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Abstract:

Establishing structure-mechanical property relationships is crucial for understanding and
engineering the performance of pharmaceutical molecular crystals. In this study, we employed
nanoindentation, a powerful technique that can probe mechanical properties at the nanoscale, to
investigate the hardness and elastic modulus of single crystals of succinic acid and L-alanine.
Nanoindentation results reveal distinct mechanical behaviors between the two compounds, with
L-alanine exhibiting significantly higher hardness and elastic modulus compared to succinic acid.
These differences are attributed to the underlying variations in molecular crystal structures - the
three-dimensional bonding network and high intermolecular interaction energies of L-alanine
molecules leads to its stiffness compared to the layered and weakly bonded crystal structure of
succinic acid. Furthermore, the anisotropic nature of succinic acid is reflected in the directional
dependence of the mechanical responses where it has been found that the (111) plane is more
resistant to indentation than (100). By directly correlating the nanomechanical properties obtained
from nanoindentation with the detailed crystal structures, this study provides important insights
into how differences in molecular arrangements can translate into different macroscopic
mechanical performance. These findings have implications on the selection of molecular crystals

for optimized drug manufacturability.

Keywords: molecular crystal, anisotropy, nanoindentation, structure-property correlation,

intermolecular interaction energy
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1. Introduction

Molecular crystals are ubiquitously used in the pharmaceutical industry as active pharmaceutical
ingredients (APIs) in manufacturing solid dosage forms of drugs (Kumar Bandaru et al., 2021).
The structural packing features of these crystals along with the strength of different types of
intermolecular interactions determine their mechanical properties, which in turn influence
pharmaceutical operations, such as milling (wet and dry) and tableting (Reddy et al., 2010, Datta
et al., 2004). For instance, compaction of APIs into tablets will greatly depend on the material’s
ability to deform plastically (Egart et al., 2014). The requirement for relatively large quantities of
APIs limits industrial-scale experimental trials, which cost substantial processing time and
resources. Thus, there is a pressing need to reliably predict the bulk powder processability for
improved drug manufacturing based on an established crystal structure-mechanical property
correlation through systematic investigation of the mechanical properties of these APIs at the

single-crystal level.

Collecting meaningful mechanical property datasets for molecular crystals requires special
consideration and effort compared to engineering materials. Crystals are generally grown at small
length scales (sub-mm sizes). Hence, shaping/machining the crystals to a specific geometry
required for conventional mechanical test methods is difficult, if not impossible (Maughan et al.,
2015). Nanoindentation has emerged as a powerful characterization tool for measuring a wide
variety of mechanical properties, including but not limited to elastic modulus (£) and hardness
(H), based on Hertz contact theory (Johnson et al., 1982) and the Oliver-Pharr analysis method
(Oliver and Pharr, 1992). This method can measure load and displacement with resolutions of 1
nN and 0.2 nm, respectively, over deformed volumes as small as 1 um>. As such, it is aptly suited
for small, flat samples of different sizes and shapes (Schuh, 2006, Varughese et al., 2013).
Comprehensive reviews of the nanoindentation working principle, its major developments in
testing protocols, and challenging factors are available in the literature (Fischer-Cripps, 2011,

Gouldstone et al., 2007, Majumder et al., 2022).

Several examples established nanoindentation as a reliable method for studying the elastic and

plastic properties of molecular crystals, such as sucrose (Ramos and Bahr, 2005), acetaminophen



56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86

(Liao and Wiedmann, 2005), ascorbic acid, tartaric acid, glycine, acetylsalicylic acid (Meier et al.,
2009), explosive molecular crystals (Bahr et al., 2009, Bahr et al., 2017, Bahr et al., 2020) and
various co-crystals (Bhukkal et al., 2018, Mondal et al., 2020). Maughan and his group (Maughan
et al., 2015) showed that elastic-plastic indentation with a 3-sided pyramidal Berkovich probe is
the most appropriate approach to quantify modulus (£) and hardness (H) due to the minimum
effect of surface angle and roughness. In a recent study, Bahr showed how nanoindentation reveals
the mechanical footprint of azodiaminoazoxyfurazan (ADAAF), and 1,3,5-triamino-2,4,6-
trinitrobenzene (TATB) which are molecular crystals of explosive nature (Bahr et al., 2023). Effect
of water on the mechanical properties were investigated with anhydrous and hydrated uric acid to
understand how kidney stones might deform (Swift et al., 2018). Furthermore, hydration effect on
the mechanical properties were explored by several other researchers to understand their impact
on tabletability (Sun and Grant, 2004, Malaj et al., 2010,). Crystal anisotropy was demonstrated
by determining £ and H in different crystal faces using nanoindentation (Varughese et al., 2013).
Anisotropy in plastic deformation and fracture behavior was also explored (Kiran et al., 2010),
where the observed mechanical response to crystal structure in terms of slip systems and
interaction strengths were correlated. It was also shown that the onset of plasticity or yielding
occurs at stresses within approximately 1-5% of the reduced modulus value for a wide range of
organic crystals (Taw et al., 2017). Indentation-based mechanical properties were correlated with
underlying packing arrangement in molecular crystals and this correlation then may be used to
predict tableting (Chattoraj et al., 2010) and milling behavior (Meier et al., 2009, Taylor et al.,
2004). Even though the number of published works on structure-property correlation is rising, this
field is not yet fully explored. Consequently, a clear understanding of the crystal structure —
mechanical property - performance relationship is required to inform reliable milling and tableting

process models.

In this work, we aim to expand the knowledge base for establishing such structure — property —
processing — performance relationships by investigating the mechanical properties of two
molecular crystals, i.e., succinic acid (SA) and L-alanine (LA), employing the high-throughput
nanoindentation technique at ambient condition. The softer SA and harder LA were chosen as
model materials for their contrasting mechanical characteristics. Given the importance of

anisotropy of molecular crystals in interpreting their complex deformation behaviors, we also
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performed indentation on different crystal planes of SA and LA to understand how the indentation
direction affect mechanical responses. Finally, we analyzed the work-hardening propensity in
these crystals due to prior surface deformation to gain a deeper insight into work hardening
behavior, which becomes important for materials undergoing deformation to large strains as in

tableting, and/or multiple loading events as for milling.

2. Materials and methods

2.1 Synthesis of molecular crystals

Single crystals of succinic acid (C4HgO4) and L-alanine (C3H7NO7) were prepared by the cooling
crystallization method. 0.8 grams commercial powder of succinic acid (99% purity, Thermo
Scientific Chemicals, Waltham, MA, USA) was introduced into 10 mL water to form a suspension
at room temperature. After heating up until all the dispersed particles dissolved and cooling back
to room temperature, an aqueous solution with 115% supersaturation degree was produced, and
one single seed crystal of succinic acid was introduced into the solution initiate crystal growth. A
similar procedure was done to L-alanine (99% purity, Sigma-Aldrich, St. Louis, MO, USA) with
1.8 grams starting powder and 10 mL water, to form 108% supersaturated solution at room
temperature. Seeds were also applied for initiating single crystal growth of L-alanine. After
growing for about 2 weeks, the crystals were isolated from the solution and air-dried at room
temperature after wiping the excess liquid on the surfaces. The crystal sizes and shapes were
uniform with succinic acid being hexagonal and L-alanine forming trapezoidal crystals. Images of
these crystals were taken with an optical microscope (Nikon Eclipse E200). The crystals were
affixed on the metal disc using the small crystal method (Maughan et al., 2015) to ensure a flat

surface perpendicular to the indenter axis.

Crystallographic files were downloaded from the Cambridge Structural Database (Groom et al.,
2016). Succinic acid (refcode: SUCACBOS (Gopalan et al., 2000)) grows into a monoclinic ( S
form) space group of P2,/a with unit cell lengths of a = 5.477 A, b =8.790 A, ¢ =5.027 A, and
a cell angle of £ =92.91°. L-alanine crystal (refcode: LALNIN22 (Wilson et al., 2005)) is in an
orthorhombic space group of P2;2;2; with cell parameters of a = 6.036 A, b =12.342 A, ¢ =5.788
A.
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2.2 Crystal face indexing

Crystal faces for indentation were indexed with a Bruker D8 Discover X-ray Diffractometer using
monochromatic Co-Ka. (1.79 A) radiation at 40 kV voltage and 35 mA current. Samples were
mounted on a metal disc using epoxy and positioned on the XYZ stage of the diffractometer. The
sample remained stationary while the source and detector moved independently. The effect of
surface curvature was minimized by using a small beam size of 0.3 mm. Scans were collected
with the omega scan mode at room temperature over a 20 range of 5-40° and peaks were analyzed

using the JADE software.

2.3 Powder X-ray diffractometry (PXRD)

Bulk powder phase purity was evaluated using a powder X-ray diffractometer (X’Pert PRO,
PANalytical Inc., West Borough, MA) with a Cu- Ka. (1.5406 A) radiation at 45 kV and 40 mA
over a 20 ranging from 5° to 35° and a 0.017° step size. PXRD patterns were also calculated from

crystal structures using Mercury (V. 2023.2.0, CCDC, Cambridge, UK).

2.4 Nanoindentation

Nanoindentation data were collected using a nanoindenter (T1 980, Hysitron, Eden Prairie, MN)
at ambient conditions and analyzed using the Oliver-Pharr method (Oliver and Pharr, 1992). A
diamond Berkovich probe was used to measure £ and H of the crystals. Indentations were
conducted in load-controlled mode with a partial load-unload function having 1 s load, 5 s hold,
and 0.5 s unload segments with a peak load of 1000 uN. To alleviate possible creep effects on the
unloading stiffness that are often seen during indentation of molecular crystals, we ensured that
the unloading rate was at least 20x the creep rate. To evaluate the effect of pre-deformation on
mechanical behavior, a quasi-static load with displacement-controlled mode was employed with a
cylindrical probe of 20 um diameter and then Berkovich indentation was performed on the pre-
deformed zone. Samples were not aligned to any particular orientation during indentation. Prior to
indentation, the cross-sectional tip-area function was calibrated using fused quartz with known
elastic modulus and hardness to ensure valid measurements and reliable data collection. Indents
were made on suitable surface locations with a root mean square (RMS) surface roughness less
than 3 nm over an area of 20 x 20 pum and a tilt not greater than 3°. A minimum of 15 indentations

were carried out on each of the crystals. Values for hardness and modulus were calculated from
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averages of several indents over a depth range free from indentation size or surface roughness

effects.

2.5 Surface topography analysis

Crystal surfaces were scanned using an in-situ scanning probe microscope (SPM) equipped with
the Hysitron TI 980 before indentation to ensure a flat, smooth surface conducive to the
experiment. A scan rate of 0.5 Hz was used to minimize surface abrasion. Post-SPM scans were

analyzed using an open-source software Gwyddion 2.65 (Necas and Klapetek, 2012).

2.6 Structure visualization and surface rugosity calculation

Molecular packing features were analyzed using VESTA 3.5.7 (Momma and Izumi, 2011).
Visualization of crystallographic planes and directions parallel to the indentation axis aided in
correlating structural features with mechanical properties. Surface rugosities of crystal planes are

quantified using the CSD Python API software in Mercury (Macrae et al., 2008).

2.7 Calculation of BFDH morphology and attachment energies

The Bravais—Friedel-Donnay—Harker (BFDH) morphologies were calculated with the software
BIOVIA Materials Studio 2022 (Accelrys, San Diego, CA) (Dassault 2022), using the crystal
structures. Attachment energies were obtained with the Forcite module, Dreiding forcefield, and
charges Qeq at ultrafine quality. The “Ewald” electrostatic summation method and “atom based”

van der Waals summation were chosen for this work.

2.8 Calculation of energy framework

The intermolecular interaction energies in SA and LA were calculated using CrystalExplorer 21.3
(Spackman et al., 2021) with the B3LYP-D2/6-31G(d,p) molecular wavefunction. The total
intermolecular interaction energy is the sum of electrostatic, polarization, dispersion, and
exchange-repulsion components with scaling factors of 1.057, 0.740, 0.871, and 0.618,
respectively. The cylinder thickness that is proportional to the interaction energies was set to 50

and no cut-off energy was specified.

3. Results and discussion
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3.1 Crystal morphology and face indexing

Crystal habit strongly influences downstream pharmaceutical processes, such as comminution,
compaction, and dissolution rate of drugs (Storey, 2011, Sun and Grant, 2001, Modi et al., 2014).
As represented in Fig. 1a, the BFDH model predicts a hexagonal morphology of SA with (011)
and (100) being the dominant faces. The (011) face has the slowest growing rate and the largest
total habit facet area (40.13%), making it morphologically most dominant. The (100) face
possesses the second-largest facet area (24.20%). The experimentally grown SA crystal, in Fig 1b,
has a hexagonal shape with (100) being the face having the largest surface area and, thus, the most

accessible crystal face to indent.

(020)

(a)
(110)
(011)

(100)

(020)

() )

(110)

(011)

Fig. 1. a) Predicted morphology of SA, b) Experimentally grown single crystal of SA showing
major habit plane (100), ¢) Predicted morphology of LA, d) Experimentally grown single crystal
of LA showing major habit plane (120).

The predicted (Fig. 1¢) and the experimental (Fig. 1d) morphology of LA show some differences.
The BFDH facet surface area of the two dominant faces was 36.85% for (011) and 34.68% for
(110). The grown LA crystal possesses a trapezoidal morphology and the largest crystal face was
(120). The crystals of SA and LA were cleaved with a sharp razor to access other faces for indent.
Other minor faces were not conducive for indentation as the surfaces were not sufficiently flat and

smooth.
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The experimental PXRD patterns of SA and LA powders were compared with the simulated PXRD
patterns confirming that these were phase pure (Fig. S1). The crystal faces on which indentation
were performed, i.e., the most prominent growth face (100) and the cleaved face (111) of SA were
confirmed from their 26 angles (Fig. 2). Similarly, LA has as the growth face (120) and the cleaved
face (111), respectively.

(111)

LA face 1
=) 2
o LAface2 =
2 =
g S
o SA face 1
£
SA face 2 - AE
5 10 15 20 25 30 35 40

26 (°)

Fig. 2. Single crystal X-ray diffraction patterns of succinic acid (SA) and L-alanine (LA)
identifying the faces for nanoindentation.

3.2 Mechanical property analysis by nanoindentation

Representative load-displacement (P-/) plots for the two faces of SA and LA are shown in Fig. 3.
Significant plastic deformation took place in all the crystals as given by the large residual depths
upon unloading. (100) in SA has higher penetration depth than (111) at the same peak load, which
indicates a softer nature of (100) than (111). Both the curves of LA attain more similar maximum
depth showing similar deformation pattern. There are several displacement bursts or ‘pop-ins’
observed along the loading segments of the P-h curves, which are commonly observed in
molecular crystals lacking sufficient slip systems and undergoing heterogeneous plastic

deformation (Xia et al., 2016, Lorenz et al., 2003).



221
222

223
224

225
226
227
228
229
230
231
232
233

234
235
236
237

1200

()

1000 ¢

800

600

Load (pzN)

4001

200 1

—sA(111)
SA (100)

Load, uN

0 100

300 400

Contact depth (nm)

500

1200

1000

()

—LA(120)
——LA (111)

0 50

100 150
Contact depth,nm

200

Fig. 3. Representative P-h plots of (a) SA and (b) LA for different faces obtained from

nanoindentation.

When measuring the modulus and hardness, a partial load-unload function was used to measure

depth-dependent properties. The E and H values at shallow contact depth generally have disparity

due to the effect of surface roughness and indentation size effects (Fig. S2). As indentation

progresses deeper into the material, the £ and H values become independent of the displacement

and attains a plateau. Thus, the property values were averaged in this plateau region for each test

and the truncated data has been shown in (Fig. 4).

Table 1 Summary of £, H and H/E for succinic acid (SA) and L-alanine (LA), (n = 15).

Crystals  Indented E (GPa) E (GPa) H (GPa) H (GPa) H/E
face (deformed (deformed
surface) surface)
SA (100) 11.10£0.69 19.76 £2.11 0.40 £ 0.01 0.50 £ 0.09 0.036
(111) 15.58 £0.19 0.48 £0.02 0.031
LA (120) 25.50+0.86 232+1.73 1.65+0.02 1.22+0.2 0.065
(111) 19.74 £ 0.43 1.09 £0.02 0.055

It is important to note that the reported error bars of the hardness and modulus data are standard

deviations in the values, which are higher than that associated with instrumentation noise. Hence,

they are associated with variability in the measured behavior or property, as opposed to instrument

10
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error. Given the roughness of our crystal surfaces, and the tendency of the data to reach a similar
asymptotic value at greater depths, we attribute this variability to differences in contact conditions

at different test locations.

Different E values for indentation on different crystal planes in SA and LA suggest interaction
anisotropy (Table 1). Both £ and H of (100) plane in SA is lower than that of (111). Similarly, in
LA, (120) has higher E and H than (111), apparently suggesting anisotropy in both properties. E
and H values measured in this study are comparable to previously reported values of LA, i.e., £
(25.1 £ 0.28 GPa for (001) face and 19.2 £ 0.54 GPa for (101) face, ranging from ~19-25 GPa)
and H (1.1 £ 4.8 GPa for (001) face and 0.9 + 3.1 GPa for (101) face, ranging from ~1-2 GPa,
(Mohamed et al., 2015). Therefore, LA has a relatively isotropic nature. H/E ratios are also
calculated to as an estimate of relative brittleness. As expected, LA has a significantly higher H/E

ratio than SA.

50 3 50 T " " ! . 3
(@) O SA(100) (b) o LA (120)
* SAMM) |, * LA |, .
401 o sa(100) |“7 40 o LAa(120) |©
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Contact depth,nm Contact depth (nm)

Fig. 4. Modulus and hardness plots for the crystal faces (a) (100) and (111) in SA (b) (120) and
(111) in LA. A single representative data for each of the faces is shown here over a range of depth
where E and H are constant.

L-alanine is both significantly harder (based on H) and stiffer (based on E) than succinic acid. This
is also evident by the deeper indenter displacement in succinic acid (>300 nm) than that in L-
alanine (<200 nm) for the same peak load of 1000 uN (Fig. 3). Thus, L-alanine is more resistant
to plastic deformation. A low H/E value was thought to favor a better compaction behavior

(Duncan-Hewitt and Weatherly, 1989, Sanphui et al., 2015). Based on this, SA is expected to

11
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exhibit better compaction properties than L-alanine. On the other hand, a crystal with a very low
H is more difficult to undergo size reduction by milling (Mishra et al., 2016). Therefore, a judicious
selection of mechanical properties is required to simultaneously maintain adequate millability and

tabletability.

Pile-up (material rising above the surface) and sink-in (material sinking into the surface) are two
phenomena that can be encountered during nanoindentation. As a result of change in contact depth
and area, H can get overestimated due to pile-up or underestimated due to sink-in. SPM images of
the impressions post-indent were obtained to evaluate potential impact by these phenomena (Fig.
5). SA shows no pile-up of material (Fig. Sa), but L-alanine shows some degree of pile-up around
the indent edges (Fig. Sb). In assessing the possibility of overestimating H of LA due to pile-up,
we calculated Ayhma of LA, where Aris the final displacement attained after complete unloading,
and /imax 1s the maximum depth of penetration. The /syhmqx calculation rules out any appreciable
impact of pile-up on the H value as it is less than 0.7 (Bolshakov and Pharr, 1998, Gale and
Achuthan, 2014).

= \.z’

1.00 pm 1.00 pm

0.00 ym 0.00 ym

Fig. 5. Topographical SPM images of (a) SA and (b) LA. LA shows pile up around the indent
edges. Here, lighter colors correspond to higher topography.

3.3 Work hardening propensity
During tablet manufacturing, API crystals are subjected to two key mechanical stresses, the first
is during size reduction and the second is during compaction (Rajkumar et al., 2019). When the

applied stress exceeds a certain value, crystals deform plastically. However, if a material requires

12
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an increased stress for continued deformation it is said to have been work hardened (Clarebrough
and Hargreaves, 1959). Work hardening of materials during milling may lead to a loss in
compactibility (Rajkumar et al., 2019, Sun and Kleinebudde, 2016). Thus, it is useful to analyze
the work hardening propensity of these crystals to understand their performance during the entire
tablet manufacturing process. While several experimental and computational analyses of work
hardening are available for high symmetry crystals (Nabarro, 1989, Mitchell et al., 1963, Zepeda-
Ruiz et al., 2021) and a few theoretical studies for energetic molecular crystal (Khan and Picu,
2021), there is no published experimentally work on the work hardening phenomenon in molecular

crystals.

We investigated work hardening propensity of SA and LA using the versatility of nanoindentation.
The (100) face of SA and (111) face of LA were first deformed to a depth of 1500 nm
(displacement-controlled) using a flat punch/cylindrical probe of 20 pm diameter and then
indented with a Berkovich tip afterward (Fig. 6). Compared to the £ and H values of the pristine
crystal faces, pre-deformed SA showed a moderate increase in £ and H whereas the values for pre-
deformed and non-deformed LA are not significantly different (Table 1 and Fig. S3), suggesting

little to no propensity to work hardening of these crystals.

13
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Fig. 6. Surface topography by SPM (a) Deformed area in SA (b) Berkovich indentation on the pre-
deformed area in SA (c) Deformed zone in LA (d) Berkovich indentation on the pre-deformed area
in LA.

3.4 Molecular structure analysis and prediction of slip plane

To interpret the differences in mechanical properties, molecular packing of the crystals was
analyzed using VESTA. The molecules in SA are arranged in layers when viewed along c-axis
(Fig. 7a), from which the slip plane is visually determined to be (020). Within the (020) crystal
plane, each SA molecule is bonded to the neighboring molecule by comparatively stronger O-
H---O hydrogen bonds (1.72 A) oriented at an angle with respect to the indentation direction (a-
axis) of the SA crystal. On the other hand, weaker C-H---O bonds (2.95 A) exist between the
parallel layers along the b-axis. It is evident that with increasing bond length the bond energies
would decrease between the columnar layers and these (020) planes will slide past one another,
quite effortlessly, to accommodate the applied load. When indenting on (111) plane in SA, both
the O-H:--O and C-H:--O bonds are now lying perpendicular to the loading direction making the

14
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(111) plane stiffer. Also, the weaker C-H-:-O bonds are present between the stack of molecular

layers oriented at an angle with respect to the indentation axis (Fig. 7b).

Fig. 7. Molecular packing arrangement in (a) SA along [100], green line shows the trace of (100)
plane (b) SA along [111], orange line shows the trace of (111) plane. The slip plane (020) in SA
is shown by cyan slabs (c) LA along [120], pink slab shows the trace of (120) plane (d) LA along
[111], blue line shows the trace of (111) plane. The slip plane (020) in LA is shown by red lines.
The triangle at the top indicates indentation direction. The atoms in red, brown, pink and blue
represents oxygen, carbon, hydrogen and nitrogen, respectively.

The indentation modulus, which is a measure of resistance to elastic deformation and depends on
bonding interaction or stiffness, is thus lower in (100) due to the presence of weaker C-H---O
bonds on the surface perpendicular to the indentation axis. In contrast, indentation on (111) plane
requires compressing both the O-H:--O and C-H---O bonds resulting in higher £ (Fig S4). A
similar trend has been observed when measuring the hardness in (100) and (111) planes in SA.

Hardness is a measure of resistance to plastic deformation and depends on the shear strength of

15
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the planes, which in turn is a function of bond direction and length. Plastic deformation is known
to be favored under applied shear stresses as opposed to normal stresses, so the 3-dimensional
stress state under an indenter will provide shear components to induce plastic slip. When indenting
the (100) face, the slip plane (020) lies parallel to the indentation axis and is connected by weaker
and longer H-bonds. Upon reaching the critical load for initiating plastic deformation, the H-bonds
break and the (020) planes undergo facile slip to accommodate the shape of the indenter probe.
For the (111) face, the stronger O-H:--O bonds now lie perpendicular to the indentation direction
along with the C-H---O bonds (Fig. 7b) and the orientation of the compact direction is not as
favorable as that in (100). This is why (111) exhibits slightly higher A than that of (100) in SA.
Therefore, the key factor resulting in anisotropy in the structure of SA is the arrangement of the

stronger directional H-bonds relative to the loading direction.

LA is an amino acid possessing several strong N-H---O and weak C—H:--O hydrogen bonds
between the molecules. This results in a three-dimensional network of H-bonds in the LA crystal
structure. From visual inspection, both (120) and (020) appear to be the slip plane in LA (Fig. 7¢)
as gliding along these planes appears feasible due to the lower density of molecular layers.
Presence of H-bonds can be observed along all the three axes giving it a relatively isotropic
structure. While indenting on the plane (120), the three-dimensional bonding structure and
presence of stronger N-H---O bonds strongly resist the elastic and plastic deformation, resulting
in comparatively much higher £ and H than SA. Similar molecular packing and bonding are
present when indenting on (111) plane (Fig. 7d). In both cases, the slip plane (020) lies oblique to
the indentation axis. The differences in the £ and H values across the two faces of LA is due to the
fact that the stronger N- H---O bonds lie both parallel and perpendicular to the load (Fig. 7¢), while
indenting on (120) making it harder to compress and deform plastically. The orientation of the
bonds become angular while indenting on (111) plane (Fig. 7d). Hence, the resolved shear stress
on these bonds is higher causing them to break apart at a comparatively lower load resulting in
lower £ and H than (120). So far in this study, the mechanical responses obtained in different

crystal faces have been successfully tied to their underlying crystal structures.

Prediction of slip plane by visualization method may not be always reliable (Wang and Sun, 2018).

Thus, slip plane prediction by other methods, such as attachment energy (Eu«) calculation, has been
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investigated (Roberts et al., 1994, Bandyopadhyay and Grant, 2002). Attachment energy is defined
as the energy released per mole when a new layer of molecule attaches on the existing growing
crystal face. The plane with the lowest absolute value of the attachment energy is the weakest
plane and act as the primary slip plane (Wang and Sun, 2018). It was shown that, among the various
force fields in Materials Studio, the Dreiding force field works best for molecular crystals in
predicting slip planes (Wang et al., 2017, Sun and Kiang, 2008). Here, the attachment energy
calculation showed that the (020) plane possesses the lowest Eu;in both SA and LA (Table S1

and S2), affirming the predictions of slip plane by visualization method.

Furthermore, slip planes can be influenced by the surface roughness which can impede the slip of
planes relative to one another. The CSD Python API tool in Mercury software offers calculation
of surface roughness in terms of rugosity, which is defined as the ratio of the surface area to the
projected area and is a descriptor of the physical roughness of the surface. Lower value of rugosity,
close to 1, indicates smoother surface and easier slip (Moldovan and Maloney, 2024). Calculation
of rugosity of SA (020) yields a value of 1.129 and that of LA (020) is 1.233, (Fig. S5), which
corresponds to slightly higher layer roughness and hindrance to slip plane movement in LA and

support the observance of higher £ and H.

3.5 Intermolecular interaction energy analysis by energy framework model

Crystal structures and the slip planes can also be interpreted in terms of ‘energy framework’, where
interaction energies are graphically and quantitively represented by cylinders that connect the
centers of two adjacent molecules (Turner et al., 2015, Mackenzie et al., 2017). This method
provides a more reliable way of calculating energies than that of force fields used for calculating
E.u. Here, the slip planes are identified by calculating the interlayer and intralayer energies. The
plane with the highest intralayer and the lowest interlayer interaction energies are depicted as the
slip plane (Wang and Sun, 2018). The model calculates the interaction energies between a pair of
molecules but the summation of interlayer or intralayer energies between a given molecule and its
neighboring molecules are manually calculated to interpret the overall interaction behavior in the

crystal structure.
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Fig. 8. Energy framework of (a) SA and (b) LA showing likely slip planes shaded in red and
strength of intermolecular interactions with the blue cylindrical bars. The energy threshold for the
energy framework is set at 0 kJ/mol.

The energy frameworks of SA and LA are significantly different as can be seen from Fig. 8.
Previously, from the visualization method, we have stated that the adjacent layers of (020) planes
are weakly held by C-H:--O bonds. From the energy framework model, we can now quantify the
energies to be -11.8, -17.9, -6.6, and -0.5 kJ/mol (Table S3), whereas along the (020) planes there
exist stronger O-H---O bonds with high interaction energy of -67.1 kJ/mol, making SA anisotropic.
Calculation of interlayer interaction energy between (020) planes revealed that it is lower (-98.2
kJ/mol) than that within the plane (-134.2 kJ/mol). Due to these weak interaction energies between
the adjacent layers of (020), sliding between the planes become energetically favorable. Thus, the

energy framework model also supports the assignment of (020) as the slip plane in SA.

Much higher intermolecular interaction energies (-146.8 kJ/mol), shown by the thicker cylindrical
bar, are observed along all the directions of LA in Fig 8b. There exist weaker bonding interactions
(23.5 kJ/mol) across the (020) layers making it the most probable slip plane in LA. Also, the rough
topology of the surface layers, as quantified in the previous section, hinders facile slip and plastic
deformation rendering a higher £ and H in LA. This kind of relatively isotropic and strong energy
framework (Table S4) is consistent with the high E ranging from ~19-25 GPa and H from ~1-2

GPa. Thus, the methods of visualization, attachment energy calculation, and energy framework
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have collectively established the (020) as the likely slip plane in both SA and LA. The
experimentally observed higher plasticity of SA than LA by nanoindentation is corroborated by

the analyses of their crystal structures using various well-established methods.

Overall, the findings of this study will contribute to the real-world pharmaceutical manufacturing
processes by enriching the database of structure-property relationship in molecular crystals, which

will be eventually used in modeling tableting and compaction behaviors as seen in earlier works

(Bandyopadhyay and Grant, 2002, Sun and Grant, 2001).

4. Conclusion

The mechanical properties (£ and H) of two different crystal faces of succinic acid and L-alanine
were investigated using nanoindentation. L-alanine is stiffer and harder than succinic acid as given
by its higher £ and H. These values will serve as a guiding tool when selecting crystals for milling
and tableting operations in drug manufacturing. L-alanine is expected to undergo size reduction
faster whereas succinic acid is expected to have better tabletability owing to its plastic nature. It
has been observed that the (111) plane of SA is stiffer (higher £) than (100) showing anisotropic
behavior in SA. On the other hand, LA shows more consistent values of £ and H across different
crystal planes. Work hardening has also found to be negligible in these molecular crystals. Pre-
deformed samples did not exhibit any notable increase in hardness, which is an important indicator
that these crystals will retain the same mechanical properties throughout different processing
operations. To delve further into the understanding of the mechanical responses of SA and LA, we
studied the crystal packing arrangement and found strong correlation between the structure and
their mechanical properties. Presence of strong, directional H-bond along the indentation direction
and weak interaction between the slip planes in SA makes plastic deformation convenient,
resulting in lower E and H. For LA, strong three-dimensional H-bond network with high
intermolecular interaction energy hindered facile plastic deformation, making it stiffer and harder.
Notably, such a correlation between crystal structure and mechanical property is promising in
understanding how mechanical properties impact millability and tabletability as these processes
are heavily dependent on the mechanical properties of the crystals. Apart from nanoindentation, in
situ SEM micropillar compression testing can obtain stress-strain relationship and provide

information on plastic deformation and yield strength in materials. The knowledge depicted here
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will benefit the effort of designing crystals with desired mechanical properties, selecting the

appropriate form of crystals for a particular application, and reducing the drug development time.
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