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ABSTRACT
Purpose The molecular basis of crystal surface adhesion leading
to sticking was investigated by exploring the correlation of crystal
adhesion to oxidized iron coated atomic force microscope (AFM)
tips and bulk powder sticking behavior during tableting of two
morphologically different crystals of a model drug, mefenamic acid
(MA), to differences in their surface functional group orientation
and energy.
Methods MA was recrystallized into two morphologies (plates
and needles) of the same crystalline form. Crystal adhesion to
oxidized iron coated AFM tips and bulk powder sticking to tablet
punches was assessed using a direct compression formulation.
Surface functional group orientation and energies on crystal faces
were modeled using Accelrys Material Studio software.
Results Needle-shaped morphology showed higher sticking ten-
dency than plates despite similar particle size. This correlated with
higher crystal surface adhesion of needle-shaped morphology to
oxidized iron coated AFM probe tips, and greater surface energy
and exposure of polar functional groups.
Conclusions Higher surface exposure of polar functional groups
correlates with higher tendency to stick to metal surfaces and AFM
tips, indicating involvement of specific polar interactions in the
adhesion behavior. In addition, an AFM method is identified to
prospectively assess the risk of sticking during the early stages of
drug development.
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ABBREVIATIONS
AFM Atomic force microscopy
API Active pharmaceutical ingredient
EtOH Ethanol
MA Mefenamic acid
PoF Pull-off-force
PSD Particle size distribution
PXRD Powder X-ray diffraction
SEM Scanning electron microscopy
THF Tetrahydrofuran
XRD X-ray diffraction

INTRODUCTION

Crystalline drugs are commonly used in the manufacture of
oral solid dosage forms, such as tablets. Themanufacturability
of these dosage forms is highly dependent on bulk properties
of the active pharmaceutical ingredient (API) – such as flow,
compactibility, and sticking. Bulk properties refer to phenom-
ena generally observed when a large number of crystals,
typically in a formulation, are involved in a bulk powder
handling unit operation – ranging in powder amounts from
several hundred grams to kilograms. The sticking behavior is a
manifestation of API adhesion to steel surfaces, commonly
utilized in pharmaceutical processing, followed by material
buildup; especially in high drug load formulations. The influ-
ence of API molecular structure and its configuration in
crystal unit cell on its bulk properties occurs on the micro-
scale and depends on the micromeritics of drug crystals – i.e.,
particle size, shape, and morphology. For example, flow and
density of bulk powder is a known function of the crystal form,
size, and shape (1). However, the fundamental mechanisms
behind the phenomenon of metal adhesion leading to sticking
are not well understood. A mechanistic understanding of the
dependence of bulk properties of drug substance and drug
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product on the morphological and surface characteristics of
the API crystals is expected in the contemporary and evolving
quality-by-design (QbD) paradigm of drug product develop-
ment. In addition, such fundamental knowledge would facil-
itate the development and use of material sparing techniques
during the early stage of drug product and process develop-
ment to identify potential risks and mitigation strategies.

The vast majority of organic crystals are anisotropic. The
anisotropy is caused by differences in surface exposure and/or
orientation of functional groups of a molecule in the crystal
structure. The solvent(s) used for crystallization have an im-
pact on the morphology of resulting crystals (2–4). For exam-
ple, greater supersaturation generally leads to smaller sized
crystals due to higher rate of nucleation (5). Differences in the
relative growth rate of crystal faces as a function of the degree
of supersaturation contributes to differences in crystal shape
(6). Crystal shape is dominated by faces that have the lowest
growth rate (7). In addition, specific crystal-solvent interac-
tions during crystal formation can influence the relative
growth rate of different crystal faces. Thus, while studying
the morphological sensitivity to the solvent phase and purity,
Braybrook et al. observed that copper (II) acetate monohydrate
crystals grown from propran-1-ol yielded needle-shaped mor-
phology, whereas the use of aqueous media resulted in
orthodrome-shaped crystals (8). Morphological differences were
attributed to crystal/solvent interactions during crystal
formation. The authors proposed that the appearance of the
(100) faces in the needle-shaped morphology was related to the
ability of propan-1-ol to adsorb to the designated crystal surfaces
mediated by the binding of the solvent hydroxyls to the lattice
water molecules via hydrogen bonding. Holmback and
Rasmuson studied the influence of precipitant addition rate
on the morphology of benzoic acid crystals produced from
saturated ethanol/water solutions (7). The authors observed that
the crystal habit changes from needle-like particles to platelets
by increasing the ethanol bulk concentration. Utilizing
attachment-energy modeling, the authors concluded the surface
exposure and orientation of carboxylate functional groups were
important determinants of intermolecular interaction with the
solvent, thus reducing the relative growth rate and surface area
of different faces in the resulting crystal morphology.

Crystal anisotropy often results in variances in the measur-
able properties of different faces of the crystals. For example,
Heng et al. observed differences in the wettability of various
crystallographic faces of aspirin single crystals, which correlat-
ed to differences in the surface exposure of carboxylic acid
groups and surface energy of the faces (9). The authors noted
similar observation for acetaminophen and ibuprofen crystals
(10). The differences in the surface group orientation and
polarity of crystal faces can affect properties that are
influenced by the functional group interaction at the solid
surface. For example, Danesh et al. reported a correlation
of surface exposure of benzene rings versus ester groups with

six-fold difference of dissolution between two faces of aspirin
crystals (11). Crystal morphology determines the relative sur-
face area of various faces of a crystal, which can affect surface
dependent phenomena ofmorphologically different forms of a
drug. Some pharmaceutical processes, such as tableting, in-
volve multiple contacts of the bulk powder with the punch
surface under high pressure. Thus, the phenomenon of stick-
ing is likely to comprise cumulative forces of adhesion arising
from multiple interactions of surface exposed functional
groups.

Sticking is a well-known but complex problem in the man-
ufacture of oral solid dosage forms. It is encountered in bulk
powder processing, often only at large scale. Not only is the
occurrence of this phenomenon drug substance specific, it
further depends upon the polymorphic form and
morphology/shape of drug crystals. The complex nature of
this phenomenon makes it unpredictable and highly variable.
It poses significant risk to the developability and manufactur-
ability of drug product. Therefore, there is a significant unmet
need for identifying and establishing small-scale experimental
and molecular modeling tools to prospectively assess the stick-
ing risk for new drug candidates’ morphologies and crystal
forms. Mechanistically, nonspecific and weak but multiple
van der Waals forces of attraction between the API and the
metal surface acting over a prolonged time (e.g., added dwell
time of multiple tablet compression) are generally thought to
be responsible for the sticking phenomenon. However, the
sticking tendency is generally greater when the metal surface
is oxidized (e.g., rusting of punches used for tablet compres-
sion) and increases with environmental humidity.

Therefore, we hypothesize that the mechanism of sticking
would involve stronger forces and specific interactions that
require surface exposure of electronegative atoms and/or
polar functional groups on drug crystals. In this work, we test
this hypothesis by molecular modeling combined with the
assessment of relative adhesion of two morphologies of a
model drug (mefenamic acid, MA) to an oxidized iron coated
tip by atomic force microscopy (AFM) (Fig. 1). Several studies
have explored the use of AFM as an experimental tool to
assess the risk of sticking in crystalline drugs. Some investiga-
tors have modified AFM probe tips by attaching single crystals
(e.g., with a glue that is cured by UV radiation (12)) to
measure drug crystal adhesion to a tablet punch surface.
Bunker et al. utilized this approach to study the force of
adhesion between lactose crystals and punch surfaces of
differing roughness and under different relative humidities
(13). Not only are the mounting and adhesion of crystals on
the AFM tips tedious, multiple measurements of several crys-
tals using these tips require the assumption of isotropic adhe-
sion to different crystal faces. Furthermore, this method mea-
sures adhesion forces at one location on a single mounted
crystal. For a method to be useful for prediction of sticking
tendency of crystalline powders, adhesion forces across
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different faces of the several crystals should be quantified.
Non-functionalized AFM tips have also been used to study
the surface adhesion behavior of drug crystals. For example,
Wang et al. investigated the work of adhesion between
ketoprofen, ibuprofen, and flurbiprofen using iron coated tips
in a contact mode AFM study (14). The rank order of work of
adhesion between iron and profen compounds was correlated
to the rank order of interaction between drug molecules and
iron superlattices predicted by molecular simulation. The
work of adhesion between the AFM tip and the drug mole-
cules was studied by melting and recrystallization of drug
molecules into a flat surface, and measurements were carried
out while both the probe tip and the profen surface were
immersed in a saturated solution of the drug in water to
stabilize the surface of the crystal. Although the authors
obtained correlation of AFM force of adhesion measurements
with molecular modeling predictions, the experimental con-
ditions of recrystallization and immersion in saturated solution
would limit robust correlation of data generated using this
technique with sticking observation in dry powder state, e.g.,
during tableting. To overcome some of the limitations in the
AFM studies reported in the literature, oxidized Fe-coated tips
were used for adhesion force measurement from multiple
crystals of either morphology in this study.

MA is known to exhibit propensity for sticking during
tablet compression (15). In addition to relative adhesion of
the two morphologies to oxidized iron coated AFM tips, a
correlation of sticking tendency and AFM findings with the
surface exposure of functional groups and surface energy of
the two crystal forms was investigated. MA was crystallized
into two different morphologies (shapes), while maintaining
the same crystalline polymorphic form (form I). The morphol-
ogies were characterized for particle size distribution, relative
sticking tendency during tablet compression, and adhesion to
oxidized iron coated tips by AFM. In addition, the surface

exposure of functional groups for the two morphologies was
modeled, and the surface free energy was calculated. The
AFM pull-off forces (PoF) were correlated to the sticking
tendency of the two morphologies. This work identified
AFM as a potential small-scale predictive method to assess
the risk of sticking early in drug development. The correlation
of surface exposure of functional groups and surface free
energy of the two morphologies to the sticking tendency was
used to identify molecular mechanisms responsible for the
sticking tendency.

MATERIALS AND METHODS

Materials

Mefenamic acid (MA) was procured from Sigma Aldrich (Sig-
ma-Aldrich, St. Louis, MO). Solvents tetrahydrofuran (THF),
ethanol (EtOH), and hexane (all high performance liquid chro-
matography grade) were also obtained from Sigma Aldrich.

Methods

Recrystallization

Plate-shaped crystals were obtained by preparing a saturated
solution of MA in THF at 40°C, followed by slow solvent
evaporation at 5–10°C. The plate-shaped crystals were fil-
tered after 4 h, washed with water, dried in a vacuum cham-
ber, and stored in tightly closed containers at room
temperature.

Needle-shaped crystals were obtained by preparing a satu-
rated warm solution of MA in a 1:1 v/v mixture of THF and
EtOH, to which 5 parts hexane was added as an anti-solvent.
The needle-shaped crystals were filtered after 4 h, washed

Fig. 1 Connecting crystal
properties to bulk behavior in early
development using material sparing
techniques. The ovals highlight the
underlying basis of the sticking
phenomenon observed at bulk
powder scale. The side boxes
represent the current experimental
model and computational basis
proposed in this manuscript to
assess the risk of sticking early in
drug development.
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with hexane, dried in a vacuum chamber, and stored in tightly
closed containers at room temperature.

Single Crystal X-ray Diffraction

Single crystal X-ray diffraction data of MA was collected on a
Bruker AXS SMART APEX CCD diffractometer. The X-
ray generator was operated at 50 kV and 35 mA using MoKα

radiation. Data was collected with a ω scan width of 0.3°. A
total of 606 frames per set were collected in three different
settings of φ (0°, 90° and 180°) keeping the sample to detector
distance of 6.03 cm and the 2θ value fixed at −25°. The data
was reduced using SAINTPLUS and an empirical absorption
correction was applied using SADABS (16). The crystal struc-
ture was solved by direct methods using SIR92 and refined by
full matrix least squares using SHELXL97 (17,18).

Scanning Electron Microscopy

Scanning electron microscopy (SEM) images were collected
on samples mounted on aluminum stubs to which adhesive
carbon conductive pads had been applied. They were
sputter coated using a Pelco SC-7 Auto Sputter Coater
equipped with a platinum target (Ted Pella, Inc., Redding,
CA). Secondary electron images were acquired at 2 kV
using an FEI XL-30 FEG SEM (FEI Electron Optics,
Eindhoven, The Netherlands).

Powder X-ray Diffraction

About 200 mg of samples of two morphologies were packed
into a flat PXRD sample holder. The sample was tranferred
to a PANalytical MPD unit (45 KV, 40 mA, Cu Kα)
(PANalytical, Almelo, The Netherlands). Data were collected
at room temperature in the 2 to 32 two-theta range (contin-
uous scanning mode, scanning rate 0.03 degrees/sec). The
PXRD patterns of both morphologies were compared with
the simulated PXRD pattern of MA form I, which was calcu-
lated based on single crystal structure obtained from Cam-
bridge Structure Database (CSD) (19).

Particle Size Distribution

Malvern Mastersizer 2000 (Malvern, Worcestershire, UK)
instrument with dry Scirocco dispersion system was used to
measure the particle size distribution (PSD). A dispersion
pressure of 3 bars, gate opening of 6 mm, feeding vibration
intensity of 70%, sample size of 1 g, refractive index
1.52+0.1i, and general calculation model with normal
sensitivity were used. The reported results are based on
volume PSD.

Atomic Force Microscopy

MA crystals were mounted onto silicon wafers. In order to
assure reliable attachment of the crystal, the Si-wafers
were modified by thin chemisorbed layer of poly
(glycidylmethacrylate) (PGMA, 2 mg.m-2) (20). Contact
mode AFM tips (VistaProbes, Nanocience Instruments, Inc.,
Phoenix, AZ; spring constant 0.1 N/m, resonant frequency
28 kHz, nominal radius <10 nm) were coated with iron metal
(Fig. 2) by physical vapor deposition (sputter coating) at
ThinFilms, Inc. (Hillsborough, NJ) to 200-300 Å thickness,
measured by profilometer. The iron deposited AFM tips were
plasma oxidized to result in oxidized iron coating on the
surface. The composition of the layer of oxidized iron is
unknown, but is expected to be a mixture of different oxides
including FeO, Fe2O3, and Fe3O4 that are known to form as a
result of plasma etching (21–23). In addition, oxides of Crmay
be present as well. Adhesion of drug crystals to the oxidized
iron coated AFM tips is expected to model the rusted punch
tips (that generally show higher sticking tendency during tablet
compression, and is attributable to drug adhesion), which are
also expected to exhibit a mixture of different oxides.

The tips were tested for their probe-to-probe uniformity,
integrity, and robustness of performance by scanning electron
microscopy (SEM, data not shown) and reproducibility of PoF
measurement against the substrate background (data not
shown). The sputter coat thickness was relatively consistent
across several experimental runs. The tip radius is an impor-
tant parameter which greatly affects the results of the force
measuremants in AFM. In order to achieve reproducible
results, tip radius characterization was performed using dif-
fraction grating TGT1 (NT-MDT Inc., Russia). The tips with
the radii of 35–40 nm were selected and used in the PoF
measurements.

Adhesion forces of drug crystals to AFM tips were mea-
sured by determining the pull-off forces (PoF) in the z-
direction using the contact mode of the atomic force micro-
scope. Force-distance curves (Fig. 3a) were measured to char-
acterize the interaction of AFM oxidized iron tip with MA
crystals (20). DiInnova atomic force microscope (Veeco In-
struments, USA) was used. Individual force-distance curves
were measured for 12 crystals for each of the needle and plate
morphologies. For each crystal face, measurements were
made on 121 different locations in an 11×11 matrix
(Fig. 3b). All measurements were completed at 25°C and
relative humidity of 35%–40%.

The PoF was measured as a minimum on deflection-
distance curve subtracted from average free (suspend) tip
deflection (Fig. 3a). The tip was brought into very light contact
with the crystal surface (force of approx. 3 nN). The light
contact on the level of 3 nN during force-distance curve
acquisition was crucial in order to prevent damage of the
crystal surfaces as well as to preserve tip surface. For
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comparison, contact mode scanning using same tips required
about two time higher force (deflection signal 2.0 V on the scale
of 0 to 10.0 V) to maintain reliable contact yet the surface
remained intact. Tip deflection calibration procedure was
employed routinely for each crystal.

Statistical significance of differences in PoF among the
crystals of the same shape and between the two groups of
different shapes of crystals was analyzed by analysis of vari-
ance (ANOVA). Two-way ANOVA was used in this study to
compare significance of the source of variability in the AFM
PoFs between and within the two groups of crystals. The two
groups were defined as the two morphologies of mefenamic
acid used in this manuscript – needles and plates. Since n=12
crystals were measured within each of these two groups and
n=121 observations were recorded for each of the 12 crystals
measured for the two morphologies, the data was plotted as a

variability chart and mean PoFs. Variability chart (Fig. 4a)
describes the mean and standard deviation of 121 data points
for each of the 24 crystals. This chart also plots the mean line
for each crystal morphology, which is mean of all 12x121
observations. The mean PoF data analysis (Fig. 4b) plots mean
PoFs for all of the 12 crystals of each morphology. For each of
the two morphologies, mean is represented as the central line
in the corresponding diamond and the vertical span of each
diamond represents 95% confidence interval. Statistical sig-
nificance was inferred at p<0.05.

Morphology Modeling, Surface Energy Calculation, and Surface
Functional Group Orientation

The crystal structure (.cif file) for MA was obtained from the
Cambridge Structural Database (CSD) (CSD,UK), REFCODE
“XYANAC” (24). The morphology simulation and analysis

Fig. 2 Atomic force microscopy (AFM) tips. (a) Unmodified silicon nitride
tip; (b) contact point or edge of the tip that touches the crystal surface; and
(c) the contact point or edge of the tip after sputter coating with iron.
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Fig. 3 A representative force-distance curve on withdrawmovement (“from
the surface”, z increasing) obtained for a plate-like crystal of mefenamic acid (a)
and an AFM image (tapping mode, 2×2 μm) of a fragment of the plate-like
crystal (3D representation) showing the schematic of acquisition of multiple
force-distance curves obtained in 121 locations marked as blue dots (b).
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were performed using Morphology, which is integrated in
the simulation package Materials Studio version 5.5 (Acclerys
Inc., San Diego, CA, USA). The structure file was loaded into
the program followed by building the crystal structure. The
structure was verified to be chemically correct. This crystal
structure was used for all calculations without any further struc-
ture optimization. Crystal morphology was modeled by mini-
mizing surface energy calculated for both (a) equilibrium and (b)
growth morphology of the crystal based on the theory and
underlying equations used for morphology prediction (25–27).

To calculate the crystal morphologies, two different force
fields (FF) - COMPASS (forcefield charges and gasteinger
charges) and Dreiding (gasteinger charges and model assigned)
were applied to non-geometry optimized Bragg structures. A
minimum dhkl of 1.300 Å and a maximum value for the three
Miller indices was set to 3,3,3, respectively (medium setting on
the module). The overall number of growing faces was limited

to 200. Applicability of the forcefield was evaluated by the
similarity of the predicted morphology to experimentally ob-
servedmorphology. The impact of force field on either attach-
ment energy or predicted morphologies was minimal. Thus,
the predicted morphology did not significantly depend on the
forcefield used for morphology prediction. This was consistent
with the observations of Brunsteiner and Price (28), who
observed that the theoretical morphologies of several com-
pounds, such as ε-caprolactam, urea, pentaerythritol, and
hexamethylene tetraamine, were not significantly affected by
the attachment energy model used to calculate them. Cuppen
et al. (29) also reported lack of impact of force field on
observed morphology. The parameters used in morphology
calculation are summarized in Table I. Plate shapedmorphol-
ogy resulted in all simulations. The shapes and aspect ratios of
the predicted faces were in good agreement using different
force fields, indicating that, under equilibrium conditions,

a

b

Fig. 4 Pull-off force (PoF) measurements for 12 different crystals of needle- or plate-shaped morphology by atomic force microscopy (AFM) using iron oxide
coated tips. (a) Variability chart for PoF for n=121 measurements on each individual crystal in an 11×11 matrix and (b) plot of PoF measurements
by morphology. The variability chart (a) includes a horizontal line across all 12 crystals of each morphology separately indicating overall mean for each
morphology. The vertical lines for each crystal represents the range and the small horizontal green line for each crystal represents the mean of measured values for
the crystal. Data points are plotted on the vertical line. The analysis chart (b) groups the n=12 crystals each by morphology plotting a diamond around a central
line, which represents the group mean of the respective morphology. The vertical span of each diamond represents the 95% confidence interval for each group.
The smaller horizontal lines closer to the edges of the diamonds indicate overlap marks of the two distributions. The overlap marks are an indication of statistical

significance of data and are computed as group mean
ffiffi

2
p
2 � confidence interval

2 . If the overlap marks in one diamond are no closer to themean of another diamond than
that diamond’s overlap marks, as in this figure, it indicates that the two groups are statistically significantly different at the given confidence level (α=0.05).
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plate-shaped morphology is the most stable morphology.
Dreiding forcefield applied with input model-based charge
assignment method (Table III) was used to predict the mor-
phology simulated in Fig. 5a, compared with experimentally
obtained morphologies in Fig. 5b. The predicted morphol-
ogies were also in agreement with the experimentally observed
crystal morphologies using THF as the solvent and slow
evaporation method.

For surface energy (equilibrium morphology) calculations,
Dreiding forcefield, which has wide applicability across differ-
ent systems, was used (26). Input model based charges without
geometry optimization of the crystal structure was utilized.
This equilibrium morphology feature allows for a better un-
derstanding of the ideal morphology of MA and its surface
group orientations. To obtain surface energies for the needle-
shaped morphology, which was observed experimentally,
modification of equilibrium plate-shaped morphology was
done by altering the crystal’s aspect ratios within the energy
constraints of the structure.

Surface functional group orientations were viewed from
the standard parameter table and by expanding a particular
face of the crystal using the “create super cell” function of the
module.

Adhesion During Compaction

Recrystallized API was used to prepare compacts using 5/16”
flat faced round tooling on a Carver hydraulic press (Carver,
Wabash, IN). Each compaction was preceded by a punch
cleaning and polishing step to ensure punch surface smooth-
ness. The samples of both needle and plate morphologies were
compacted on the same day. A force of 1 ton and 10min dwell

time was used with external lubrication of the die wall using
magnesium stearate. After each compaction experiment, an
assessment of sticking was done by visual examination.

RESULTS AND DISCUSSION

Recrystallization

Plate-shaped crystals (Fig. 5b(i)) were obtained from THF by
solvent evaporation. Needle-shaped crystals (Fig. 5b(ii)) were
obtained using anti-solvent (hexane) addition to a 1:1 mixture
of THF and EtOH. Crystal surfaces are generally anisotropic
due to the differences in the surface exposure of functional
groups arising from their ordered structure in the crystal
lattices. In addition, crystallization conditions (such as the
solvent(s) used for crystallization) frequently result in differ-
ences in relative growth rate of different planes, leading to
different morphologies of the crystals. Furthermore, the po-
larity and protic nature of the solvent used for crystallization
influences the relative growth rate of crystal faces and deter-
mines surface exposure of functional groups on the predom-
inant face(s).

Among the solvents used for the crystallization of MA,
EtOH is more polar than THF. The dielectric constant of
THF and EtOH is 7.6 and 24.6, respectively. A 1:1 v/v
mixture of THF and ethanol is expected to have a dielectric
constant of 16.1 by the weighted averagemethod (30), without
correcting for the intermolecular interactions between the two
solvents. Higher polarity of EtOH is also evident by its higher
polarity index (5.2) compared to that of THF (4.0). Polarity
index of a solvent is a relative measure of the degree of

Table I Parameters Used in the Calculation of Surface Morphology of Mefenamic Acid Crystals for Both Equilibrium and Growth Morphology Methods. Plate
Shaped Morphology Resulted in all Simulations.

Method Forcefield Charges Total lattice energy
(Etot) kcal/mol

Van der Waals con-
tribution (EVdW)

Electrostatic con-
tribution (EES)

Hydrogen bonding con-
tribution (EHbond)

Aspect
Ratio

Number of
unique facets

Attachment
energy

DREIDING Input model −59.461 −52.062 0.000 −7.399 6.270 6

Gasteiger
(Gast)

−61.837 −52.062 −2.376 −7.399 4.913 5

COMPASS Force field
(FF)
assigned

−41.925 −44.785 2.860 0.000 4.110 5

Gasteiger
(Gast)

−47.161 −44.785 −2.376 0.000 2.840 4

Surface
energy

DREIDING Input model −59.461 −52.062 0.000 −7.399 3.258 23

Gasteiger
(Gast)

−61.837 −52.062 −2.376 −7.399 2.626 32

COMPASS Force field
(FF)
assigned

−41.925 −44.785 2.860 0.000 2.179 43

Gasteiger
(Gast)

−47.161 −44.785 −2.376 0.000 1.733 83
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interaction of the solvent with various polar test solutes. Higher
the interaction of a solvent with polar test solutes, greater the
polarity index of the solvent (31). In addition, THF is aprotic,
whereas EtOH is a protic solvent. Therefore, the solvent
system used for the preparation of needles was protic andmore
polar than the one used for the preparation for plates.

Generally, the influence of polarity and protic nature of the
solvent, through its potential to interact with exposed func-
tional groups in different planes of crystal lattice, implies that
dominating crystal faces produced from polar and protic
solvents are likely to be more polar compared to the crystal
faces produced from aprotic solvent with lower polarity
(3,4,6–8). Plate-shaped crystals of MA were produced when
an aprotic solvent (THF) was used for crystallization. The use
of ethanol in addition to THF in the solvent system for
crystallization led to the formation of needle-shaped crystals.
Ethanol being a protic solvent and a relatively more polar
solvent system (THF+EtOH) resulting in needle-shaped crys-
tals indicated that needle-shaped crystals have a greater pro-
portion of surface that is relatively more polar and capable of
hydrogen bonding. Therefore, needle-shaped crystals would
be expected to have greater surface exposure of polar groups.
This is consistent with molecular modeling results (discussed in
“X-ray Diffraction and Morphology Simulation”) and pro-
pensity for specific interactions with oxidized iron coated
AFM probe tips (discussed in “Atomic Force Microscopy”).

X-ray Diffraction and Morphology Simulation

MA exists in two polymorphic forms – form I and form II, of
which form I is the thermodynamically more stable form at
ambient conditions of temperature and pressure (32). Form I
was used in these studies. Since different polymorphic forms
can be generated by recrystallization under different condi-
tions, PXRD was utilized to confirm that both plate- and
needle-shaped crystals were of the same polymorphic form.
PXRD patterns of recrystallized MA of both morphologies
were compared with the simulated PXRD pattern for form I
(Fig. 6). The PXRD studies indicated that both needles and
plates are the same polymorphic form of the API.

In addition, single crystal XRD was used to confirm the
Miller indices of the external faces for the plate- and needle-
shaped crystal morphologies. MA form I crystallizes in a
triclinic unit cell system with P-1 space group. The major face
was (100) in the plate-shapedmorphology. The needle shaped
morphology had a much diminished face (100), while face
(010) was predominant (Table II).

Equilibrium morphology calculations revealed that the
plate-shaped morphology was the equilibrium morphology.
Needle-shaped morphology was simulated by altering the
crystal’s aspect ratios within the energy constraints of the
structure. The aspect ratio of the projections for both mor-
phologies (Fig. 5) was measured using different force field and

200µm

a b
(i)  Plate shaped morphology: (i)  Plate-shaped morphology

(ii)  Needle shaped morphology: (ii)  Needle-shaped morphology

50µm

Fig. 5 (a) Simulation of surface
crystal morphology using
morphology module of Material
Studio software. (b) Scanning
electron microscopy (SEM)
images of the plate and needle
shaped morphologies obtained by
varying the crystallization conditions.
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charge assignment methods. This data is summarized in
Table III. This data indicated that the calculated morphol-
ogies by different methods resulted in prediction that was close
to experimentally observedmorphologies. The aspect ratio for
observed morphologies was 2.6 for the plate-shaped morphol-
ogy and 9.4 for the needle-shaped morphology, obtained by
measuring several crystals of each morphology.

Faces of plate- and needle-shapedmorphologies were iden-
tified based on the combined single crystal XRD andMaterial
Studio simulation results. The simulation further indicated the
surface orientation of the molecules on different faces, as
shown in Fig. 7. Face (100) consisted of predominantly non-
polar hydrocarbon groups, with the hydrophilic amine and
carbonyl groups occurring less frequently and buried deeper
into the surface compared to the other faces (001) and (010).

Themolecular modeling simulation indicated that the plate-
shaped morphology has a significantly higher surface area

contribution from the relatively hydrophobic face (100) com-
pared to the needle-shaped morphology. These simulations are
based on attachment energy calculations. The growth rate of a
particular face is proportional to the magnitude of the attach-
ment energy between drug molecules, i.e., the energy that
would be reduced by the attachment of a slice of crystalline
drug molecules on the growing crystal surface. Thus, the face
with the lowest attachment energy is the slowest growing face,
which thereby becomes the morphologically dominant face in
the crystals. These results are also consistent with the expecta-
tion based on surface interaction of MA molecules during
crystallization with the solvent(s) used for crystallization, as
discussed in “Recrystallization”.

Atomic Force Microscopy

Adhesion forces of drug crystals to AFM tips were measured
by determining the PoF for 12 crystals of each morphology
and 121 locations per crystal on the randomly exposed face to
allow for statistical data treatment. Ideally, AFM PoF mea-
surements on the same single crystal that was used for face
indexing by single crystal X-ray diffraction would allow iden-
tification of PoF for specific crystal faces. However, this ap-
proach was logistically difficult. Therefore, we ran multiple

Fig. 6 Powder x-ray diffraction
(PXRD) patterns for recrystallized
samples of mefenamic acid
compared to simulated mefenamic
acid form I.

Table II Surface Energy of Different Faces Calculated by the Morphology
Module of the Accelrys Material Studio Software. Dreiding Forcefield with
Input Model Based Parameters Were Used.

Face Surface energy
(kcal•mol-1•Å2)

% Facet areaa

(plates) (needles)

(100) 0.045 45 24.1

(001) 0.134 0.45 2.2

(010) 0.083 13.6 70.5

(01–1) 0.085 11.0

(10–1) 0.15 1.2

(1–11) 0.076 11.0

(1–10) 0.090 5.4

(101) 0.103 6.7

a Both morphologies have additional faces (account for % facet area≤1%)
that are not included to maintain clarity of discussion; needles lack the unique
number the of faces that plates possess.

Table III Aspect Ratio of the Projections for the Two Morphologies Using
Different Force Field and Charge Assignment Methods.

Forcefield Charge assignment
method

Aspect ratio for the two morphologies

Plate-shaped Needle-shaped

DREIDING Gasteinger 2.63 8.80

Input model-based 3.26 7.74

COMPASS Gasteinger 1.73 8.03

Force field 2.18 10.67
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AFM measurements across different faces of several crystals.
Statistical approach was taken to overcome the limitation
from the difficulty in indexing exact faces that are measured

for each crystal), and statistical methodology was utilized to
quantify overall differences between the two morphologies.
The PoF values for each crystal analyzed for both morphol-
ogies were plotted, as shown in Fig. 4a, and mean PoF for all
12 crystals of each of the two morphologies were plotted
(Fig. 4b). Two-way ANOVA analysis indicated that the pre-
dominant source of variability in the PoF data was the differ-
ence in the morphology (p<0.005).

The PoFs for needles were generally higher than that for
plates. As discussed earlier, the overall crystal surface of needles
is expected to be more polar than plates based on molecular
modeling simulations and the relative characteristics of the

solvents used for crystallization of the two morphologies. Thus,
the morphology with greater surface polarity showed higher
adhesion to oxidized iron coated AFM tips. This was consistent
with the proposed hypothesis of stronger polar surface interac-
tions being involved in the interaction with oxidized metal on
punch surfaces contributing to the crystal surface adhesion
leading to the sticking phenomenon.

Adhesion Behavior During Tableting

Tableting of recrystallized MA indicated differences in the
adhesive nature of the two morphologically different materials.
Needles appeared to have a higher tendency to adhere to
punch face compared to plates (Fig. 8). The tableting studies
were carried out at 1 ton pressure and 10 min dwell time. The
use of higher dwell time was designed to prolong the duration
of contact between the drug and the punch surface under high

a

b

c

d

Fig. 7 Surface group orientation
differences depicted at different
facets of the morphology. The
surface exposure of electronegative
atoms/functional groups on different
faces are evident by the plane
drawn with white lines in the sub-
figures. The following notations of
atoms are used in these drawings:
grey, carbon; white, hydrogen;
blue, nitrogen; and red, oxygen.
Dreiding forcefield with input model
based parameters were used. (a)
Chemical structure of mefenamic
acid. (b) Surface exposure of
electronegative atoms/
functional groups on face (100).
This face shows the presence
predominantly of methyl
substituents on the benzene ring on
the surface. (c) Surface exposure of
electronegative atoms/
functional groups on face (001).
This face shows the presence
predominantly of benzene rings on
the surface. (d) Surface exposure
of electronegative atoms/
functional groups on face (010).
This face shows the presence
predominantly of nitrogens and the
oxygens on the surface,
intermittently with the methyl
groups.
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in AFM. Several (n=12) crystals were measured for
each morphology at multiple locations (121 measurements



pressure, trying to simulate the impact of multiple punch hits
usually associatedwith the first observation of the phenomenon
of sticking in large scale tablet manufacture.

Sticking behavior is empirically related to several formula-
tion and processing variables such as the API particle size and
surface area, granulation state of API particles, particle coat-
ing with a hydrophobic agent such as magnesium stearate
(lubrication), moisture content of the formulation, ambient
humidity during processing, contact time and pressure be-
tween the drug and the steel surface, radius of curvature of
the punches (in the case of tablet manufacturing), and the
roughness of the steel surface (13,15,33–38). All these param-
eters were kept approximately constant for comparing the
relative sticking behavior of the two morphologies. In addi-
tion, the crystallization conditions were selected to result in
similar PSD of the two crystal morphologies (Fig. 9).

Anisotropy in the crystal growth planes between the two
morphologies and the corresponding differences in the surface

attachment energies of the two crystal morphologies correlated
better with the bulk powder observation of sticking. The stick-
ing phenomenon is expected to correlate to the surface energy
of a crystal morphology. The surface energy of a crystal can be
mathematically computed to reflect different parameters –
such as maximum of any facet, mean, median, surface weight-
ed mean, or surface normalized mean. Since the sticking
phenomenon usually involves multiple punch hits, the surface
energy of the predominant face of the crystal is identified as a
key contributing factor to the sticking phenomenon. The con-
tribution to the sticking phenomenon from facets that repre-
sent minor proportion of the crystal surface area is expected to
be minimal. Therefore, avoiding any mathematical transfor-
mation of the surface energy values, Table II lists the surface
energy of predominant faces of the two morphologies. Mor-
phology modeling studies indicated that (100) was the largest
face of the plate-shaped morphology, and that this face had
relatively minor contribution to the overall surface area in the
needle shaped morphology (Fig. 5a). The face (010) is predom-
inant in needles (70.5% of surface area) compared to plates
(19.7% of surface area) (Table II).

Surface group orientation of functional groups on different
faces (Fig. 7) indicated that the face (100) is relatively non-
polar compared to the other two faces (001) and (010). As seen
in Fig. 7, faces (001) and (010) had substantially higher surface
exposure of nitrogen and oxygen atoms, compared to the face
(100) – which has significant surface exposure of carbons and
hydrogens.

These observations were in good agreement with the sur-
face energy of different faces calculated using the Morphology
module of the Accelrys Material Studio software (Table II).
The surface energy of face (100) was significantly lower (0.
045 kcal•mol-1•Å2) compared to that of the face (001)
(0.134 kcal•mol-1•Å2) and face (010) (0.083 kcal•mol-1•Å2).

Fig. 8 Effect of morphology on the sticking tendency of needles and plates to
tablet tooling punches during compression.

D(0.1) m D(0.50) m D(0.90) m D(0.95) m D(3,2)

Needles 3.4 21.8 119.2 208.3 6.4
Plates 2.6 18.4 142.7 247.7 5.4

Needle
Plate

µ µ µ µ

Fig. 9 Particle size distribution for
both morphologies of MA.
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The surface energy indicates the energy released upon the
attachment of a growth slice to a growing crystal face (39), or
the energy required for the disruption of intermolecular bonds
when a layer is removed. Thus, surfaces that have strong
intermolecular bonds, such as due to polarity introduced by
electronegative atoms, would have higher surface energy. The
surface energy enables the identification of polar faces in
anisotropic crystals (40). Higher surface energy is associated
with greater polarity of the face. Therefore, the results of
molecular modeling indicated that the face (100) is relatively
nonpolar or hydrophobic compared to the other two faces,
and greater surface polarity of the needle-shapedmorphology.
Thus, higher sticking tendency of needles can be largely
associated with greater surface polarity of needle-shaped mor-
phology. This is supported by greater interaction of polar
surface with metals in the processing equipment, such as tablet
punches.

Greater adhesion of needle-shaped crystals, with greater
surface polarity, is consistent with the obervations of Podczeck,
who observed that the surface interaction and adhesion of
pregelatinized starch and lactose to metal modified stainless
steel surfaces increased with the increasing Lewis-base, polar,
character of the surfaces (41). The adhesion tendency was the
least for chromiumnitride, which provides a non-polar surface;
whereas it was higher for steel, carbon, and chromium carbide
surfaces – which are strong Lewis-bases.

CONCLUSIONS

This work showed the correlation of macro- or bulk-powder
scale adhesion properties of two morphologically different
forms of an API to its micro-scale crystal morphology through
surface modeling, surface energy calculation, and AFM sur-
face characterization (Fig. 1). The needle-shaped morphology
of MA showed higher sticking tendency to steel punch surface
during compaction, compared to plates. The higher sticking
tendency of the needles correlated with their greater surface
polarity, which was evident in surface energy calculations, and
was attributable to the greater surface exposure of electroneg-
ative atoms and the polar functional groups. This finding is
consistent with the hypothesis of adhesion behavior being
attributable to specific, stronger interactions due to the surface
exposure of electronegative atoms. In addition, AFM studies
using oxidized iron coated tips indicated greater PoF for
needles compared to plates, which correlated well with the
higher surface polarity of needles.

The correlation of mean crystal surface adhesion to oxi-
dized iron coated tips by AFM to sticking observations during
tableting indicates that AFM can be used as an experimental
tool to assess surface energy and prospectively assign a risk of
sticking to new drug molecules in development. The bulk
powder stage properties, such as sticking, often become

evident only at larger scale of operation. However, unlike
excipients, limited quantity of API is available in early stages
of drug development. Thus, the sticking behavior, often
compromising drug product manufacturability, becomes evi-
dent only in the later stages in drug development, affecting
project timelines and drug development costs. Use of API
sparing characterization techniques in early development,
such as AFM and single crystal X-ray diffraction coupled with
molecular modeling and surface energy calculation, could
play a critical role in identifying high risk APIs earlier in
development as well as providing guidance to the selection
of appropriate form and morphology.
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