.2. Crystallographic vacant location: model B

. In this model, we still discuss the equilibrium
A12IRT>2 °/

(e-n)ip

between()-hydrate andr{+ p)-hydrate. An additional
assumption we make is that the water molecules are
associated into clusters gimolecules on well-defined
crystallographic sites in the skeleton of thdaydrate.
In addition, we assume that a fraction of the crystal-
lographic sites are free. Finally, we assume that water
molecules can move from site to site through chan-
Pw nels in a 1D, 2D or 3D network. The channels will
allow dehydration without recrystallization as water
molecules can easily migrate (S€ig. 5).
This case could correspond to non-stoichiometric
o Using the Margules equation, we can see from channel or planar hydrates, where water is preferen-
Fig. 4 that if A./RT>2, at lowT, for instance,  tially located in cavities. It is also very close to the
the model predicts a phase separation betweenCase of zeolites, even if the nature of the bonding is
a lower non-stoichiometric hydrate (whose com- clearly differentand stronger in zeolites (physisorption
position is close tor)-hydrate) and an upper N organic crystalsinstead of chemisorptionin zeolites).

non-stoichiometric hydrate (whose composition The equilibrium between water vapor, clusters and
is close to i+ p)-hydrate). Both upper and lower free sites can be written as quasi-chemical reaction:

hydrates have a limited non-stoi_chiomet_ri_c range (H20), <> g[H20] + (...) ()
and are related by a solid/solid transition (or

monovariant equilibrium), similar to true stoi- Where{H20)qisthe clusters of water molecules at crys-
chiometric hydrates in what Soustelle called the tallographic positions(.. .)q the free sites and [$0]
“limit of di-variance” (Soustelle et al., 1971In is the vapor water.The equilibrium is simply given by:
other wordsi()-hydrate andr{ + p)-hydrate have a pdy, P
limited mutual solubility, atleast at loW(note: as war _ Dwyit
Aqois approximately independent of the tempera- 42 y2x2
ture, afT > A1o/2Rthe thermal motion is sufficient  aj, x; andy are the activity, site fraction and activity
to make the hydrates completely soluble in each coefficient of free crystallographic adsorpticay; x2
other). This result is obviously not specific to a andy, are activity, site fraction and activity coefficient

-
-

librium s

equil
N
—~

monovariant

Y
Lower NS hydrate

|

Fig. 4. Solid solution Margules second order forAg/RT< 2 (type
V isotherm) and\;1,/RT> 2 (phase separation). Model A.

= Ky (T) 17

T LT LI LT LT LT L

L C')CJI'I ..H ..I'I OOI'I OOl'l ..I— Water molecules cluster on
I [, LI LI [, LI L 0@

L ..I_I OO,_] OC:'l‘l ..I_I C)Ol‘l ..I_ crystallo graphic site

T LI LI LI LI LT L

IOO M ..l‘l OOn.. M OOn.. -

LU LI LI |} LI L oo Free adsorption site

L ..HOO " ..n.. M ..n OOI_

Fig. 5. Schematic representation of the modelder2: clusters of two water molecules are randomly distributed in the crystallographic sites
and can move through channels.
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of water clusters anldy (T) is the equilibrium constant
atT, for equilibrium(lll) .

If ¢ is the number of moles of water per mole of
anhydrous solid, we have:

np = e-n occupied sites (18)
q

and

np=P _ETM _PEMTE foe sites (19)
q q

Therefore:

L S (20)
ni+nz p

)Cz = n2 = E-n (21)
ni—+nz p

Finally, the isotherm equation is obtained by substi-

tuting x; andxz by their value in Eqs(20) and (21)
v, pd
v PR
v (22)
Ku(T) + 2 P

This equation is similar to the previous isotherm of
model A forp=q (Eg. (10)). Therefore, the sorption

isotherms have the same shape and all the above dis- Se2 o )
¢ densed water phase within micropores, for instance.

cussions about Henry and Langmuir limit cases an
activity coefficients, including solid/solid separation,
remains unchanged.

Basically, models A and B are very close. However,
in our opinion:

e model A, which describes the non-stoichiometric
hydrate as a solid solution af)-hydrate andr{+ p)-

hydrate, probably gives a easier understanding of

phase separation;
e model B, probably gives a more intuitive represen-
tation of the site and channel hydrate.

In the experimental part, we will use E@2) to fit

the experimental data, as there is an additional freedom

with p#£q.

5.2. Non-stoichiometric hydrates with disordered
water distribution: model C

In this model, we simply assume a partition equi-

librium of water between the vapor phase and the

solid solution. The solid can either be crystalline or

J.-R. Authelin / International Journal of Pharmaceutics 303 (2005) 37-53

amorphous. As in the previous model, we assume that
molecules can be associated in clustergmblecules,
even ifq=1 is probably a common case. As we do
not assume any position or interaction with a site, this
model is describes disordered water molecules. It does
not mean that there are absolutely no privileged posi-
tions, but only that the molecules can easily move
from one position to another position. To understand
this, imagine a system with periodic energy minima.
Depending on the energy difference between the low
energy and the high-energy positiong, the relative
concentration of molecules in the high and the low
energy state will vary as @45k Therefore, if the
difference in energy is small compared to thermal agi-
tation, the molecules can easily move to the upper band
and the system is disordered; elsewhere the molecules
are mainly trapped in sharp energy minima and the
system is ordered. Note thaE should be equal to the
activation energy for diffusion. Sédg. 6(a and b).
Solution equilibrium can be represented by:

q[H20] < < H20 >, (V)

«H20>>qis the clusters off molecules in solution in
the solid.
Nota benehigh q values signify presence of a con-

The equilibrium is described simply by:

Py
— = Kw/(T) (23)
Y2x2
wherex; is the molar fraction of-clusters andKy (T)
is the equilibrium constant &, for equilibrium(1V).

It is particularly interesting to consider pure water
as reference state for water in the solid. Then

K (T) = Py(T)* (24)
where Pj(T)is the pressure of the water at the
liquid—vapor equilibrium af.

From (23) and (24) the expression for equilibrium
simplifies to:

q
Yox2 = ( szvT)) (25)
E—n
Xo=— (26)
q (1 + %)
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Fig. 6. Scheme of water—substrate interaction (a) strong interactions and localized water (b) weak interaction and poorly localized (o) disordered

water.

Pw

"(P@(T))q

7 Py \O
2o\ mm

The ratio Pw/ Py (T)) is simply the relative humid-
ity.

Using the Margules equation limited to the second
order, the equilibrium is presented as:

PW _ E—n
Pi(T) 14+e+n

E=n-+ (27)

e(A12/(RT(1-+¢-n)))

(28)

5.2.1.1. Shape of the isotherm
The shape of the isotherm is:

e Type lll for constant activity coefficients. As we will

45

[\ Ordered system

Disordered system

5.3. Comments on the models

We have proposed two kinds of models for non-
stoichiometric hydrates:

e Two very close models (A and B), which assume
water location on crystallographic positions.

e A model (C) assuming disordered water distribution
in the amorphous or crystalline solid.

All three models are “solid solution” models, and
for all of them we have taken into consideration the
deviation from “ideal solution” by modeling the activ-
ity coefficients by Margules’ method with one or two
terms. Use of other models for the activity coefficient
is of course possible and should be investigated.

It is interesting to notice that the shape of the

see later in the examples, the sorption isotherm with jsotherm is dependent on the model:

g=1 and constant activity coefficient is very typical

for water sorption on amorphous drug substances. e Localized water is in agreement with type | (negative

If the value ofq is increased, which is equivalent

second derivative) or type V isotherms.

to a liquid condensation, the shape of the isotherm e Non-localized water is in agreement with type Il

changes with increasing slope, which is close to what

is observed with deliqguescent solidsd. 7a).

e Type Il (with a shoulder) when using Margules’
models for activity coefficients witlf\;2<0. This
depicts the fact that the initial molecules are very

strongly attracted by the solid, and therefore should
be more or less localized, whereas the subsequent

molecules may be mobilé-g. 7b).

(positive second derivative) or type Il. Some order
should exist for the first molecules adsorbed in type
Il isotherms.

Therefore, a theoretical link between localization
of the molecules the structure of the hydrates and the
shape of the isotherm has been suggested. In next part
of the article we will compare theory with available
experimental data in order to establish the validity of

When using a second order Margules equation to thjs approach.

model activity coefficients, foh12/RT> 2, a phase sep-
aration is also predicted.

To do this comparison we have extracted from

the literature some water sorption isotherms and
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Mobile water, constant activity coefficients

_q:‘I
«-wa .q=4

Mobile water, Margules 3" order

(e-n)

(b) Pw

Fig. 7. Mobile water sorption isotherms (a) constant activity coeffi-
cients, various values fof type Il isotherms, (b) activity coefficients
according Margules third order model.

also some structural information when it was

available.

6. Model versus experiment

In this part, we will compare models’ prediction
with experimental sorption/desorption data and struc-
tural data (when available). The objective is to estimate
to what extent the models:

(1) Provide a good mathematical fit of the sorption
isotherm.
(2) Arein agreement with the structural data.

J.-R. Authelin / International Journal of Pharmaceutics 303 (2005) 37-53

Most data to be discussed, except for that of
RPR102341, were obtained from the literature. Data for
sorption isotherms from the literature were extracted
from the appropriate published graphics, except for the
case of Celiprolol hydrochloride where the numerical
data were tabulated by the authors.

It should be mentioned that measuring sorption
isotherms by automatic systems is sometime not the
best tool to evaluate the true equilibrium due to the
time lag between the sorption and desorption curves.
This is mainly the case for the stoichiometric hydrates
because of the re-crystallization process. In such a case
slurries are a more accurate way to determine criti-
cal transition water activityZhu and Grant, 1996
In the case of non-stoichiometric hydrates, however,
the hydration/dehydration process is much faster, and
therefore lag is generally not an issue. To compen-
sate for this, when we had the data, we have taken the
mean value between sorption and desorption. By com-
modity we have considered for all isotherifis 22°C
corresponding to a saturating water vapor pressure of
19.83 Torr.

Experimental data have been fitted using the two
following equations:

e Eq.(22) (model B or A if p=q) for vacant crystal-
lographic sites or ordered water molecules.

e Eq.(28) (model C) for non-stoichiometric hydrates
with disordered water.

For the both models, we have examined the case of
constant activity coefficients and Margules’ equations
of the second and third order.

6.1. Type |l isotherms

6.1.1. Classical type I: Cefaclor and Celiprolol
Cefaclor sorption isotherm has been reported by
Stephenson et al. (1998jig. 8 shows that the sorp-
tion isotherm at room temperature is in a very good
agreement with a very simple Langmuir model.

0.46P
14 0.32Py

The authors have shown that crystal structure does
not change upon dehydration except for some changes
in d-spacing to accommodate the water molecules. As
a crystal structure was not solved, it is not possible to
confirm that the water molecules are located at the crys-

The actual best-fit equation iss:=
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Cefaclor Celiprolol, HCI
1,4
+ experiment
1,2 |—— Langmuir
1
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0,2
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Fig. 8. Cefaclor isotherm and the best-fit (Langmuir isotherm).
Fig. 9. Celiprolol hydrochloride, isotherm and best-fit.

tallographic sites, however, it seems to us a reasonable
assumption. isotherms (or nearly type | isotherm for Erythromycin

In the case of Celiprolol HCBurger et al. (1988)  A). Both hydrates can lose water to give a nearly
have studied the hydration of form Ill into the H form  isomorphic anhydrous structure, and the only effect
(form Illwas submitted to 7 and 13 days at well-defined observed is the gradual change in unit cell dimensions
relative humidity conditions and the samples were ana- during hydration or dehydration.
lyzed by Karl Fischer analysis). They have shownthat ~ The structure studies for Spirapril hydrochloride
the hydration is progressive, and that for RHM0% the monohydrate and Erythromycin A dihydrate have
stoichiometric ratio is close to monohydrate. They have shown the existence of, respectively, one and two crys-
concluded from their studies that form 11l and form H tallographic sites for water per anhydrous molecule. In
are the same crystal lattice and that the water moleculesaddition for both products water molecules can migrate
are hosted in cavities in the crystal. This is exactly what along channels from one site to another.
we assume in model B. However, Spirapril hydrochloride monohydrate and

As the experimental hydration level at RH=0% is Erythromycin A dihydrate can adsorb slightly more
0.14, we have assumed thmet 0.14 and we have fitted ~ water than the theoretical stoichiometric ratio (respec-
the data to a simple Langmuir equation and a sec- tively, approximately 1.2 molecules versus 1 and
ond order Margules equation. Although the Langmuir 2.5 molecules versus 2). As these additional water
model is in satisfactory agreement with the experimen- molecules cannot be located at crystallographic sites
tal data, Margules’ equation with a slightly negative we have made the assumption that they are disordered
value of A1o/RT shows a better fit, indicating that the  at interstitial sites (model C) according to the scheme
interaction of the first adsorbed molecules is some-

. . Table 3
what stro_nger (Seﬁlg. 9)' The best-fit parameters are Parameters for best-fit of Celiprolol hydrochloride monohydrate
reported inTable 3 sorption isotherm
] ) ) Celiprolol HCI Best-fit

6.1.2. Type | isotherm plus insertion water: _ 0.84P,,
Spirapril monohydrate and Erythromycin A Langmuir ¢=014+ 5 5en
dihydrate Margules n=0.14

Spirapril monohydrate and Erythromycin A dihy- p=q=1
drate sorption isotherms are reported Stgphenson i‘/ﬁg 0.9

12 =—V.

et al. (1998) Hydrates of both products exhibit type |
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Fig. 10. Water cluster on crystallographic sites and interstitial disordered molecules.

onFig. 10 An alternative assumption is that the disor- The value of the parametea™is determined at low
dered water molecules may also be localized on some RH by the negative curvature of the isotherm, whereas
amorphous phase around the crystals. the value of ¥,” is determined by the shape of the
In this case, we can assume that the global water isotherm at higher RH. Therefore, there is no possible
content can be estimated by two parallel equilibria. mathematical interaction between the parameters, and
Assuming a simple Langmuir equilibrium for the crys- as such these results are truly physically meaningful
tallographic sites ang=1: and are not a simple mathematical representation of the
isotherm without any physical significance. The best-fit

P
W parameters are reportedTable 4
aPy Px(T)
€ —n = &cryst 1 EDisor = pl—i—aPW Pu
27 px (T) Erithromycine A, dihydrate
w 3
(29)
Figs. 11 and 12show a very good agreement 281
between the model and the experiment.
In order to fit the data we have usgd-1 and 2 & 2r e
. . . - T F
for Spirapril HCI and Erythromycin A, respectively. g +
815
) . ° + Experiment
Spirapril, HCI £
14 1t = = = « Langmuir di hydrate
frid — - —disordered water
1,2} lobal model -
, 05 | g
) s
-~
LF 0 -—-——-'."-_--_‘.-_-‘— L
[} + Experiment 0 20 40 60 80 100
F o8t . RH %
@ - - - -Crystallographic water
E’ 0,6 — - ~disordered water Fig. 12. Erythromycin A dihydrate isotherm and best-fit.
global model
0.4 Table 4
Parameters for best-fit of Erythromycin A dihydrate and Spirapril
0,2 i hydrocloride monohydrate sorption isotherm
e Molecule Best-fit equation
y - : : ; I Erythromycin A dihydrate ¢ = - 096w 0.08A,
0 20 40RH:V 60 80 100 Yy y y = 1+ 0.96P, 19.83— P,
C
9.52P, 5.89P,
Spirapril monohydrate £ = w w
Fig. 11. Spirapril hydrocloride monohydrate isotherm and best-fit. 1+952Ry 437- Py
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heating 280°C

Anhydrous | 4————

Crystallization
in DMSO

Anhydrous Il

RH >90%, RT

Vacuum Drying Or Crystallization

noe, in EtOH/Water mixtures

Heminydrafé < RH <25 %, RT .
———— P Trihydrate

RH >25 %, RT

Fig. 13. Interconversion scheme of different forms of RPR102341.

6.2. Type V isotherm

6.2.1. RPR102341

RPR102341 was an antibacterial agent developed
by Rhone Poulenc Rorer; polymorphism studies have
shown existence of four distinct crystalline phases
(Authelin, internal report 1995):

e anhydrous I;

e anhydrous Il;

e hemihydrate;

e trihydrate.

Fig. 13shows interconversion scheme of the differ-
ent forms.

Anhydrous | and Il are enantiotropic forms accord-
ing Burger Heat of Transition rule (an endothermic
transition anhydrous-> anhydrous Il at about 28@
is observed in DSC experiments). Anhydrous Il is not
the thermodynamically stable anhydrous form at room
temperature but it is quite kinetically stable.

The trihydrate is the thermodynamically stable form
atambient relative humidity. However, the anhydrousl I
can take a lot of water (up to 1.2 mol/mol) reversibly if
the relative humidity is maintained at a lower level than
about 80%. During sorption, X-rays powder diffraction
peaks move slightly towards small angles as a result
of the expansion of the unit cell dimensions due to
water incorporation. The sorption isotherm is of type
V. It can be seen irFig. 14 that the isotherm can be
fitted by the model of non-stoichiometric adsorption at
crystallographic sites, with a Margules equation limited
to the first term.

The best-fit parameters are

A
n=0,p=128¢g=1,K = 5.38Torr;—12 =143
RT
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I'\'1P4R 102341, anhydrous 2, Margules 2" order
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order
|
O L L 1 1 i
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Fig. 14. RPR102341 isotherm and best-fit.

The relatively high value oA12/RT shows that the
system is close to solid/solid phase separation. Theo-
retically solid phase separation should occur at approx-
imately —60°C (213 K), whenA1o/RT increases to 2,
and an additional non-stoichiometric hydrate, close to
1.2 mol/mol, and with a distinct X-ray diagram should
appear (as explained Fig. 4). We have, however, no
experimental evidence to confirm this theoretical pre-
diction.

6.3. Modeling experimental data for
non-stoichiometric hydrates with disordered water
molecules

6.3.1. Type lll isotherm: amorphous
Erythromycin A

Amorphous Erythromycin A sorption isotherm was
reported byStephenson et al. (1998)\s most amor-
phous products, amorphous Erythromycin A adsorbs
a significant amount of water. Furthermore, the sorp-
tion isotherm very clearly fits well with the disordered
solid solution model B with constant activity coeffi-
cients. Refining up to order three brings only a very
tiny improvement of the fit as shown fig. 15 We
can remark that the constant positive curvature of the
isotherm is in agreement with the disorder of the amor-
phous phase. This shape of isotherm is extremely com-
mon for amorphous drug substances.
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Erythromycine A, amorphous

25r +  experimental data ,{;F
VX
2| i
o - = = = Margules 3rd order #
% -~
!
g 1.5 | — . = constant ativity coef -
[=]
E -iﬂ
1 M
v
+
05} _?/ g
Ed
o™, : : : !
0 20 40 60 80 100
RH %

Fig. 15. Erythromycin A amorphous sorption isotherm and best-fit.

6.3.2. Type Il isotherms: Erythromycin A
anhydrate, disodium Cromoglycate, LY297802
tartrate, FK041

There are not as many type Il isotherms reported in
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Erythromycine A, anhydrous
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Fig. 16. Erythromycin A anhydrous sorption isotherm and best-fit.

1971; Stephenson and Diseroad, 2000; Vippagunta et
al., 2001. It has been shown that disodium Cromogly-
cate can adsorb up to 9 mol of water per molecule of
the active compound. Anisotropic expansion of the unit

the literature, and such sorption isotherms are normally cell during water sorption has been shown. The crys-
considered as atypical. In all cases, disorder of the watertalline structure has been solveldamrodakas et al.,

molecules has been shown. We will study four of them
using model C with a third order Margules equation.
Best-fit parameters are reportedTiable 5

Anhydrous Erythromycin A is reported by
Stephenson et al. (199&)espite its denomination, the
“anhydrate” can adsorb up to roughly 1.2 mol of water
per molecule of solid without changing its crystal struc-
ture. According the authors, the water molecules are
allowed to move into channelig. 16 shows good
agreement between model C (using third order Mar-
gules equation) and experiment, except at very low
relative humidity.

Disodium Cromoglycate is a well-known and his-
toric case of a non-stoichiometric hydrat@ok et al.,

Table 5
Parameters for best-fit of disodium Cromoglycate, anhydrous Ery-
thromycin A, LY297808 tartrate and FK401 sorption isotherms

Molecule n o} Ao/RT MA1/RT
Disodium Cromoglycate 0 1 -751 —-327
Anhydrous Erythromycin A 0 1 -3 2.4
LY297802 tartrate 0 1 -15 3.6
FK401 1 1 —-51 —14

1973; Chen et al., 19991t has been shown that two

Disodium Cromoglycate

10
9t
8L
7L
g of
=
o 5
% 4+ experiment Stephenson et
£ 4 - al, 2000
——model Margules 3rd order
31
i e Historic data Cox et al,
2F 1971
1t
&

40 60 80

RH (%)

20 100

Fig. 17. Disodium Cromoglycate sorption isotherm and best-fit. We
have used recent data froftephenson and Diseroad (2000 fit

and indicated mean sorption/desorption value from the historical
paper fromCox et al. (1971)error bar+0.5 mol/mol.
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100% RH 50%RH 5% RH heating heating
FK041-4H - FKO041-3H - FKO041-2H - FKO041-H FK 041

<4—— Unchanged crystal form e Amorphous

Fig. 18. Interconversion scheme of FK041 hydrates accondiingura et al. (2002)

of the water molecules are ordered, whereas the othersexperiment. The very negative values of the Margules

are mainly disordered in channels. parameter imply a very small value of the water activity
Fig. 17 shows good agreement with experimental coefficient forxo ~ 0, probably due to the very strong
data except for RH 10%. attraction of the water between the mono and dihydrate

FK041 Mimura et al., 200Ris an interesting case:  (isotherm nearly vertical at very low RH) and a distinct
it forms a channel “clathrate” with water, 2-propanol, localization of this part of water.
ethanol or acetone. The water composition can vary  The non-stoichiometric sorption isotherm of
continuously from a monohydrate to a tetrahydrate LY297802 was reported beutzel and Russel (1998)
without any change of the diffraction pattern. How- The authors have shown by C-13 Solid State NMR mea-
ever, when FK041 looses the monohydrate molecule, surements that water is bound to tartaric ions by weak
it tends to amorphize. The authors have summarized hydrogen bonds. They also show that molecules easily
the system by the following schemig. 19). move, an easy diffusion suggest also weak energy gaps

Two of the three non-stoichiometric water from site to site, suggesting also some disorder.
molecules are assumed to move easily within channels  Fig. 20 shows that the model C fits quite well the
in the crystal structure where they are weakly bound. isotherm.

We have modeled the equilibrium considering that
there is a mono-variant equilibrium between the anhy-
drous amorphous and the crystalline monohydrate at
RH ~ 0% and the non-stoichiometric water molecules
in the disordered solution within the soliétig. 19
shows a very good agreement of the model with the

6.4. Cellulose and other macromolecules

As already noted, many published works cover
the domain of macromolecules, notably cellulose

LY297802, tartrate

i FK041 0,7
-+ experiment + experiment
06| &
3,5 1 |—margules 3rd order Margules 3rd order
) 05
2,5 o
& S 04
% 0
w 2 8
s © 0,3
o gl
E 15
0,2+
11
0,5 0.1
o ‘ : : ; 0 = 1 L L
0 20 40 60 80 100 0 20 40 0 80 100
RH (%) RH(%)

Fig. 19. FK041 sorption isotherm and best-fit. Fig. 20. LY297802 sorption isotherm and best-fit.
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(Zografi and Kontny, 1986and peptides and pro- We hope it will bring an additional effective and easy
teins Shambling et al., 1998 The shape of sorption  tool to understand and interpret experimental data for
isotherms for macromolecules is very close to that of small organic compounds.
model C with non-constant activity coefficients, show-
ing a shoulder at low relative humidity.
The theoretical approach is close to model C. How-
ever, authors have corrected it using Vrantas’ theory of Acknowledgements
adsorption on macromoleculddgncock and Zografi, ) , )
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We will not, however, try to fit these data to Mar- ments Prof. M. Soustelle, Prof. G. Coquerel, Prof.
gules’ model, as even a good fit would rather be a pure D.W:J. Grant, Dr. SD Clas, Dr.B. G(_)rdonov, Dr. M.A.
mathematical exercise without physical meaning. Perrin, Dr. A. Van-Sickle and M.P. Billot.
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