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ABSTRACT

Purpose Milling and micronization of particles are routinely
employed in the pharmaceutical industry to obtain small par-
ticles with desired particle size characteristics. The aim of this
study is to demonstrate that particle shape is an important factor
affecting the fracture mechanism in milling.

Methods Needle-shaped crystals of the B polymorph of D-
mannitol were prepared from recrystallization in water. A portion
of the recrystallized materials was ball-milled. Unmilled and milled
sieved fractions of recrystalized D-mannitol were analyzed by
dynamic image analysis (DIA) and inverse gas chromatography
(IGC) at finite concentration to explain the breakage/fracture behavior.
Results In the process of ball-milling, D-mannitol preferentially
fractured along their shortest axis, exposing (01 1) plane with
increased hydrophilicity and increased bounding rectangular as-
pect ratio. This is in contrary to attachment energy modeling
which predicts a fracture mechanism across the (010) plane with
increased hydrophobicity, and small change in particle shape.
Conclusions Crystal size, and more importantly, crystal shape
and facet-specific mechanical properties, can dictate the fracture/
cleavage behavior of organic crystalline materials. Thorough un-
derstanding of the crystal slip systems, combining attachment
energy prediction with particle shape and surface characterization
using DIA and IGC, are important in understanding fracture
behavior of organic crystalline solids in milling and micronization.

KEY WORDS attachment energy - D-mannitol - image
analysis - inverse gas chromatography - milling - needle - surface
energy

INTRODUCTION

The stabilization of micrometer-sized drug particles with a
high specific surface area and a narrow particle size distribu-
tion directly from solution crystallization is difficult at an
industrial scale. Milling and micronization are still, at present,
routinely used to obtain consistent particle size for down-
stream formulation processing. Reduction in particle size of
the active pharmaceutical ingredient (API) is also sometimes
necessary to improve the dissolution rate in gastrointestinal
fluids (1), owing to the fact that 30-40% of new chemical
entities (NCEs) display very poor water solubility (2). In the
preparation of amorphous solid dispersions, dissolution be-
havior of the drug substance in the carrier is also aided by an
increase in surface area (particle size reduction) (3).

Three dominant modes of stress application which can
lead to comminution of particles include shear, impact and
friction. Mechanical comminution processes involving high
energy input such as jet milling, pin milling, high energy ball
milling and high pressure homogenizers, as well as more
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gentle processes such as comilling are well established tech-
niques in the pharmaceutical industry. Although the desired
particle size distribution can be economically and easily
obtained from direct milling and micronization processes,
the API may also undergo undesirable physical and/or
chemical changes during the process, causing downstream
processing, drug handling and storage issues. Solid-state
transformations, crystal habit changes, mechanical harden-
ing, and structural/chemical/thermodynamic stability are
important subjects concerning material processability, end-
product quality and functionality of micronized solid par-
ticles (4). As the particle size and crystal habit changes upon
milling/micronization, the surface energetics of particles
can also change (5). In most occasions, milled particles are
notably more cohesive due to an increase in both surface
area and surface energy, or they can have low bulk density
due to their surface electrostatic charges, leading to issues in
materials handling and powder flow.

Although particle size is traditionally considered as the
major targeted result at the end of the milling or comminu-
tion, changes in the particle shape and surface properties are
becoming increasingly recognized as a consequence of these
processes as exemplified by the growing number of publica-
tions in this field. The particle shape is known to impact
flowability (6) and compactability (7) of post-milled API,
while the surface properties can affect wetting (8), aerosol-
ization (9), mixing (10), compaction (11), and dissolution
behavior (12).

Stress application in mechanical milling causes a reduction
in particle size distribution by fracture of the crystals along
specific crystallographic slip planes caused by dislocation
movement as a consequence of plastic deformation. Gross
crystal fracture occurs when the applied deformation energy
reaches a level to overcome a critical dislocation density (13).
During deformation, the most active slip planes are the source
of defects and disorders. Common methods to identify slip
planes in molecular crystals include attachment energy mod-
els, nano-indentation experiments, cleavage planes, and in-
ferred data based on chemical bonding within the lattice.

In the milling of form I acetaminophen (paracetamol), the
cleavage plane is an active slip plane with the lowest attach-
ment energy, and it was shown, from IGC measurements, that
this cleavage plane also has the lowest surface energy and is
the most hydrophobic (14). Depending on the thermodynamic
stability of the APIL, milling can lead to total/partial crystal-
linity loss, or generation of local amorphous domains (15,16).
For crystals with different morphologies, the milling behavior
can be drastically different. For instance, B-succinic acid crys-
tals with plate-like morphology are more prone to crystallinity
loss on milling compared to the needle-like morphology (17).
The understanding of the relationship between milling/frac-
ture behavior, the initial and resulting crystal shape and
surface properties are, therefore, important in the design of

milling processes, as well as other associated downstream
processes for the milled products.

Crystals with needle-like morphology are known to be more
difficult to process (18,19), but it is increasingly common to
encounter particles of NCEs with elongated morphologies dur-
ing discovery and early development. To this end, this study is
primarily focused on the understanding of the fracture behavior
of needle-shaped crystals by coupling advanced particle shape
and surface energy characterization techniques using dynamic
image analysis and inverse gas chromatography at finite con-
centration, respectively. This study is not intended to focus on
the size reduction effect in milling, but to focus on the possible
underlying mechanisms in the milling of needle-shaped par-
ticles. The subject of this investigation is a commonly used
crystalline pharmaceutical excipient, the most thermodynami-
cally stable p polymorph of D-mannitol.

DIA has become increasingly popular in the pharmaceu-
tical industry as a means of extracting particle shape factors,
in addition to particle size parameters, from digital images
taken of small particles. As the particles are passed through
the sensing zone, either by means of a liquid or dry gas
dispersion mechanism, multiple 2-dimensional images of the
particles are captured at high speed. These 2D digital
images are processed in real-time with mathematical algo-
rithms to obtain particle size parameters, such as the equiv-
alent circular area diameter, as well as particle shape factors,
such as aspect ratio, smoothness and circularity. This tech-
nique allows the simultancous collection of particle size and
shape information, without the need to predefine a particle
shape profile for particulate systems under investigation.

IGC is a physicochemical characterization technique
which can be used to measure the surface properties of
powder materials, and recent advances in utilizing IGC at
finite concentrations allow for the determination of surface
energy distributions, which more accurately describe the
anisotropic surface energy for materials. As crystalline mate-
rials are energetically anisotropic—different crystal planes
can exhibit different chemistry, their surface energy may not
be adequately described by a single average value (20). The
anisotropic nature of D-mannitol and alpha lactose mono-
hydrate, both widely used pharmaceutical excipients, have
been studied in this way using IGC (5,21). This technique is
used, for the first time in this study, to determine the impact
of milling on the surface energy distributions of multi-
faceted organic pharmaceutical crystals.

MATERIALS AND METHODS
Recrystallization

To ensure that the starting material has a needle-shaped
morphology, a saturated solution of D-mannitol (Ph Eur
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Pearlitol 160C, Roquette, France) in deionized water at
50°C was allowed to cool at room temperature (~25°C).
The recrystallized solids were filtered and dried in an oven
at 70°C over 24 h.

Ball-milling

Half of the recrystallized D-mannitol powder (~500 g)
was milled with a porcelain ball-mill (Pascall Engineering,
Suffolk, U.K.) with 20 ceramic balls, 1.5 mm in diameter,
for 4 h. The resultant milled powders were then sieved
using a series of test sieves to obtain the following frac-
tions: 63—125 pm, 125-180 pm, 180-250 pm and 250-
355 pm. The unmilled powders were also subjected to
the same sieving procedure to yield the same sieve parti-
cle size fractions. The sieved materials were rested at
room conditions (23°C, 40% RH) for at least 5 days prior
to further experiments.

Specific Surface Area Analysis

The BET specific surface area of individual sieve fractions
was determined from nitrogen adsorption isotherms at 77 K
using a surface area analyzer (Tristar 3020, Micromeritics,
Norcross, GA). The samples were degassed under vacuum
for 16 h at 25°C prior to nitrogen adsorption.

Particle Shape Analysis

Particle shape information was obtained by dynamic image
analysis (Particle Insight, Model PO1/00000/00, Micromer-
itics/Particulate Systems, Norcross, GA). This DIA system
has a recommended measuring range between 3 and
300 um, but can measure particles up to 600 um. Isopro-
panol (HPLC grade, Sigma-Aldrich, Poole, U.K.) was used
as dispersant. Approximately 100 to 500 mg of sample from
the well-mixed bottle was transferred to the sample chamber
(with a total liquid volume of approximately 30 ml) of the
instrument for particle shape analysis. The instrument uti-
lizes a recirculating fluidic path which randomizes particle
orientation as they are passed through the detection area of
the instrument. This operation also ensures that over time, a
full homogeneous sampling is achieved from the sample as
particles are re-analyzed during recirculation. Prior to par-
ticle shape measurements, the liquid dispersion conditions,
measurement duration, and dark pixel concentration were
optimized to achieve a standard deviation between meas-
urements of less than 3%. The optimized pump speed was at
17% of full power, and measurement duration was 500 s for
cach sample. Each measurement contained at least 50,000
in-focus particle counts to ensure representative sampling.

@ Springer

Surface Energy Distribution Analysis

The dispersive surface energy distributions of the milled
sieve fractions were measured by the iGC-Surface Energy
Analyzer instrument (IGC-SEA, Surface Measurement Sys-
tems, London, U.K.) equipped with a flame ionization de-
tector. Each sieve fraction of D-mannitol was packed into
separate standard pre-silanized columns (300 mm length X
4 mm ID) with silanized glass wool sealed at each end to
prevent sample movement during the experiment. Columns
were filled with approximately 1 g of material and then
conditioned w-situ in the IGC-SEA with helium for 2 h at
30°C to remove physisorbed water. The IGC-SEA has a
unique injection mechanism which allows the precise con-
trol of the injection size, thereby precise amount (n, mole) of
probe vapor can be passed through the sample column to
achieve a specific probe surface coverage, n/n,, (where n,, is
the probe monolayer coverage). If a series of probe vapors is
injected over a range of surface coverages, a surface free
energy profile can be mapped, resulting in a profile of
surface energy as a function of coverage. A series of purely
dispersive n-alkane vapor probes (decane, nonane, octane,
heptane) (HPLC grade, Sigma-Aldrich, Poole, U.K.) were
used as probe molecules, and methane was used for dead
volume determination. Helium, at a flow rate of 10 sccm
(standard cubic centimeter per minute), was used as carrier
gas for all injections. Dispersive surface energy profiles and
distributions were calculated directly using Cirrus Plus
software (version 1.1.0, Surface Measurement Systems,
London, U.K.) following the Dorris-Gray approach. The
reported surface energy profiles and distributions are the
average of two identical runs of probe injections on each
sample column, and the standard deviation of y* data
measured in this study is no more than 3% at any probe
surface coverage.

Scanning Electron Microscopy (SEM)

SEM images were acquired with a Jeol scanning electron
microscope system (JSM-6390, Jeol, Tokyo, Japan), at a
working distance of 14 mm and an accelerated voltage of
15 kV. Particles were gold-coated in argon using a sputter
coater (Desk IV, Denton Vacuum, Moorestown, NJ) at a
current of 40 mA for 2 min prior to SEM imaging.

RESULTS AND DISCUSSION

Crystal Habit, Surface Chemistry and Theoretical
Fracture Behavior of D-mannitol

Kaminsky et al. reported that D-mannitol exhibits the crystal
planes (011), (010), (120), (110), and (210) (22). The
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dispersive, yd, polar, 7/, and total, yT, surface energies of
plane (011), (120) and (010) have been reported previously
(23). The (010) plane has the lowest surface energy, and is
the most hydrophobic crystal plane, whilst the (011) has the
highest surface energy, and is the most hydrophilic in nature
due to the high concentration of hydroxyl functional groups
on this crystal plane (23).

When particles are subjected to mechanical fracture as a
result of particle-particle, particle-ball and particle-wall col-
lisions upon ball-milling, it is postulated that the particles
will preferentially break up in two dominant ways, depend-
ing on the shape of the particles: 1) particles fracturing along
their shortest dimension amongst all orientations, or 2) the
exposure of an active crystal slip plane with a low predicted
attachment energy. Attachment energy calculation is one of
the common techniques used to identify slip planes in mo-
lecular crystals. Based on growth morphology model (24),
attachment energy is the energy released on the attachment
of a growth slice or a new layer of molecules to a growing
crystal surface. As the most probable growth layer on a
given face 1s the one bound most easily to the crystal face,
such layer could be obtained by cleaving the crystal parallel
to that face. Although attachment energy data, on their
own, may not always explain crystal fracture behavior (25)
as crystal displaying strong mechanical anisotropy can have
multiple slip systems, attachment energy data are still useful
starting point to understand the potential change in particle
shape before actual milling runs are conducted. Crystal
planes with low attachment energies are usually slip planes
of the highest molecule density with largest d-spacing
amongst all planes in the crystal. By means of dislocation
propagation, the slip planes are more energetically favor-
able to slip along a certain direction within the crystal
structure system (the slip system). Under this mode of me-
chanical fracture, a change in surface properties toward the
crystal plane corresponding to that of a low attachment
energy plane is expected. An example of this mode of
fracture is demonstrated by the milling of acetaminophen
in an earlier study (14), in which the dispersive surface
energy was found to increase from 34.0 to 41.0 mJ/m”?,
reflecting an increase in the contribution of exposed crystal
plane (010) (the slip plane with the lowest predicted attach-
ment energy).

Nevertheless, the assumption that particle breakage is
dominated by a low attachment energy crystal plane may
only be valid when the attachment energy corresponding to
that plane in consideration is far lower than those attach-
ment energies corresponding to all other possible crystal slip
systems. It may also hold true when the crystal is not expe-
riencing a biased force loading on specific crystal planes
during impact or shear deformation upon milling, and also
surface flaws are not providing favorable initiating points for
crack propagation to occur. Furthermore, at the molecular

scale, lattice planes which contain zig-zag, or corrugated
molecular layers will have significant energy barrier for slip
occurrence, even if the attachment energy is low (25).

In the case of needle-shaped D-mannitol, the two weakest
attachment energy planes are predicted to be (010) and
(110) (26), which are both parallel to the c-axis of the crystal
lattice and the growth direction of the crystal (Fig. 1). In
reality, the force experienced by particles with a low aspect
ratio, defined as ratio of the minimum Feret diameter to
maximum Feret diameter, can be more easily transferred
along a short distance via stress transfer, as the impact force
can be readily dissipated by fracture of the plane along a
short dimension. It is clear, from Fig. 1, that the fracture of
D-mannitol based on either geometry (Fig. la), or thermo-
dynamics from energetic consideration (Fig. 1b) will result in
substantial differences in the particle shape and surface
energy of the final milled products. The fracture mechanism
based on geometry will create D-mannitol particles with
high aspect ratio, and increased hydrophilicity (as a conse-
quence of the exposure of plane (011)), whereas the fracture
mechanism based on thermodynamics will create particles
with similar aspect ratio as the original premill crystals, but
with an increased hydrophobicity (as a consequence of the
exposure of plane (010)). To illustrate and understand
how D-mannitol with a needle morphology would break
up upon milling, an assessment is performed, in this
study, based on the particle shape and surface energetic
distributions of the unmilled and milled materials in various
sieve fractions.

Surface Areas and Crystal Shape Distributions
of Unmilled and Milled D-mannitol

To qualitatively understand the quality of the recrystallized D-
mannitol and the sieving performance, BET specific surface
areas of the unmilled and milled fractions of D-mannitol were
obtained by standard nitrogen adsorption technique (Fig. 2).
As expected, milled D-mannitol in all sieve fractions have
consistently larger BET specific surface areas compared to
unmilled D-mannitol. An increase in the specific surface area
for the milled samples, as the sieve size is reduced, revealed
that the milled samples are predominantly single primary
crystals, and that sieving was able to provide adequate particle
size classification of the recrystallized material. However, the
250355 pm sieve fraction of the unmilled material did not
follow the same increasing trend in specific surface area as
particle size is reduced. The reason could be attributed to a
small number of agglomerated primary particles in this frac-
tion, thus leading to a higher than expected specific surface
area value. These porous agglomerates of primary particles in
this fraction are identifiable by SEM (Fig. 3). Apart from the
unmilled sieve fraction of 250-355 um, each fraction
appeared to contain primarily unagglomerated crystals. A
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Fig. | Scenarios representing the fracture of D-mannitol with a needle morphology: (a) fracture direction across (01 ) and (b) fracture direction across
(010). Surface energy components of facet (010), (01 I) and (120) for D-mannitol were taken from Ho et al. (23).

clear distinction can be made between the milled and un-
milled fractions.

In DIA, the particle size is usually described based on the
diameter of the circle with the same projected area
expressed in their volume/mass ratio. However, needle
particles cannot be accurately described by its spherical
diameter. As sieving would primarily classify particles based
on the shortest dimension of the needles, the bounding
rectangular (BR) width, which is defined as the shorter
dimension of the smallest encasing rectangle of the projected
area (Fig. 4), would provide a much accurate particle size
descriptor for sieved powders with needle-like morphology.

The number-based mean BR aspect ratio, which is the
ratio of the shorter to longer dimension of the smallest
encasing rectangle of the projected area, is plotted as a
function of the average BR width of the sieve fractions in
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Fig. 2 BET specific surface areas of all unmilled and milled sieved fractions
of D-mannitol.
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Fig. 5. (It should be noted that the bounding rectangular
aspect ratio 1s defined in this study as the ratio of BR width
to BR length, to be consistent with new standardized defi-
nition of aspect ratio. The BR aspect ratio is defined as the
ratio of BR length to BR width by the DIA instrument,
Particle Insight, and this definition was not used in this
work. The instrument was automatically set at a resolution
of 1.3 pm per pixel in order to provide adequate sensitivity
of the smaller particles in the milled fractions.)

The four sieve fractions together with the two pre-sieved
samples of milled and unmilled D-mannitol show clear differ-
ences in their BR aspect ratios. Comparing between milled
and unmilled D-mannitol at the identical BR width, it is clear
that the milled materials exhibit consistently larger BR aspect
ratios, implying that milled D-mannitol needles are shorter in
length than unmilled D-mannitol. The milled samples have, on
average, 7.7% larger BR aspect ratio compared to the original
unmilled samples. The results by DIA provide clear evidence
of the geometric fracture mechanism as shown in Fig. la.
Although D-mannitol crystals have fractured along the (011)
plane upon milling, further analysis of the particle shape data
also revealed that the particles have also fractured in parallel to
the c-axis of the crystal structure, based on the variation of the
BR widths for the milled and unmilled materials. The range of
the BR width for unmilled D-mannitol varies between 19 pm
and 28 pm, whereas for the milled D-mannitol, the range
varies between 17 um and 24 pm. The smaller overall BR
width for the milled samples is indicative of particle fracture
across planes in parallel to the c-axis of the needle, with (010) or
(110) being most likely, due to their low attachment energies
from molecular modeling (26).

Particle shape, similar to particle size, can be represented
based on number, surface area and volume. Volume-based
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Fig. 3 SEM micrographs of
different sieve fractions of
unmilled and milled D-mannitol.

ybus| vg

Smallest Rectangle
Encasing Projected Area

Particle Thumbnail
Image

Fig. 4 Definition of bounding reactangular width and length. The bound-
ing rectangular aspect ratio is defined as the width to length ratio.

A 15k K50

methods are sensitive to the large particles in a sample due to
their large volume, whereas number-based methods are sen-
sitive to the small particles in a sample as they are typically
present in large numbers. Since DIA is a number-based
technique (a direct measurement of ‘each’ particle image),
the true result is number-weighted. However, surface-area
and volume-based particle shape distributions can be estimat-
ed from the number data, assuming a thickness in the third
dimension equal to the average of the two other dimensions.
With this approach, a particle with a particular shape will
have an associated surface area and volume, thus the surface
area % and volume % distribution can be computed. From
the SEM images on Fig. 3, the milled sieve fractions contain a
small portion of smaller fragmented particles as a consequent
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Fig. 5 Bounding rectangular aspect ratio (number-based) as a function of
bounding rectangular width (number-based) for milled and unmilled D-
mannitol.

of milling. To illustrate their shape and effects to the milled
data, the volume-based and number-based BR aspect ratio
cumulative percentiles for the pre-sieved unmilled and milled
D-mannitol are presented in Table I. Number-based percen-
tiles, which are sensitive to these smaller particles, are consis-
tently higher than volume-based percentiles for both milled
and unmilled materials, revealing that the smaller particles are
essentially shorter in length (larger BR aspect ratio) than the
bigger particles (smaller BR aspect ratio). The larger BR
aspect ratios measured for these smaller particles are consis-
tent with SEM images. However, using either number-based
or volume-based distributions, the change in BR aspect ratio
upon milling is identical—an increase in BR aspect ratio can
be seen 1n all cases.

An understanding into which particular particle size
ranges may be more susceptible to breakage in this system
can be obtained by investigating the difference between
initial and resulting aspect ratio of different sieved particles
before and after milling. It should be noted that milling not
only induces shape changes, but also particle size changes.
However, needle-shaped particles are primarily classified in
sieving based on their shortest dimensions, which are not
expected to change significantly upon milling as revealed by
the particle BR width in Fig. 5. Therefore, it is a valid to

Table | Comulative Percentiles of Number-Based and Volume-Based
Bounding Rectangular Aspect Ratios for Unsieved Milled and Unmilled
D-mannitol

Percentiles Unmilled (Unsieved) Milled (Unsieved)
Number Volume Number Volume
10% 0.87 0.76 0.93 0.86
25% 0.66 0.54 0.84 0.59
50% 0.45 0.36 0.61 0.46
75% 0.30 0.25 0.39 0.29
90% 0.21 0.18 0.27 0.21
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assume that pre- and post-milled sieve fractions can be
compared directly to deduce the size effect on shape
changes. Figure 6 shows that the percentage change in BR
aspect ratio for different sieve fractions of D-mannitol after
milling. The positive values correspond to an increase in
aspect ratio from particles of all sizes upon milling. With the
exception of the biggest sieve fraction (250—355 pum), the
largest increase in BR aspect ratio can be seen in the 180—
250 pm particle size range with 28.6% increase. As the
particle size decreases, this positive change in aspect ratio
is less. The large increase in BR aspect ratio for 180-250 um
particle size range implies that particle breakages are dom-
inated by the geometric cleavage mechanism across the
(011) plane. For larger particles (i.e. longer needles), one
would also expect to have a higher occurrence of breakages,
compared to smaller particles (i.e. shorter needles), whereby
the probability of breakages across the (011) plane would be
less. It is postulated that a critical particle size and aspect
ratio may be reached by further milling, such that the
dominant fracture mechanism is reversed to one that is
thermodynamically favored as depicted in Fig. 1b. The
small percentage change in BR aspect ratio for the 250—
355 pum sieve size particles can be explained by the agglom-
erated particles in this sample. If the agglomerates were
separated into the primary needle particles in milling, this
effect would most probably be associated with a decrease in
particle BR aspect ratio. Therefore, it is not surprising that
the small BR aspect ratio increase for this size range may
have been influenced by such effects, as this fraction con-
tains a proportion of agglomerated particles.

Relationship Between Surface Energy Distributions
and Crystal Shape

The dispersive surface energy profiles of milled D-mannitol
measured by the IGC-SEA are displayed in Fig. 7. The y*
profile is a map of dispersive surface energies at different
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Fig. 6 Percentage change in bounding rectangular aspect ratio (number-
based) for different sieved particles upon milling.
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Fig. 7 Dispersive surface energy profiles of milled D-mannitol sieve
fractions as a function of bounding rectangular aspect ratios (number-based
mean).

probe surface coverages, i.c. isosteres. Real materials display
surface structural and chemical heterogeneity, which in
turn, give rise to their surface energetic heterogeneity. For
a multi-faceted crystal with perfectly smooth surfaces, the
energetic heterogeneity is attributed to the exposed surface
functional groups at each crystal plane. When the crystalli-
zation 1s conducted in a slow and well-controlled process,
structural heterogeneity, such as crystal imperfections, sur-
face irregularities, surface pores, dislocation sites, crystal
growth steps, as well as chemical heterogeneity, such as
surface contaminants, chemical degradants, surface
domains of thermodynamically unstable solid forms, will
only have negligible impact on the surface energetic hetero-
geneity of materials.

The determination of a y* profile of a material by IGC-
SEA is based on the formation of a physisorbed molecular
layer of alkane probe molecules on the surface of the sam-
ple. Depending on the molecular cross-sectional area of the
probes, different amount of alkane molecules are injected
into the IGC sample column to achieve a particular probe
surface coverage, thereby allowing the determination of y at
a predefined isostere. In measuring the y profile, the surface
energy heterogeneity of the sample can be determined. If
the surface energy profile is integrated across the entire
range of surface coverages (0-100%) (referred to as ‘area
under curve’ method), a surface energy distribution is also
obtained, analogous in principle to a particle size distribu-
tion, wherein particle size is replaced by surface energy and
frequency density is replaced by area increment or surface
area percentage. To enable an integration across the full
surface coverage range, the experimental datapoints were
extrapolated with an exponential decay function in the form
of y = yo + Ae=*/, where y,, is the offset, 4 is the amplitude
and ¢ is the decay constant. In the authors’ experience, this
exponential function provides the most consistent fit of data
from IGC heterogeneity experiments for organic crystalline
materials. The regression coefficient, R?, for the linearity of

fit of the retention data to the Dorris-Gray y’ analysis was
proposed as a criterion for predicting the robustness of 7
profiles obtained (26). In this work, y* values determined
from the alkane line with a R? coefficient better than 0.9995
were used. Although this is lower than the recommended R?
value of 0.9999 for low surface area materials, the repro-
ducibility (standard deviation) of y* profiles is less than 3% in
this work.

The surface energy distributions for the milled D-
mannitol fractions are shown in Fig. 8. The y! distribution
is a clear representation of the absolute range of the energy
heterogeneity, and allows for computation of the geometric
mean y’ value. Common IGC experiments at infinite dilu-
tion skew y” values toward the most active surface sites, thus
preventing the unambiguous delineation of chemically in-
different, yet structurally different materials exhibiting ac-
tive sites of similar adsorption free energies. A schematic
comparison between IGC at traditional infinite dilution and
at finite concentration range is displayed in Fig. 9. At finite
concentration, the utility of an increasing concentration of
probe molecules leads to the access of low energy sites,
therefore the entire surface can be characterized. The sur-
face energy distribution is not dependent on the total surface
area of the sample, as the availability of energy sites is
expressed as percentages, but is dependent on the contribu-
tion of different energy sites to the overall distribution. IGC
at finite concentration, therefore, can offer much detailed
energetic profile of the surface than traditional IGC experi-
ments at infinite dilution.

From Figs. 7 and 8, it is clear that the dispersive surface
energies are related to the crystal shape of milled D-
mannitol. As the BR aspect ratio increases, the dispersive
surface energy profiles display a downward trend toward
lower dispersive surface energy. The mean y? values, as
measured from the distributions of surface energy depicted
in Fig. 8, decreases from 44.7 to 42.1 mJ/m? (6% difference)
as the BR aspect ratio increases from 0.39 to 0.48. This
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Fig. 8 Dispersive surface energy distributions, obtained by ‘area under
curve’ method, for milled D-mannitol sieve fractions with different bound-
ing rectangular aspect ratios (number-based mean).
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Fig. 9 Schematic of IGC
measurements at infinite dilution
and finite concentration for two
structurally different surfaces.
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reduction of dispersive surface energy can be explained by
the exposure of crystal plane (011) of D-mannitol needles
upon milling. Albeit just a small reduction in the mean ",
this is rather significant due to the fact that the absolute y*
difference between (010) and (011) is less than 5 mJ/m?
(Fig. 1), and that the standard deviation for experimental
SEA y? data is less than 3% in this work. From the increase
in BR aspect ratio, it would be expected that the contribu-
tion of (011) plane would increase. The (011) plane, which
has the lowest dispersive surface energy (39.5 m]/m?),
would therefore start to dominate the overall surface chem-
istry as D-mannitol is milled. The creation of new (011)
surface in milling leads to an increase in the total surface
area, but the (011) contribution to the overall surface energy
distribution also increases, leading to a decrease in the mean
y". As this crystal plane is intrinsically more hydrophilic,
milling would therefore increase the overall hydrophilicity
of the material. The increase in hydrophilicity of D-
mannitol upon milling has direct implications in process
such as wet granulation, whereby one would expect the
wettability of D-mannitol by the liquid binder to increase.
Since the (011) plane also has higher total surface energy,
the cohesivity of D-mannitol is expected to increase by
milling. It is interesting to note that the change in surface
polarity upon milling of D-mannitol is in direct contrast to
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the milling of acetaminophen reported in an ecarlier work
(14), in which the y* would increase as a result of the
exposure of (010) crystal plane, leading to an increase in
the overall surface hydrophobicity.

The glass transition temperature of D-mannitol is
reported to be 10.7°C (T, onser) (27), and even for totally
amorphous D-mannitol, the amorphous state can be recrys-
tallized quickly at room temperature (28). Therefore, al-
though milling may induce amorphous domains on the
surface of D-mannitol, the milled samples used in this study
were rested for sufficient period of time to ensure that the
differences in surface energy distributions are not attributed
to minor surface amorphous domains. Minor dislocations
and polymorphic conversion from the stable f polymorph to
the metastable a polymorph are possible in milling of D-
mannitol (29), but the generation of active sites by means of
dislocations or a metastable phase would typically be ac-
companied by an increase in surface energies due to their
higher free energy. As such increase in surface energy was
not observed, any changes in the surface properties of milled
D-mannitol would, therefore, not be attributed to such
effects in this study.

The two fracture mechanisms described in this study (as
depicted in TFig. 1) are not expected to be the only possible
mechanisms for fracture, as particles under impact loading
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conditions will also suffer from attrition due to chipping in
addition to fragmentation of the needles across the (011)
plane (30), but the results here have shown that the mech-
anism in this type of rotary ball-milling process is dominated
by fragmentation of the needles across the crystal plane with
a small external area (i.e. the shortest dimension). As ball
milling is dominated by impact breakages (interparticle,
ball-particle, and particle-wall), it is expected that similar
breakage mechanism would occur in other mill types as
determined also by impact breakages at similar stress con-
ditions and impact velocities. The geometric and thermody-
namic fracture mechanisms are also not expected to be
mutually exclusive, but at the bulk level, the geometric
mechanism 1s the statistically dominating mechanism for
needle-shaped particles and size range of particles under
study in this work.

Our results show that the crystal shape can affect the
fracture/cleavage behavior of organic crystalline materials.
The surface properties of the resulting milled particles are
closely related to the underlying fracture behavior. For
crystals with a needle-like morphology, the particles may
be more susceptible to breakage along their short axes,
despite the fact that they are not the most active slip planes,
as demonstrated in the example of D-mannitol with a low
attachment energy plane of (010). When such instance
occurs, the attachment energy model will fail to predict
correctly the milling behavior of materials. From a particle
engineering perspective, a careful and thorough under-
standing of the crystallographic structure of the material
and the associated slip systems, combining particle shape
and surface characterization tools such as DIA and IGC, are
crucial in understanding fracture behavior of crystalline
materials in pharmaceutical process R&D.

CONCLUSION

Milling and micronization of particles are routinely
employed in the pharmaceutical industry as a convenient
and cost-effective way to obtain particles with desired par-
ticle size characteristics for handling, processing, and for-
mulation development. The prediction of milling behavior
and performance requires a thorough knowledge of the
particle size, the various slip systems comprising the particle
shape, as well as the anisotropic mechanical properties of
the crystal. In the example of needles, the fracture behavior
may be more dominated by the impact mechanism and the
geometry of the particles rather than the internal molecular
interactions within the crystal lattice. This study shows that
utilizing attachment energy prediction, combining with par-
ticle shape and surface energetic characterization tools are
necessary to thoroughly explain the underlying fracture
behavior of crystalline solids.

As demonstrated in this study, the surface properties are
directly dictated by the mechanism of milling, leading to
substantial change in the surface chemistry—increase or
reduction in surface polarity are both equally viable. It is
expected that if the direction of stress deformation can be
controlled in milling, particle shape and surface properties
may be feasibly engineered to tailor for downstream pro-
cessing and formulation requirements.
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