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Abstract

In this study we investigate the correlations between the single crystal structure, the crystal habitat and morphology, and
surface energetics of an investigational pharmaceutical compound. Crystal structure of this investigational pharmaceutical solid
has been solved from single crystal X-ray analysis. Crystallographic data are as follows: triclinic,P1 (no. 1),a = 6.1511 (8) Å,b
= 13.5004 (18) Å,c = 17.417 (2) Å,α = 68.259 (2)◦, β = 80.188 (2)◦, γ = 82.472 (2)◦, V = 1320.2 (3) Å3, Z = 2. The external
morphology of this crystalline solid was predicted by molecular modelling using attachment energies to be thin-plate like with a
dominant face (0 0 1). The predicted morphology was confirmed by scanning electron micrographs (SEM) and the Miller Index
of the dominant face was complemented by X-ray powder diffraction (XRPD) method. The microscopic layering structures
of crystals and surface stability of the dominant faces were investigated using atomic force microscopy (AFM). Contact angle
measurement showed that the surface of the dominant face is hydrophilic as predicted from crystal structure.
Published by Elsevier B.V.
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1. Introduction

The majority of active pharmaceutical ingredients
used in solid dosage formulations are crystalline
solids. An individual crystal exhibits a number of
crystal faces, each with its own physical and chemical
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properties. When the pharmaceutical crystals shows
a few dominant faces that contribute to most of the
crystal surface area, the physical and chemical prop-
erties of those faces are important as they transport to
the bulk properties including wettability, dissolution
rate, flowability and tablettability (York et al., 1998;
Muster and Prestidge, 2002; Buller et al., 2002; Chen
et al., 2002).

Knowledge of the surface structure at the atomic
level is the first step towards understanding of the
physical and chemical properties of the crystal faces.
In order to determine the surface structure of a
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particular crystal face, one needs to obtain both the
crystal structure and the Miller index of that particu-
lar crystal face. Crystal structures of small molecules
can be determined from either single crystal or pow-
der X-ray diffraction methods. The Miller indices of
the prominent faces of a large single crystal can be
indexed directly using X-ray diffraction or reflecting
Goniometer. For microcrystallites, indexing the Miller
indices is more challenging as the crystals are too
small to be mounted on a Goniometer head. Nonethe-
less, several methods have been developed and re-
ported for indexing Miller indices of microcrystallites
using scanning electron micrographs (SEM) in con-
junction with computer programs based on geometric
procedures (Strom, 1976; Simov et al., 1983). Com-
puter programs developed for morphology prediction
based on single crystal structures can also be used
to determine Miller indices provided the morphology
is calculated correctly. The calculated morphology
must be examined experimentally to assure the valid-
ity of the morphology simulation. Scanning electron
microscopy is often used to compare the observed
and calculated morphology. The dominant faces can
also be examined by the powder X-ray diffraction
method (Jenkins and de Veris, 1997; Morris et al.,
2000).

Atomic force microscopy (AFM) has become a
powerful tool to study the surface microstructure,
morphology and adhesion properties of pharmaceuti-
cal crystals. Drug crystal surfaces were imaged with
AFM to monitor the crystal face-specific dissolu-
tion in situ where the intrinsic dissolution rate could
be calculated for particular crystal planes (Danesh
et al., 2001). The milled drug crystals were also
imaged with AFM and large contrast in the phase
images was observed on the milled drug surfaces,
which were attributed to amorphous regions induced
by milling (Begat et al., 2003). A recent paper de-
scribed the application of AFM in imaging crystalline
drug nanoparticles deposited from a dispersion or
embedded in a solid dosage form for their particle
size determination (Shi et al., 2003). AFM was used
to study the interaction forces between drug crystal
faces and hydrophobic or hydrophilic colloidal AFM
probes, and the adhesion forces were found to be cor-
related with the surface energies from contact angle
measurement and the surface chemistry data from
the time-of-flight secondary ion mass spectrometry

Scheme 1.

(ToF-SIMS) (Muster and Prestidge, 2002). In another
study to probe the mechanism of tablet sticking to
punch faces of the tablet press, iron coated AFM
probes were used to measure the work of adhesion
between iron and profen compounds. The AFM re-
sults of the rank order of drugs in sticking tendency
were in agreement with that predicted by molecular
simulation (Wang et al., 2003).

In this study we investigate the correlations between
the single crystal structure, the crystal habitat and mor-
phology, and surface energetics of an investigational
drug 1·Tris (Scheme 1). The morphology of 1·Tris was
calculated using the attachment energy method. The
calculated morphology was then validated using mi-
croscopic method and the Miller index of the dominant
face was examined using X-ray diffraction method.
The crystal surface structure and the wettability of the
dominant face were investigated using AFM and con-
tact angle measurement, respectively. This work shows
a corroborative study on drug crystal structures and
surface properties using theoretical calculation and ex-
perimental measurements.

2. Theory

The simulated morphology was the growth mor-
phology based on the attachment energy method
(Docherty et al., 1991). The attachment energy (Eatt)
is defined as the energy released on the attachment
of a growth slice to a growing surfaceEq. (1). In
Eq. (1), Elatt is the lattice energy of the crystal and
Esl is the slice energy, which is defined as the energy
of a growth slice of thicknessdhkl.

Eatt = Elatt − Esl (1)

The attachment energy is calculated on suitable slices
(hkl), which are usually chosen by performing a
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geometric prediction of the possible growth faces
(Bravais Friedel Donnay Harker method). The growth
rate of a crystal face is proportional to its attachment
energy. The faces with the lowest attachment energies
are slowest growing and, hence, have the morpho-
logical dominance, i.e. the largest surface exposure
(Berkovitch-Yellin, 1985).

3. Experimental section

Compound 1·Tris (3(S)-(2-methyl-pyrimidin-5-yl)-
9-(5,6,7,8-tetrahydro-[1,8]naphthyridin-2-yl)nonanoic
acid tris(hydroxymethyl)aminomethane salt) used in
this study was prepared at Merck & Co., Inc. with
greater than 98% purity. All analytical grade solvents
were purchased from Aldrich and used without further
purification. Compound 1·Tris (10 mg, 0.02 mmol)
was dissolved with 6 mL of a 1:1 mixture of methanol
and nitromethane in a clean vial. This solution was
then moved to a fume-hood, where slow evaporation
of the solvent yielded thin plate-shaped single crystals
suitable for X-ray data collection after 5 days.

Single crystal X-ray data were collected on a
Siemens Smart diffractometer equipped with a CCD
area detector using Mo K� radiation. Diffraction
data were collected at 298 K. All structure solutions
were obtained with a direct method and refined using
full-matrix least squares, on the basis ofF2

0 , with
Shelxl 97. All atomic parameters were independently
refined. A summary of parameters for the X-ray
data collection and subsequent refinement is given
in Table 1. The non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were included in
the last stage of the refinement at their geometrically
constrained positions. Tables of bond distances, bond
angles, and anisotropic thermal factors appear in
the supplement. Powder X-ray diffraction data were
recorded on a Philips PW3040-PRO X-ray diffrac-
tometer equipped with a multiplewire detector at
40 kV, 40 mA for Cu K�.

The computation was performed on an SGI Octane
workstation with a R12000 processor at 400 MHz. The
morphology simulation and analysis were performed
usingMorphology, which is integrated in the simula-
tion packageCerius2.

The thin plate-shaped crystals were placed on a
clean glass coverslide and examined with an AFM (Di-

Table 1
Crystal data and refinement for 1·Tris

Formula C26H41N5O5

Formula weight 503.64
T (K) 298 (2)
Wavelength (Å) 0.71073
Crystal system Triclinic
Space group P1
a (Å) 6.1514 (9)
b (Å) 13.5003 (19)
c (Å) 17.416 (2)
α (◦) 68.257 (2)
β (◦) 80.191 (2)
� (◦) 82.473 (2)
V (Å3) 1320.2 (3)
Z 2
ρcalc (g/cm3) 1.267
Absorption coefficient (mm−1) 0.089
θ range for data collection (◦) 1.27–26.39
Limiting indices −7 ≤ h ≤ 7, −16 ≤ k ≤

16, −21 ≤ l ≤ 21
No. of data/restrains/parameters 5365/7/659
No. of reflection collected/unique

reflections
14094/5365

Absorption correction None
Goodness-of-fit onF2 1.069
R1a 0.0740 (I > 2σ(I))
wR2a 0.2100 (I > 2σ(I))

a R1= 
 ||Fc| − |F0||/|Fc|, wR2= 
[w(F2
0 −F2

c )]2/
[w(F2
0 )2]] 1/2.

mension 3100 SPM, Digital Instruments). The domi-
nant faces and edges of thin plates were focused for
AFM imaging with the aid of a built-in optical lens.
The AFM instrument was operated in air at 20◦C in
the tapping mode with a TESP etched silicon probe
(Digital Instruments). Height images were collected
and analyzed with the Nanoscope III software (Digital
Instruments).

The drug crystals were examined using an environ-
mental SEM Quanta 200 (FEI Co.) in a low vacuum
mode. The electron accelerating voltage was 20 kV
and the water vapor pressure was 0.76 Torr. In the con-
tact angle measurement, a powder compact was made
from crystal particles using a Carver Press (Carver
Inc.) at a pressure of 10,000 psi and a drop of a test-
ing liquid (water) was placed onto the drug compact.
The images of the liquid were collected using a video
based contact angle goniometer (Future Digital Scien-
tific Inc.). The first stable image was used to extract
the contact angle.
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Fig. 1. Stereoview of crystal structure of 1·Tris viewed down thea axis. Hydrogen atoms are removed for clarity.

4. Results and discussion

4.1. Single crystal structure

As shown in Scheme 1, there are multiple
hydrogen-bonding donor and acceptor groups in 1·Tris
to form an extensive hydrogen-bonding network.
Specifically molecule 1 has a carboxylic acid group,
an amino group and a pyridinium nitrogen atom
as hydrogen-bonding donors and acceptors and its
counter-ion, tris molecule, also has hydrogen-bonding

Fig. 2. Two-dimensional hydrogen-bonded network of 1·Tris. Nitrogen: large sphere; oxygen: medium sphere; hydrogen: small sphere;
carbon: stick; hydrogen bonding: dashed line.

donors and acceptors in its three hydroxy groups and
one amino group. Molecule 1 has a chiral center at
the carbon where the methyl pyrimidine group is at-
tached. The bulk 1·Tris is optically pure; therefore it
is only allowed to crystallize in chiral space groups.
The single crystal structure of 1·Tris is illustrated in
Fig. 1. As one sees inFig. 1, two crystallographically
non-equivalent 1 molecules and two tris salts are
arranged in a pseudo-centrosymmetric pairing. View-
ing down thea axis, one sees that one 1 molecule
is shaped as a horse shoe with the opening facing
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to the right and the other 1 molecule forms another
horse shoe with the opening facing to the left. These
two 1 molecules, if viewed down thea axis, seem to
interlock into each other to form a train-coupler-like
unit; however, viewing down theb axis, the two 1
molecules are actually away from each other by half
an unit cell along thea axis. The “train coupler” units
are hydrogen-bonded through tris molecules into a
two-dimensional network along thea andb directions.
Fig. 2shows this two-dimensional network. InFig. 2,
one sees that along the horizontal direction there is
a chain composed of molecule 1 and tris alternately
while vertically two tris moieties are stacked together
with one molecule 1 above and another beneath.
These two-dimensional layers are stacked along the
c axis and connected through the tris moieties into a
three-dimensional hydrogen-bonded network.

4.2. Crystal morphology calculation

The dominant face and the morphology of 1·Tris
were calculated using the attachment energy method.
It is essential to a successful attachment energy cal-
culation that a proper force field is used. In the
case of 1·Tris, the crystal structure is based on a
three-dimensional hydrogen bonding network. The
force field “Drieding 2.21” (Mayo et al., 1990) was
chosen as it accounts for hydrogen bonds explic-
itly (Payne et al., 1998). The electrostatics potential
(ESP) of the molecule is assigned by the charge equi-
libration (Qeq) method (Rappe and Goddard, 1991).
The single crystal structure of 1·Tris was energeti-
cally minimized using the force field “Drieding 2.21”
in conjunction with Ewald summation with the cell
dimensions and atomic coordinates free to relax.
The minimized structure was compared to the single

Fig. 3. Calculated morphology of 1·Tris showing dominant faces
(0 0 1) and (00-1).

Fig. 4. Scanning electron micrograph of several 1·Tris crystals
showing the dominant face.

crystal structure. The similarity between the crystal
structures before and after minimization indicates that
the “Drieding 2.21” is suitable for energy calculation
of this hydrogen-bonded crystal system.

The minimized crystal structure of 1·Tris was used
to calculate the crystal morphology. “Dreiding 2.21”
was again used as the force field while the Ewald sum-
mation was replaced by Direct summation because the
current Morphology module does not support Ewald
summation for evaluating van der Waals interactions.
Using the attachment energy method, the morphology

Table 2
Attachment and slice energies calculated of observed faces of
1·Tris

h k l Eatt (kJ/mol) Esl (kJ/mol)

0 0 1 −12.77 −175.13
0 0 −1 −12.77 −175.13
1 1 0 −49.88 −138.02

−1 −1 0 −49.88 −138.02
−1 −2 −2 −74.04 −113.16

1 2 2 −74.04 −113.16
0 −1 −1 −76.81 −111.09
0 1 1 −76.81 −111.09
0 1 0 −78.11 −109.79
0 −1 0 −78.11 −109.79

−1 0 0 −96.10 −91.80
1 0 0 −96.10 −91.80
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Fig. 5. Surface structure of (a) (0 0 1) and (b) (00-1) faces of 1·Tris
showing a depth of 16.01 Å (1 unit cell). Nitrogen: large sphere;
oxygen: small sphere; hydrogen atoms are removed for clarity.

of 1·Tris was calculated as a thin plate, illustrated in
Fig. 3. The observed morphology of 1·Tris from scan-
ning electron microscopy is shown inFig. 4. A com-
parison of the morphology predicted by calculation to
that from the scanning electron micrograph shows a
good similarity in crystal shape and crystal faces, in-
dicating the calculated result is reasonably accurate.

Fig. 7. Tapping mode AFM picture (scan size: 3�m × 3�m) of a typical area on the surface of a thin plate drug crystal.

Fig. 6. X-ray diffraction patterns of 1·Tris calculated from single
crystal structure (top) and observed from large crystals with the
dominant faces exposed to radiation (bottom).

4.3. Surface functional groups and wettability

The calculated attachment energy of the observed
faces is listed inTable 2. The lowest attachment
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energy is−12.77 kcal/mol for both the faces (0 0 1)
and (00–1). The faces (0 0 1) and (00–1) are therefore
the most dominant faces. The surface structures of
the dominant faces (0 0 1) and (00–1) are illustrated
in Fig. 5. As the 1·Tris is packed around a pseudo
inversion center, the resulting molecular arrangement
on face (0 0 1) and (00–1) should be identical. Indeed,
in Fig. 5, the surface structures of the two dominant
faces are identical as the carboxylate and tris groups
are exposed to the surface. The contact angle of com-
pound 1·Tris with water was found to be 19◦ ± 5◦,
indicating a rather hydrophilic surface, which is in
agreement with the surface exposure of carboxylate
and tris groups as expected.

4.4. X-ray diffractometric studies

The dominant faces of 1·Tris were examined us-
ing X-ray diffraction. Large plate-shaped crystals of
1·Tris were carefully placed on a channel-cut silicon
zero-background sample holder in such a way that the

Fig. 8. Cross section analysis of an enlarged area inFig. 7.

Fig. 9. Three-dimensional AFM image of the edge area of a thin
plate crystal.

dominant faces of 1·Tris are coplanar with the sam-
ple holder surface. Both the observed and the calcu-
lated XRPD patterns of compound 1·Tris are shown
in Fig. 6. As one sees inFig. 6, there is a signifi-
cant discrepancy in peak intensities between the calcu-
lated and observed XRPD patterns due to the effect of
preferred orientation. In the observed powder pattern,
the two most intense peaks are 0 0 1 and 0 0 4 reflec-
tions. Because both these intense reflections belong

Fig. 10. Cross section analysis of an enlarged area inFig. 9.
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to {0 0 1}, surface (0 0 1) is indeed the dominant face
of this thin-plate crystal.

4.5. AFM studies

AFM imaging of the dominant face of thin plate
crystals revealed microscopic layering structures and
provided experimental confirmation of crystal lattice
dimensions derived from single crystal X-ray diffrac-

Fig. 11. AFM images of crystal (0 0 1) plane before (a) and after (b) exposure to 20◦C/40% RH for 24 h.

tion. Fig. 7 shows a typical picture where several
molecular islands of sub-microns in lateral dimensions
sit on an atomically smooth surface. The enlarged im-
age of the large island and its cross section profile
in Fig. 8 indicate that the island is composed of one
base layer of molecules with a few stacked add-on
layers and several delaminated areas, since the dis-
tances between the layers were measured to be the in-
teger numbers of 17 Å (e.g., 17, 34 and 68 Å), which



Y.-H. Kiang et al. / International Journal of Pharmaceutics 280 (2004) 17–26 25

agrees reasonably well with thed-spacing of 16 Å be-
tween (0 0 1) planes determined by single crystal diff-
raction.

When the edge areas of thin plate crystals were
examined, a terraced structure with stacked molec-
ular clusters was resolved as shown inFig. 9. The
terraces are formed by single crystal planes growing
layer upon layer, because the crystal step height was
measured to be 17 Å, as shown inFig. 10. The small
islands are probably the isolated molecular layers in
a three-dimensional manner, i.e. growing vertically as
well as laterally, despite the prevalent crystal growth
in a two-dimensional or lateral expansion mode along
the (0 0 1) plane.

The surface stability of the (0 0 1) plane was also
monitored by AFM. After exposing the crystal to the
laboratory environment (20◦C/40% RH) for 24 h, the
originally smooth (0 0 1) plane with some add-on lay-
ers became very different in microstructure. Layers
were found missing in many locations and new islands
were growing in the meantime. Overall, the surface
roughness for the 2�m × 2�m areas inFig. 11has in-
creased significantly from 0.173 nm inRq (root mean
square roughness) to 0.749 nm. It is possible that the
water layer adsorbed on the crystal surface facilitated
this simultaneous drug dissolution and recrystalliza-
tion. Such a change in crystal surface morphology may
have an impact to formulation processing and drug
dissolution.

5. Conclusions

The concept of using molecular modelling to pre-
dict the crystal morphology and to determine the
surface structure of particular faces of a crystal has
been successfully applied to an investigational phar-
maceutical solid. The surface structure and prop-
erties predicted from molecular modelling were
corroborated by AFM and contact angle measure-
ment.
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