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Hydrates are molecular complexes that have water molecules incor-
porated into their crystal lattice. The physicochemical, processing,
mechanical and compaction behavior of pharmaceutical hydrates

can be different from those of the corresponding anhydrous phases
(1. Food and Drug Administration’s (FDA) requires that appropriate
analytical procedures be used to detect the different solid forms of the
drug substance. Byrn et al., have developed flow charts describing the
most important regulatory and scientific issues with regard to charac-
terization of pharmaceutical solids, including polymorphs, hydrates

(solvates), desolvated solvates, and amorphous forms [1,%]

. Among the
different solid states of drugs, hydrate formation is one of the com-
monly encountered phenomena and may cause as many challenges as
different polymorphs may cause. Many topics related to pharmaceuti-
cal hydrate have been extensively reviewed [+-16] Here we focus on
the recent developments in characterization of hydrates, the physical
stability phase diagram, dehydration kinetics, and Process Analytical

Technology (PAT).

New techniques for characterizing pharmaceutical
hydrate

A comprehensive characterization of pharmaceutical hydrate should
include a collective knowledge about structure identification, quantita-
tion, thermodynamic properties, and phase diagrams [6,7,1L17] The
commonly used techniques including powder X-ray diffractometry

[18-20] thermal analysis (10,12,

and single crystal X-ray crystallography
microscopy [21], vibrational spectroscopy, such as infrared spectros-
copy (IR, FTTR, Raman and near IR) [22], solid-state NMR [23], and

moisture sorption [2425],

Recently, some new techniques and application have been used for

the characterization of pharmaceutical hydrates. Humidity-control-
ling devices have been used with various techniques to obtain hydrate
information under controlled environments. Powder X-ray diffractom-
etry (Powder XRD) is widely used for the identification of pharma-
ceutical hydrates. If the purity of a sample is established, XRD is an
excellent method to detect crystalline hydrate formation [>18]. Humid-
ity controlled XRD, DSC and TGA have been used to study the effect
of water vapor pressure on the kinetics and mechanism of dehydra-
tion of carbamazepine dihydrate and nafragel hydrochloride [0:20],
Recently a humidity controlled XRD coupled with DSC (humidity
controlled XRD-DSC) had been developed and used in characterizing
pharmaceutical hydrates [27]. It provides both thermal and crystalline
phase information simultaneously. Lane and Buckton also used a
combined moisture sorption balance and FTIR to study the moisture
sorption/desotption of pharmaceuticals, which has great potential for
study hydrates [28],
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Single crystal X-ray crystallography provides unambiguous
information about the crystal structure of hydrates and is the
best technique to obtain the stoichiometric number of water
in the hydrates. For example, Te et al. investigated the single
crystal to single crystal dehydration of thiamine hydrochloride
monohydrate using XRD and solid state NMR 2], Tt was
found that the loss of water leads to a shrinkage of the unit
cell volume and accompanied by an increase in molecular mo-
tion. Anhydrates and hydrates of olanzapine were also studied
in detail by integrating crystallography, spectroscopy, and
crystal modeling techniques for a better understanding of the
crystallization outcomes 1231,

Thermal analysis techniques, such as differential thermal
analysis (DTA), differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA), solution calorimetry or mi-
crocalorimetry, permit both qualitative and quantitative studies
of hydrates [10:30:31], DSC was also used as 2 method to
determine the water content in pharmaceutical hydrates. This
was based on the assumption that the enthalpy of binding of
n moles of water molecules in the hydrate is the same as that
of n moles of water molecules in liquid water [32]. Pressure
differential scanning calorimetry has been recently used to
characterize pharmaceutical hydrates, such as carbamazepine
dihydrate, ampicilline trihydrate and betaine monohydrate
[24.33.34] By enclosing a regular DSC cell in specially designed
pressure housing, it is possible to perform differential scan-
ning calorimetry under reduced or elevated pressures, which
created a micro environment of saturated water vapor pres-
sure around the sample and shifted the water evaporation to a
higher temperature. So it is possible to separate the dehydra-
tion endotherm from the evaporation of water, which gives

a very sensitive method to quantify the amount of hydrate
phase in mixtures [2434],

Development in physical stability phase
diagram

Since pharmaceutical hydrates are co-crystals of water and
drug molecules, the water activity in the environment plays as
critical a role as the temperature of the environment for the
physical stability of the hydrate systems. Different techniques
have been applied to obtain the transition water vapor pres-
sures of hydrates. One of the most commonly used meth-
ods is to equilibrate the solid sample under different relative
humidity (RH) in desiccators maintained by saturated salt
solutions 321, Other methods to determine the equilibrium
water vapor pressure of hydrate have also been reported in
the literature [37-3%. These methods give similar results for
the system of interest. Han and Suryanarayanan developed a
simple kinetic method to rapidly determine the dissociation
pressure of hydrates by a humidity controlled thermogravi-
metric analysis technique and using an equation, k = k0 x (1-
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p/pt). Whete k is the dehydration rate constant at water vapot
pressure p and kO is the dehydration rate constant at 0 water
activities. When the data of k against p are plotted linearly, the
dissociation water vapor pressure of the hydrate, pt, can be

determined when k extrapolate to 0 [3¢}

Recently, the humidity controlled microbalance systems have
been widely used in the study of hydrate systems [242540] Tn
addition to the controlling water vapor pressure in the sur-
rounding environment, water and organic cosolvent approach-
es have been also employed to assess the phase diagrams of
pharmaceutical hydrates. Bogardus investigated the hydrate
and anhydrate phases of theophylline in dioxane-water mix-
tures. Above 5% water, the theophylline hydrate was stable;
while below 5% of water, the anhydrate form was stable.
Samples of caffeine equilibrated with 10-50% water, however,
remained in the crystal form initially added #11. Similar study
of theophylline hydrate and anhydrate systems were studied
using IPA-water and methanol-water systems with know water
activities. It was concluded that (a) water activity is the major
factor determining the nature of the solid phase of theophyl-
line which crystallizes from methanol + water or IPA + water
mixtures, (b) theophylline anhydrate and monohydrate, is in

equilibrium at water activity of 0.25 at 25 °C [42],
Rethinking of dehydration kinetics

Solid-state reaction

The dehydration or hydration processes are solid-state reac-
tions that are dramatically different from reactions occurring
in a liquid or a gaseous state 43481, Some of the difficulties,
due to the intrinsic heterogeneity of the solid phase system,
will have significant impact on the kinetic studies. In fact, the
concepts of “concentration” and “order of reaction” cannot
be applied in the solid-state reactions. Because of the difficulty
encountered in studying heterogeneous solid reaction systems,
little experimental work has been conducted to elucidate actual

reaction mechanisms [49:50]

. Monkhouse and Van Campen re-
viewed the theoretical and experimental aspects of solid-state
reactions [48], Byrn et al. further addressed the issues related to

the solid-state reactions of pharmaceuticals (1,

The kinetics of many solid-state reactions can be represented
by the general equation, f(/7)= kt, where /7 is the fraction
reacted in time, t, and the function, f(7), depends on the reac-
tion mechanism and the geometry of the reacting particles.
The most commonly used models for solid state reactions
including: (1) diffusion controlled reactions (D1 to D4) (2)
phase-boundary-controlled (R1 to R3), and (3) reactions
which obey the Avrami-Erofe’ev equations (F1, A2 and A3).
Hancock and Sharp reported a kinetic method to distinguish
reaction mechanisms by using an equation, In[-In(1-x)] = InB
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+ mlnt, based on the most common solid-state kinetic model
equations (Table 1). In this equation, x is the fraction of
product at time t, B is a constant the value of which depends
in part on the nucleation frequency and linear rate of grain
growth, and m is the Hancock-Sharp constant which can vary
according to the reaction mechanism and the geometry of the
system P11,

Table 1. Kinetic equations g(x) = kt for common
mechanisms of solid-state kinetics and values of Hancock-
Sharp constant, m.

a humidity-controlling device [0l As the water vapor pres-
sure increases, the Smith-Topley effect was observed for the
system. We concluded that the change of dehydration rate
constant is due to a change in the dehydration mechanisms,
which also resulted different solid phases after dehydration.
So it is unlikely to observe the Smith-Topley effect if there is
no option of changing solid state for the dehydrated phase.
For example, amoxicillin trihydrate can only form a pootly
crystalline solid phase after dehydration, since no crystalline
anhydrate exists, then the rate of dehydration will decrease lin-
early as the water vapor pressure increases, and the dehydration
mechanism will not change either [3°l. For the

Symbol g(x) m value Mechanism hydrate systems that observed the Smith-Topley
R1 x 1.24 Zero-order(Polany-Wigner equatlon) effect, it is possible to produce a certain dehy—
R2 2[1-(1-x)1/2] 111 Two-dlmenslonal phase-boundary drated solid phase by designing the dehydration

T — conditions [07-71],
R3 3[1-(1-x)1/3) 1.07 Three-dimensional phase-boundary
F1 -In(1-x 1.00 First-order . .
v 1 1( )]/2 o — — Introducing Process Analytical
A [-In(1-x)] . wo-dimensional growth of nuclei Technology (PAT)
A3 [[In(1-x)]1/3 3.00 Three-dimensional growth of nuclei
D1 x2 0.62 One-dimensional diffusion . .
Industry and regulatory agencies are seeking
D2 -1I-xIn(1-x) +x 0.57 Two-dimensional diffusion . . .
ways to improve manufacturing efficiency and
D3 [1-(1-x)1/3)2 0.54 Three-dimensional diffusion quality by employing at-line or in-line sensors
D4 (1-2x/3)-(1-x)%/3 0.57 Three-dimensional diffusion to monitor the manufacturing processes [7].
P1 Infx/(1-x)] N/A Prout-Tompkins equation Process analytical technology (PAT) is a new

The majority of the solid-state reactions, including dehydra-
tion reactions, have been studied by fitting to one or more
models listed above. Recently, a model free approach has been
developed to studies the solid-state reactions 254, Chou

et al., applied the model free approach to the study of the
dehydration of nedocromil sodium trihydrate and it was found
that the model-free approach was better than the model-fit-
ting approach for understanding the details of the solid-state

dehydration reactions 13,

Smith-Topley effect

Smith and Topley first discovered that the rate of dehydration
is a complicated function of the water vapor pressure in the
sample environment. With increasing water vapor pressure,
the rate constant at first decreases, passes through a mini-
mum, and then increases to a maximum of similar to the rate
in vacuum, and again falls more slowly [56-38]. The term of
Smith-Topley effect is then used to describe this phenomenon
of unusual variation in the dehydration rate with respect to
the water vapor pressures. Although there is no universally
accepted explanation for the Smith-Topley effect, several
mechanistic models have been proposed [63-70]. We have stud-
ied the influence of the water vapor pressure on the kinetics
and mechanism of dehydration of carbamazepine dihydrate
using TGA, DSC and variable temperature XRD coupled with

initiative to enable real time process control
during individual unit operations, so that to
decrease post production analysis and to improve the under-
standing of the manufacturing processes [72,73]

lation is one of the commonly performed unit operations

. Wet granu-

for pharmaceutical manufacturing, During this operation,

it is possible to have phase transitions between hydrate and
anhydrate. Jorgensen et al. followed hydrate formation of two
structurally related drugs, theophylline and caffeine, during
wet granulation using fast and nondestructive spectroscopic
methods. It was found both charge-coupled device (CCD)
Raman spectroscopy and near-IR spectroscopy (NIR) can be
applied to monitoring of hydrate formation of drugs during
wet granulation. NIR revealed the state of water, and Raman
spectroscopy gave information related to the drug molecules.
NIR is more suitable for monitoring solid-water interactions
[74]. In another study, Near-IR (IR) spectroscopy is used

for the rapid, nondestructive identification and quantifica-
tion of the hydrate form of drug compounds forming both
single and multiple hydration states. Near-IR is shown to be
useful in both bulk drug and in finished solid dosage forms.
The technique is applied in a process environment for at-line
analysis of active pharmaceutical ingredient hydration state
during pharmaceutical processing [7°l. Davis et al. applied a
small-scale, top mixing granulator with novel X-ray powder
diffraction equipment to study the wet granulation process.
The unique polycapillary optic and X-ray source allowed the
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transformation of the metastable to the stable phase to be
followed during the granulation. Following a diffraction peak
each for the metastable and stable forms demonstrated, the
phase transformations during the wetting phase of granula-
tion was followed successfully. It allows real-time control of
the process by the adjustment of process parameters, such as
granulation time, and clearly qualifies as a process analytical
technology (PAT) [76. This technique has great potential for
study hydrate formation during wet granulations.

Summary

In this review, some of the new techniques for identifying
and quantifying pharmaceutical hydrates have been described.
It should be emphasized that no single technique can pro-
vide enough information for the understanding of hydrate
systems. A comprehensive study of hydrate should include:
structure information, such as powder XRD and crystal
structure, solid state NMR; thermal properties, such as DSC,
TGA data; vibrational spectroscopy profiles, such as Infrared
Spectroscopy (IR), Fourier Transform Infrared spectroscopy
(FTIR) and Raman Spectroscopy; and hygroscopicity, such

as moisture absorption/desorption. In addition, the phase
diagram of the hydrate system is essential information for
determining the drug processing and storage conditions. As a
result of the Smith-Topley effect for hydrates, the solid state
after dehydration can be affected by changing the dehydration
conditions and the mechanism of the dehydration can also be
changed. As the process analytical technology (PAT) became
more popular and necessary, some of the useful approaches
for characterizing hydrate formation during wet granulations
are also reviewed. So far, the most commonly used techniques
include NIR, Raman, and XRD
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