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Purpose. To understand the influence of water in the crystal structure
on the compaction properties of otherwise structurally similar crys-
tals, p-hydroxybenzoic acid anhydrate (HA) and the monohydrate
(HM) were used as model compounds.
Methods. Bulk powder of HM was prepared by exposing HA powder
to 97% relative humidity at 23°C. Each powder, HA or HM, was
uniaxially compressed and triaxially decompressed under various
pressures to form square-faced tablets. The tensile strength and po-
rosity of the tablets were measured.
Results. Incorporation of water into the crystal lattice results in
greater tablet strength and larger reduction in volume for HM crys-
tals than for HA crystals. Both HA and HM crystals contain hydro-
gen-bonded, zigzag-shaped layers that lie parallel to the (401) plane.
When HA crystals are compressed, the zigzag-shaped layers me-
chanically interlock, inhibiting slip and reducing plasticity. However,
water molecules in the HM crystals assume a space-filling role, which
increases the separation of the layers. This effect allows easier slip
between layers and provides greater plasticity of HM crystals, which
increases the interparticulate bonding area under the same compac-
tion pressure. However, the water molecules in the HM crystals in-
crease their lattice energy by forming a three-dimensional hydrogen-
bonding network. The greater bonding strength that results is re-
flected in greater tensile strength of HM compacts at zero porosity.
Conclusions. The presence of water molecules in the crystal structure
of p-hydroxybenzoic acid facilitates plastic deformation of HM crys-
tals, thereby enhancing their bonding strength and giving much stron-
ger tablets than of HA crystals.
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INTRODUCTION

The incorporation of water molecules into the lattice of
drug crystals may alter pharmaceutically important properties
such as solubility and tableting behavior (1). Although re-
ports of thermodynamics and kinetics of hydrated systems
abound (2–4), relatively few have touched on the effects of
water of crystallization on mechanical properties (5,6). Con-
sequently, the influence of water of crystallization on the
tableting performance of powders remains to be evaluated
case by case, such that no reliable prediction of tableting
performance is yet possible. The objective of this work is to
explain at the molecular level the effects of water of crystal-
lization on the tableting properties of crystals in powder form.

The differences in the tableting performance of sulfa-
merazine polymorphs in powder form has been explained by
differences in their crystal structures, specifically by the slip
planes in Form I and their absence in Form II (7). The slip
planes in polymorph I provide greater plastic deformation of
the particles during compaction, which favors the formation
of tablets that are stronger for Form I than for Form II (7). To
understand further the relationship between slip planes and
tableting performance, we compare here the tableting perfor-
mance of anhydrate and monohydrate crystals of p-hydroxy-
benzoic acid. The results suggest that the water of crystalli-
zation in crystals of p-hydroxybenzoic acid monohydrate acts
as a lubricant that facilitates easier plastic deformation of
hydrate crystals than of anhydrate crystals, thereby conferring
better tableting performance.

MATERIALS AND METHODS

Materials

p-Hydroxybenzoic acid anhydrate (HA) in powder form
(Sigma Chemical Co., St. Louis, MO) was used as received.
To prepare p-hydroxybenzoic acid monohydrate (HM), HA
in powder form (250 g) was stored over saturated potassium
nitrate solution at 94% relative humidity (RH) for 2 months
at 23°C. Powder X-ray diffractometry (PXRD) and Karl
Fischer titrimetry (KFT) confirmed complete conversion of
HA to HM under the above conditions. For each HA and
HM powder, the fraction passing through a 595-�m sieve but
retained by a 350-�m sieve was collected and was stored as a
thin layer on a sheet of aluminum foil for 24 h in an environ-
mentally controlled room at 60 ± 2% RH and at 25°C. This
treatment was intended to reduce the difference in surface
moisture between the HA and HM powders. At the above
RH and temperature, both HA and HM are kinetically stable
for at least 1 week. Microscopic observation showed that par-
ticles in both HA and HM powders exhibited essentially the
same morphology and size. Therefore, the influence of par-
ticle size and morphology on tableting performance was mini-
mized in this study.

Experimental Methods

Karl Fischer Titrimetry (KFT)

The water content of HA and HM powders was deter-
mined by KFT using a Moisture Meter (model CA-05, Mit-
subishi Chemical Industries Ltd., Tokyo, Japan). Samples
(6–7 mg) were accurately weighed and quickly transferred to
a titration vessel to minimize the uptake of atmospheric mois-
ture. Pure, dry methanol was used as the solvent. The water
contents (w/w) were: HA measured 0.02 ± 0.03% (n � 3, HA
theoretical 0%); HM measured 11.58 ± 0.08% (n � 3, HM
theoretical 11.54%).

True Density Measurements

The true density, �t, of the powders (Table I) was deter-
mined in triplicate using a helium pycnometer (model 1320,
Micromeritics, Norcross, GA). The pycnometer was cali-
brated daily using a steel ball of standard size.
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Preparation of Tablets

Powders of suitable weight were compressed under a hy-
draulic press (Carver, model C, Menomonee, WI) at various
compaction pressures in a split die, which allowed uniaxial
compression and triaxial decompression to make square-
faced tablets of dimension 19 mm × 19 mm × 8 mm. Before
each compaction, the punches and die were lubricated with a
5% (w/v) suspension of magnesium stearate in ethanol and
were dried. The compaction pressure ranged from 10.4 MPa
to 200 MPa, and the dwell time was 1 min. All tablets were
allowed to relax for 24 h in an environmentally controlled
room at 60 ± 2% RH and at 25°C before subsequent mea-
surements of dimensions and tensile strength. The dimensions
of the tablets were measured to ± 0.02 mm using a dial caliper
(Mitutoyo Manufacturing Co., Japan). Hence, the volume of
each compact was calculated. The porosities of tablets were
calculated from the true density of the powder, the weight,
and the volume of the tablets. The tensile strength of the
tablets was determined in triplicate using a compressive test
procedure (7).

X-Ray Diffractometry

Powder X-ray diffraction (PXRD) patterns of compacts
or powders were collected using an X-ray diffractometer (Sie-
mens, model D5005, Germany) with Cu K� radiation gener-
ated at 40 mA and 45 kV. Counts were measured using a
scintillation counter. Each powder was packed into a sample
holder and was pressed by a clean glass slide to ensure co-
planarity of the powder surface with the surface of the holder.
To determine its PXRD pattern, a square-faced tablet was
mounted on a small piece of modeling clay, placed at the
bottom of a deeper holder, and was gently pressed down,
using a flat glass slide, until the surface of the tablet was
coplanar with the surface of the holder. The scans were run
from 5° to 35° 2� in increments of 0.05° with a counting time
of 3 s for each step. To identify the solid phases, the experi-
mental PXRD patterns were compared with the theoretical
patterns calculated from crystal structures of HA and HM.

The PXRD pattern of a mixture of 2% (w/w) HA + 98%
(w/w) HM revealed the characteristic peak of HA at 14.7° 2�.
Therefore, the detection limit of HA in the powder mixture
was 2% (w/w) or less. Similarly, the detection limit of HM in
powder mixtures was also found to be 2% (w/w) or less be-
cause the characteristic peak of HM at 17.65° 2� was observed
in the PXRD pattern of the powder mixture containing 2%
(w/w) HM.

Crystal Structures and Molecular Modeling

The crystal structures of HA and HM were downloaded
from the Cambridge Structural Database (8,9), using com-
mercial software (Graphic QUEST3D, Cambridge Crystallo-
graphic Data Center, 1995). The crystal lattice structures of
HA and HM were visualized using commercial software (Ma-
terial Studio, Accelrys, San Diego, CA). The theoretical
PXRD patterns of HA and HM were calculated and were
used as a reference for identification of the solid phase.

RESULTS AND DISCUSSION

True Density Measurement

The measured true density of HM was greater than that
calculated from crystallographic data (Table I), perhaps be-
cause of dehydration of HM during true density measure-
ments where the samples were held in an atmosphere of dry
helium. About 1.5% weight loss of HM samples after true
density measurements supported this suggestion. We there-
fore used the true density value derived from crystal struc-
tural data to calculate tablet porosity at room temperature.
The crystal structure of HM was solved from X-ray diffraction
data collected at 22°C (8). When the experimental PXRD
pattern of HM was compared with the PXRD pattern calcu-
lated from the single crystal structure, no peak shift was ob-
served, indicating no significant lattice expansion. The calcu-
lated true density of HM (1.398 g/cm3) agrees with the true
density measured by the flotation method (1.398 g/cm3) (8).
The measured true density of HA was slightly lower than the
calculated value (Table I), perhaps because of imperfections
in the crystals in HA powder. The measured true density was
used for subsequent calculation of the porosity of HA tablets.

Relationship Between Compaction Pressure and
Tensile Strength

The tensile strength of tablets of both HA and HM in-
creases with increasing compaction pressure (Fig. 1). The ten-
sile strength increases more rapidly for HM and almost lin-
early at compaction pressures lower than 60 MPa (Fig. 1). At
the same compaction pressure, HM always forms stronger
tablets than HA (Fig. 1), indicating the superior tabletability
of HM. Therefore, the presence of water molecules in p-hy-
droxybenzoic acid crystals improves tableting performance.

The difference between the tensile strength values of HA
and HM may be attributed to either different interparticular
bonding areas or different bonding strengths or both. How-
ever, it is generally not possible to identify the reasons for the
better tableting performance of HM over HA without con-
sidering tablet porosity. A plot of porosity vs. compaction
pressure (Fig. 2) provides information on compressibility
(volume reduction under pressure), and a plot of tensile

Table I. Particulate and Mechanical Properties of p-Hydroxybenzoic
Acid Anhydrate (HA) and Monohydrate (HM) in Powder Form

(Sieve Fraction 350–595 �m)

Crystal form

True density
(g/cm3)

measureda

True density
(g/cm3)

calculatedb
�0

(MPa)c bd

Anhydrate 1.454 (0.003) 1.497 3.62e 9.31e

Monohydrate 1.770 (0.060) 1.398 11.75f 9.23f

5.35g 3.83g

a Measured using helium pycnometry, which causes dehydration of
HM. Standard deviations are stated in parentheses, n � 3.

b Calculated from the crystal structures (references 8, 9).
c �0 is the tensile strength, �, extrapolated to zero porosity, in Eq. (1),

n � 3.
d b is the exponential constant in Eq. (1), n � 3.
e From regression of data for the porosity values, 0.1–0.4, R2 � 1.00,

n � 3.
f From regression of data for the porosity values, 0.17–0.4, R2 � 0.99,

n � 3.
g From regression of data for the porosity values, <0.2, R2 � 0.97,

n � 3.
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strength vs. porosity (Fig. 3) provides information on com-
pactibility (bonding strength normalized by porosity) (10–12).
In the PXRD pattern of compressed HM tablets, the charac-
teristic peaks of HA were not detected. Therefore, compac-
tion itself did not induce detectable dehydration of HM crys-
tals.

Relationship Between Porosity and Compaction Pressure

For both HA and HM powders, porosity decreases with
increasing compaction pressure (Fig. 2), indicating the effect
of compaction pressure on consolidation. At the same pres-
sure, the porosity of HM tablets is always significantly lower
than that of HA tablets, indicating that HM is more easily
consolidated. Volume reduction of a powder may be achieved
through particle rearrangement, fragmentation of particles,
and plastic deformation (13). For both HA and HM the simi-
lar porosity at about 10 MPa rules out more extensive particle
rearrangement of HM. The similarity of the mean particle sizes
and morphologies of the two powders explain this result.

Relationship Between Porosity and Tensile Strength

The tensile strength, �, of porous tablets made from HA
decreases exponentially with increasing porosity, � (Fig. 3),
according to Eq. (1) by Ryshkewitch (14).

� = �0 e−b� (1)

where �o is the tensile strength of the tablet extrapolated to
zero porosity, and b is a constant that may be linked to the
pore distribution within a tablet (12,15). When pores are not
homogeneously distributed in a tablet, reduction of tablet
porosity by compression will likely be achieved through
shrinkage of large pores and elimination of the smallest pores.
Consequently, reduction of porosity by this mechanism may
be expected to increase the overall tablet strength to a greater
extent than by homogeneous shrinkage of pores of similar
size. As a result, the slope of the plot of ln(�) vs. porosity is
greater, corresponding to a higher b value. The plot of ln(�)
against porosity for HM appears bilinear (Fig. 3). The exact
mechanism for this behavior is under investigation. We pro-
pose that the change of slope may reflect a change of con-
solidation mechanism of HM at higher pressures.

The preexponential factor b is the same for HA and HM
at porosity 0.2–0.4 (Table I), indicating that the initial pore
distribution is similar for HA and HM tablets. Similar pore
structure is expected during the initial compression of HA
and HM powders because of the similarities in their initial
particle size and shape. However, at a higher pressure, cor-
responding to a lower porosity, the shape and size of pores,
and hence the bonding area at a given porosity, will differ
between HA and HM tablets. This difference may be attrib-
uted to the differences in plasticity between HA and HM
crystals.

Under low pressure, HM crystals undergo particle rear-
rangement, fragmentation, and plastic deformation, with the
former two mechanisms dominating the consolidation pro-
cess. Elastic deformation of the particles is reversible and
does not contribute to their permanent deformation. Under
higher pressures, at which particle rearrangement and frag-
mentation are reduced, plastic deformation is the dominating
mechanism of the irreversible change of the HM crystals.

Fig. 2. Plots of tablet porosity against compaction pressure. Lower
porosity of p-hydroxybenzoic acid monohydrate (HM) tablets indi-
cates greater compressibility and easier consolidation of HM powder
than of p-hydroxybenzoic acid anhydrate (HA) powder. The similar
tablet porosity at the lowest pressure (10 MPa) indicates that the
initial packing of the particles is similar for the two powders.

Fig. 1. Plots of tensile strength against compaction pressure, showing
greater strength of tablets prepared from p-hydroxybenzoic acid
monohydrate (HM) powder than from p-hydroxybenzoic anhydrate
(HA) powder.

Fig. 3. Plots of tensile strength against tablet porosity, showing
greater tablet strength of p-hydroxybenzoic acid monohydrate (HM)
powder than of p-hydroxybenzoic acid (HA) powder from porosity
0.10 to 0.35.
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Therefore, at the same porosity, the shapes of pores, and
consequently the interparticulate bonding area, will differ
from those for which the deformation mechanism of HM is
assumed not to change. On the other hand, HA crystals may
still undergo fragmentation and particle rearrangement, even
at the highest compaction pressure, at which the tablet po-
rosity, 0.10, is substantially higher than 0.03 for HM tablets
when compressed at the same pressure (Fig. 2). Conse-
quently, the plot of ln(�) against porosity for HM gives a
different slope. At any given porosity from 0.35 to 0.10, Fig. 3
also shows that the tensile strength of HM tablets is much
greater than that of HA tablets, indicating the greater lattice
energy of HA crystals. This observation accords with the fact
that the dehydration reaction is endothermic (9).

Relationship Between the Crystal Structures and
Tableting Performance

Table II compares the crystallographic data of HA and
HM crystals. Analysis of the crystal structures of HA and HM
reveals a similar layered structure in both crystals, as shown in
Fig. 4. In HA crystals, two p-hydroxybenzoic acid molecules
are hydrogen bonded (O-O distance 2.635 Å) through two
carboxyl groups to form a dimer. These dimers are held to-
gether by hydrogen bonds (O-O distance 2.897 Å) between
the phenolic groups to form layers of two-dimensional hydro-
gen-bonding networks that are parallel to the (401) plane
(Fig. 4a,b). In HM crystals, hydrogen-bonded dimers of p-
hydroxybenzoic acid molecules (O-O distance 2.658 Å) are
similarly held together by hydrogen bonds between the phe-
nolic hydroxyl groups and water molecules (O-O distance
2.603 Å) to form layers. Each layer consists of an infinite
two-dimensional network that is also parallel to the (401)
plane (Fig. 4c,d). In addition, the layers are linked together by
hydrogen bonds between the carbonyl oxygens and water
molecules (O-O distance 2.827 Å) to form a three-dimension-
al network.

Because the three-dimensional hydrogen-bonding net-
work in HM crystals results in a more rigid crystal lattice that
lessens fragmentation, the possibility of more extensive frag-
mentation of HM crystals can also be ruled out. Therefore,
the better consolidation of HM (Fig. 2) is attributed to its
superior plasticity. Because reduced porosity normally results
in a larger interparticulate bonding area, the better tabletabil-
ity of HM may be attributed, at least partially, to its superior
plasticity.

During compaction of HA crystals, the zigzag-shaped
layers are capable of being compressed by the resolved com-

ponents of the normal pressure (Fig. 5). If we treat the com-
paction process under a Carver press as a pseudoequilibrium
process, the van der Waals force between the layers should
compensate for the external compression force that is applied
to each crystal. As a result, layers in HA crystals are com-
pressed close to each other before significant slip occurs (Fig.
5). Subsequent plastic deformation through slip between lay-
ers is more difficult because the relative movement between
the layers requires displacement of the molecules from their
equilibrium positions. Displacement of molecules in turn ne-
cessitates breakage of the intermolecular hydrogen bonds and
overcoming the van der Waals forces.

In HM crystals, water molecules reside between molecu-
lar layers (Fig. 4c,d). Water molecules fill the spaces between
the p-hydroxybenzoic acid molecules, which are organized in
a way that provides layers of smoother surfaces than in HA
crystals (Fig. 4). Moreover, during the compaction process,
the water molecules between layers in HM crystals assure
only a small reduction of interlayer distance under a normal
stress. Therefore, a smoother surface and a larger spacing
between the layers facilitate slip between the layers during
compression (Fig. 5). In order for two neighboring layers to
slide over each other, only the hydrogen bond (O-O distance
2.827 Å) that connects the layers needs to be broken by shear
stress. The relatively long oxygen–oxygen distance of this hy-
drogen bond indicates a relatively weak interaction between
the water molecules and the p-hydroxybenzoic acid mol-
ecules. For typical O-H···O hydrogen bonds, the O–O dis-
tance ranges from 2.5 Å to 2.8 Å (16). Moreover, because slip
normally occurs through movement of dislocations in a crys-
tal, only one hydrogen bond at a time needs to be disturbed
to allow plastic deformation within the crystals. Hence, the
water molecules facilitate plastic deformation of HM crystals.
A macroscopic analogy of the process is the reduction of
friction between surfaces by a lubricant.

CONCLUSIONS

This study explains the difference in tableting perfor-
mance between p-hydroxybenzoic acid anhydrate (HA) and
the monohydrate (HM), which have similar crystal structures.

Table II. Crystallographic Information for p-Hydroxybenzoic Acid
Anhydrate (HA) and Monohydrate (HM)8,9

Anhydrate Monohydrate

Crystal class Monoclinic Monoclinic
Z 4 4
Space group P21/a P21/a
a (Å) 18.508 (7) 17.752 (9)
b (Å) 5.228 (2) 6.442 (2)
c (Å) 6.342 (3) 6.731 (3)
� (°) 93.22 (3) 105.48 (6)

Standard deviations are stated in parentheses.

Fig. 4. Crystal structures of p-hydroxybenzoic acid anhydrate (HA)
and monohydrate (HM). Both structures show zigzag-shaped layers
of hydrogen-bonded two-dimensional networks parallel to the (401)
plane. (a) HA crystal structure viewed along the 〈−4 0 1〉 direction;
(b) HA crystal structure viewed along 〈0 1 0〉; (c) HM crystal structure
viewed along 〈−4 0 1〉; (d) HM crystal structure viewed along 〈0 1 0〉.
The solid spheres represent oxygen atoms of water molecules in the
HM crystal. The broken lines represent hydrogen bonds.
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Zigzag-shaped layers of two-dimensionally hydrogen-bonded
p-hydroxybenzoic acid molecules lie parallel to the (401)
planes in both crystals. In the HM crystal, water molecules fill
the space between the layers. The presence of water mol-
ecules in the crystal structure of HM facilitates plastic defor-
mation of the crystals by maintaining a larger separation be-
tween the zigzag-shaped (401) planes to permit easier slip
under pressure. Consequently, HM crystals have greater plas-
ticity, and HM tablets have a larger interparticulate bonding
area. Water molecules in HM crystals are also hydrogen-
bonded to p-hydroxybenzoic acid molecules to form a three-
dimensional network. Thus, the presence of water molecules
in the crystal also enhances the bonding strength of HM. The
combination of larger interparticulate bonding area and
higher bonding strength within HM tablets results in the su-
perior tableting properties of HM over HA.
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