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Abstract

Improving the efficiency of tablet manufacturing in pharmaceutical industry has always
attracted great concern. The mechanical properties of drugs are important for successful
tablet production Thus, the knowledge of mechanical properties of pharmaceutical
compound in pre-formulation stage facilitates tablet formulation development. A fast and
accurate computational method for predicting crystal mechanical properties from crystal
structure is extremely valuable since the availability of pharmaceutical active ingredients
(APIs) is usually very limited. Methods based on the potential surface energy simulation
are fast but their accuracy has not been systematically evaluated using a large set of crystals.
The goal of the current study was to evaluate accuracy of predicted Young’s modulus (E)
using the Forcite module in commercial software, Material Studio. The predicted E values
of 50 organic crystals were compared to experimental values obtained by nanoindentation
to assess their accuracy. A method to predict the E values on specific crystal faces was
established to improve correlation by accounting for anisotropy of crystal mechanical
properties. The correlation with experimental values remained poor. Detailed analyses of
calculated E map of three crystals still failed to produce accurate E. Thus, the current
Forcite module in Materials Studio for routine crystal form screening should be used with

caution.
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1. Introduction

The tablet is the most common dosage form in the market, representing over 70% portion
of all the prescribed drugs !. The advantages in accurate dosing, great stability, convenient
manufacture procedure, low manufacture cost, patient-friendly usage and high patient
compliance make it favorable to both manufacturers and patients®. The quality of tablet
during manufacture process affects the efficacy and safety of drug products 2. To improve
tablet manufacturability, it is essential to understand and overcome the common problems
of insufficient mechanical strength 7, punch sticking?®, and capping and lamination®, which

are discussed in more detail below.

1.1 Common problems in manufacturing process

1.1.1 Insufficient mechanical strength
Sufficient mechanical strength is the essential determinant for the successful production of
atablet’. It is usually measured by tensile strength, *'which describes the maximum ability

of a material to withstand the separation under a tensile stresst?.

Without enough mechanical strength, potential defect problems such as poor friability and
insufficient pressure resistance*?could take place. The friability measures the probability
of a tablet to drop compound particles in the stage of abrasion and friction®> 4. The
insufficient pressure resistance indicates the tablet is fragile and easily break up into several
parts, failing for application. Both will definitely lead to unacceptable problems in

downstream process such as handling, processing and packaging®®.



Factors influencing the contact areas and attraction force between particles, usually
regarded as bonding area and bonding strength, will affect tablet mechanical strength'®. As
shown in the Figure 17, following the particle fracture, rearrangement and deformation,
the bonding area reached its largest. Osei-Yeboah et al. showed that the interplay between
bonding area and bonding strength affects quality of tablet during compaction. 8.
Moreover, hydrogen bonding, the weak polar interactions, the surface structure® *°, could

also affect bonding strength. Therefore, the insufficient mechanical strength could be

improved via crystal engineering®.
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Figure 1. Deformation of particles during powder compaction.?

1.1.2 Punch sticking

Punch sticking is a problem occurs when powder adhere onto tooling after the compaction
completed?® (Figure 2). It is troublesome because the appearance of the tablets could be
damaged and the consistency of tablet weight would not sustain®. Moreover, it could

impede the movement of lower punches and cause damage on the press punch?. If a proper



solution could not be provided, both patient compliance and manufacture quality would be
imparted.

One qualitative model %elucidated the possible mechanism of punch sticking (Figure 3).
The sticking results were determined by the relative magnitude of interaction force among
punch, API and excipients. It concluded that the increase of the interaction between API
and excipients would effectively reduce the severity of punch sticking. One important part
noticed in the model was the adhesion force. It measured the magnitude of the interaction
of the contacting part among punch, API and excipients. Analyzed in the molecular level,
it caused by the weak intermolecular interactions, such as van der Waal’s forces,
electrostatic forces and hydrogen bond??. The adhesion force determines the propensity
where the powder particles will stay in a compaction cycle. The small adhesion between
punch and API with excipient particles is desirable to reduce the remnant on the surface,
but the deterioration is limited since there is a threshold of the cohesive amount as
illustrated in Type | (Figure 2). The relative strong attraction within particles could be the
main reason causing the overwhelming adhesion problems. This, from a view of particles,
suggests that the selection of excipients could effectively improve the problems by
providing appropriate mechanical strength. Similar to the case of insufficient mechanical
strength problems, the modification of the morphology, surface structure and bonding
strength on the compound particles could be a potential promising solution to reduce the
severity of the punch sticking, making the investigation on crystal structure properties

imperative.
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Figure 2. Image of powder adhesion on punch surface for six different compounds.?
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Figure 3. Schematic representation of the punch sticking kinetics based on interactive
forces.®

1.1.3 Capping and lamination
Capping and lamination are two classical problems occurring in the stage of tablet
compaction. These two problems could directly cause the tablets to the failure, leading to

a great loss to the manufacturing.



While they are fracture of tablets in the compaction process, capping and lamination are
two different kinds. Capping is defined as the removal of the top of bottom cups of the
tablet (Figure 4a)?3. Not just in the compaction process, but the subsequent activity such as
the friability test and handling could capping be observed?!. For the lamination, instead of
splitting at the cup part, it occurs in one or multiple layers in the band parallel to the punch

surface (Figure 4b),

Apart from the obvious process conditions such as compression pressure®* or speed?, the
mechanical properties of the particles also affect the quality of tablets. It is found that the
capping or lamination could be induced by either external cracks or hidden cracks, 2° when
exposed to an external stress. The insufficient bonding strength among particles is
responsible for the capping problems. Without sufficient plasticity, the compounds would
be susceptible to the lamination or capping under external stress®. Therefore, the

modification of the mechanical strength could be a potential method to solve such problems.
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Figure 4. schematic representation of (a) capping; (b) lamination

cup

Clearly, the mechanical properties of the materials play a defining role in powder
compaction?®. Knowledge in mechanical properties of a drug in early development helps
design tablet formulations free from these compaction problems. This can be achieved by

computational approaches based on crystal structure.



1.2 Mechanical properties and crystal structure characteristics in tablet formulation

design

In the pharmaceutical context, the behavior of drug substance in tablet manufacture process
such as tableting, milling and compaction?”-* strongly depends on the understanding of the
mechanical properties, dictating the successful design of tablet formulation. As mentioned,
in the process of compression, flaws such as capping and lamination could be effectively
avoided if active pharmaceutical ingredient (API) could be formulated with balanced
material properties excipients in the selection of excipients®™ *2. With respect to the
understanding of mechanical properties, compared to the empirical operation, the structure-
properties relationship?® has been attached importance to, a faster and more economic
approach. The correlations between molecular structures and mechanical properties have
been illustrated in many investigations®°, The distinctive tableting performance of
organic compounds in manufacture process could be elucidated by their unique crystal
structures®> 4%, In pharmaceutical tablet production process, a pressing requirement is the
existence of satisfactory of crystal plasticity for sustaining adequate mechanical strength
of tablets under compression, attracting attention on relationship between crystal structures

and mechanical properties such as Young’s modulus (E) and Hardness(H).

1.2.1 Tablet behaviors and mechanical properties



Modifying compaction process is a common way to improve tablet quality 2> 4. However,
like symptomatic treatment, the modification in the process can’t avoid the frequent
occurring problems and this process-performance leading relationship alone contribute
little to understand and resolve the problems thoroughly. The mechanical properties, thus,
as an “etiological treatment”, has been focused on to investigate the problems in the process

in a view of particles.

Several key indices used to qualify the mechanical properties of compounds are elasticity,
plasticity, viscoelasticity and brittleness. They are of great importance as they determine
what kind of deformation would be observed during compaction process. They intrinsically
dominate the behavior of particles in the compression. For most pharmaceutical powders,
they are uniformly viscoelastic and that they are viscous and susceptible to the strain rate?’.
They are prone to recover a little to the original shape after compaction, causing a partial
loss of bonding area. This manifests the inherent reason impairing the tablet performance.
Combined with the viscoelasticity, powders also exhibit an elastic or plastic behavior?>.
The relative preponderance between elasticity and plasticity determine the mechanical
response of tablets?®. Elasticity measures the ability to sustain the reversible deformation
when applied external stress; after the stress is removed, it could completely recover to the
origin without any deformation. For this reason, with small bonding area under low
compress stress, the particles could hardly be compressed into a tablet and materials with
high elasticity could be difficult to possess acceptable tablet performance?®. Plasticity, the
permanent deformation of the materials, is favorable for the tablet compaction. It could
create a large bonding area and improve the tablet behavior, making it a critical property

for tablet production®.



From the molecular level, the mechanical properties originate from the intermolecular
interaction. It includes van der Waals force, hydrogen bonding, electrostatics interaction
and ionic interactions. These weak non-bond interactions play an important role in crystal
packing, the arrangement of crystal unit cells. The summation of them could show
attraction or repulsion tendency during deformation, affecting the mechanical response
under stress. This indicates that the structure properties of the materials could cause effect

on the tablet behaviors.

1.2.2 Introduction of Material Science Tetrahedron

The compaction performance is inherently associated with the mechanical properties and
mechanical properties are dominated by the structure characteristics. It implies that the
each of the variables could have a potential interrelationship. The concept - materials
science tetrahedron (MST) 2° depicts a closely interconnection among structure, properties,
processing and performance (Figure 5)?°. The desired performance is what concerns. From
the explanation of this relationship, it is dominated by the material properties, tightly linked
with the structure?. The structure-property relationship is the focus of this work since our

aim is to connect the crystal structures with mechanical properties.

The structure-property correlation allow the investigation from molecular structures to
crystal packing and extend to large powder behaviors. It links the bonding strengths,
bonding patterns, bonding types to the elasticity, plasticity and fragmentation, further

powder flowability and tabletability.

The work that correlates the structure characteristics with the mechanical properties, such

as the crystal packing and crystal brittleness®, the interaction between crystal layers and

8



crystal plasticity®, halogen bond and crystal elasticity®®*demonstrates a possibility of
deducing the properties from structure-based parameters. Moreover, the probe on the
relationship such as crystal brittleness®, surface roughness®” and moisture content® with
powder compaction behaviors manifest the possible application of property in compaction
behavior direction. Therefore, it is promising to assess the properties from the input of
specific structure parameters while the concluded properties in turn direct the modification

of structures and the compaction process, facilitating the final performance.

S

Figure 5. The materials science tetrahedron.?

1.2.3 Structure-property relationship studies

Most pharmaceutical compound structures are organic crystal structures that sustain the



arrangement with weak non-bond intermolecular interaction. The total intermolecular
interaction in macro aspect, results in the elastic or plastic behavior of the crystals under
stress, during which the molecules dislocate and the interaction change or even broke. The
different arrangement of the same molecule could lead to great disparity on property like
the well-known example graphite and diamond®. Similar to this,the different properties
from polymorphs of the same organic crystal make it imperative to investigate the influence

of the interaction.

Several cases demonstrate the tight linkage between structure and property. One example
is sulfamerazine®®. The interesting part of this compound is the obvious difference on
plasticity of different crystal forms. In the Form I (Figure 6a)*°, the molecules associated
with hydrogen bonding made into sperate layers and each layer as a unit constituted the
whole structure in a two-dimensional view. Each layer shaped as a flat plane and loose
space could be observed between each layer. Based on the slip mechanism, like the
structure of graphite, these flat planes with weak inter-plane interactions were expected to
slide easily and indeed had superior plasticity*®. While for Form Il (Figure 6b)*°, the crystal
stacks were closer and interlock with each other in a zigzag shape. Thus, this tight
interaction between layers prevented the separation and presented a smaller plasticity than

Form I.

10



Figure 6. Crystal structures of sulfamerazine polymorphs (a) form I; (b) form 11.3°

Similar to the sulfamerazine case, the study on anhydrate p-hydroxybenzoic acid form and
monohydrate form showed comparable discrepancy in plasticity*!. The anhydrate form was
composed of several comb-like layers (Figure 7a)*! and made it difficult to slip, leading to
a small plasticity. With the addition of water molecules between the adjacent layers, the

plasticity and tabletability were improved 4,

These studies strongly suggest the intimate relationship between crystal structure and
mechanical property, which suggests the possibility of improving mechanical properties of

drugs through crystal engineering.

11



a (401)

Figure 7. Crystal structures of p-hydroxybenzoic acid (a) anhydrate form; (b)
monohydrate form.°

Apart from the influence on the plasticity from layers interaction, the work on 4-
Chlorophenyl 4-bromobenzoate illustrates the influence on elasticity and plasticity within
layers (Figure 8)*2. The fascinating part is the hand-twisted helical property of the structure.
The possible mechanism was the existence of the halogen bond and n-m interaction within
the structure. The n-w interaction functioned as a spring to store the deformation force and
the limitation was determined by the bond angle and distance of the halogen bond*2. The
tolerance of the halogen bond on the change of angel and distance decided the magnitude

of the elastic response and occurring of plasticity*.

This study indicates that if the parameters of the structure could be fully utilized, the

prediction on the mechanical behaviors is anticipated.
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Figure 8. schematic representation of the bending mechanism (a) before bending; (b)
after bending.*?

1.2.4 Relationship between Young’s modulus (E), Hardness (H) and crystal structures

For pharmaceuticals, the investigation of mechanical performance is of practical
importance because of the involvement of mechanical operation in industry process’.
Plastic deformation is the fundamental measurement of the tableting property!’, and
Hardness (H) defines the resistance to plastic deformation of materials. . In view of
molecular crystal structure, Hardness is strongly related to the existence of the slip planes,
whose ease of sliding dominated by the intermolecular energy between layers and to the
defects motion within crystal lattices®*.However, little reliable hardness (H) data for
pharmaceutical compounds are available and the assessment of each pharmaceutical
compound on hardness (H) is distinctive and complex. Thus, Young’s modulus(E), which
measures the resistance of material against elastic deformation, is introduced as a mean to

evaluate H, since it is also a material-based quality and relevant to the crystal structure It

13



is determined by the curvature of the potential energy curve at the energy minimum?*3,
influenced by intermolecular interaction. Several calculated methods have been used to
predict reasonable values of E** “*from crystal structures, indicating a possible method for
easier and faster prediction of material behavior. A work ¢ (Figure 9), has shown an
excellent correlation between E and H, suggesting that the E could be used for the
prediction of H. Based on that, a potential valuable mathematic model of H prediction

could be established.

250
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Figure 9. Relationship between hardness and Young’s modulus of MCC, DCPA and
their mixtures.*®

1.3 Insilico model for the prediction of Young’s modulus

Because the sufficient drug substance is not always available in the pre-formulation phase
and the cost could be even higher for novel products, a requisite for the assisting

formulation design in a more beneficial approach is demanded. An attainable

14



computational method rather than experiment is of more interest. It requires less drug
compound consumption and makes it easier to measure mechanical properties in early
formulation design. For experiment, high crystal quality is needed and the test is easily
influenced by the ambient conditions*®*°. Different from that, a computational method
could directly quantify the mechanical properties from crystal structures. The application
of the computational method, as a substitute, could also avoid the problem from the
compaction simulation data analysis*’ and provide reliable prediction of mechanical

properties based on the crystal attributes.

Meanwhile, a faster formulation design would be favorable in market competition. Thus,
the Forcite modulus an available in silico models in commercial software, Material Studio
is applied to simulate the mechanical properties of crystals. It is based on the molecular
mechanical calculation, considering just geometry of crystal structure and ground state
energy without electrons®®. The model could provide a quick prediction of E from a

determined crystal structure while sacrificing some accuracy.

Since few studies have identify the effectiveness of this in silico model, it is imperative to
validate the results of this calculation method and evaluate the possible application in

facilitating formulation design.

In this work, we systematically investigated the Forcite module and operated it under
various force fields and charges. While E is easily measured, it was used as a mainly index

to estimate the accuracy of the model and assessed by comparing to experimentally

15



determined value. The experimental results were generally determined by nanoindentation
from different reference. This is because nanoindentation is considered the one with high
accuracy and precision. The relation between the calculated and experimental E values are
used to assess the accuracy of the Forcite module. If there is a strong correlation between

them, the method is validated.

1.4 Determination of Young’s modulus from nanoindentation

In this study, the results of E from nanoindentation test was used to verify the accuracy of
the computational model. This technique was considered to be capable to provide precise
and quantitative results on small-volume materials mechanical response*® and recently

applied to mechanical properties characterization of organic pharmaceutical crystals3® >0-

52

The loading-displacement curve (Figure 10)® typically from the experiment is used for
obtaining the mechanical properties and in our work mainly the Young’s modulus. The
first important parameter from the curve is the contact stiffness (S) defined as the slope of
unloading curve in the upper part. It could be deduced from the derivative of load (P) and

displacement (h) as shown in Eq.1.
dpP
s=(%) Eq.1

The mechanical properties such as H and E then would be computed by following the
standard method settled by Oliver-Pharr®. For the calculation of E, several parameters are
required, including, the depth of contact (h.), the contact area (4,,), and the reduced

Young’s modulus (Er).

16



The parameter hc is determined by the indenter displacement at loading peak and contact

stiffness according to Eq.2.
Pmax
he = hax — £ (2222) Eq.2
The ¢ is a constant determined by the indenter shape and for Berkovich indenter.
For Berkovich indenter, the A,, is a function of contact depth h, illustrated in Eq.3
A, = 24.56h.° Eq.3

Then the E,. could be calculated from all the above parameters by Eq.4

E, =22

Eq.4

=|:

H

Ap(he

The S is an indenter-shape-based factor and take elastic deformation of both sample and

indenter into consideration. The value of g for Berkovich indenter is 1.034.

By Eq.5, E could be deduced

Eq.5

v; and E; represents the Young’s modulus and Poisson’s ratio of indenter separately; the

v 1s defined as the Poisson’s ratio of tested samples.

From the above equations combined with experiments, the E could be acquired precisely
in a nanoscale, leading to an investigation of relative strength of intermolecular

interaction®,

17
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Figure 10. Load-displacement curve (hp — permanent depth after removal of test force; hy
— intersection of the tangent to the first part of the unloading curve with the displacement
axis; hmax — indenter displacement at peak load).>

2. Materials and methods

2.1 Materials
Both crystalline excipients and APIs were involved in this project, such as sucrose, aspirin
and p-piroxicam. Their crystal structures were downloaded from the Cambridge

Crystallographic Data Centre (CCDC). experimental E were obtained from the literature.

2.2 In silico model for Young’s modulus prediction

The elastic tensors of a given crystal were calculated using the Forcite module in Materials
Studio 2016 (BIOVIA Inc., San Diego, CA). Different force fields including Compass I,
Drieiding, pcff and Universal and various charges, such as Force field assigned, Qeq, and
Gasteiger, were used for the calculations. The simulation was operated at ultra-fine quality.
In all the calculation groups, the electrostatic method summation was settled “Ewald” and

the van der Waals summation was selected as “atom based”. Geometry optimization of the

18



crystal structure was performed before calculation and the smart algorithm was chosen
during all the processes. The energy was set at 2*10™ kcal/mol with force at 0.001 kcal.
mol -1. A and displacement at 10° A as the converge conditions of the atom-based
geometry optimization, while the unit cell was set as unoptimized. The mechanical
properties were acquired by applying specific simulated strains to the crystal structure, and
the number of strains was selected as four to increase the accuracy of results and avoid the
generation of undistorted structures. The Maximum strain was 0.003 for the maintenance

of linear elasticity of structures and demonstration of the structure property.

2.3 Elastic Constants Calculation for specific crystal faces

A 6 x 6 stiffness matrix within the calculated results was used to describe the stress-strain

01 =0xn C, C, €y €, G5 Cylé&=¢,

0,=0, ¢, C, Cy G, Cf CO4lé=¢,

oy =0 | |0y Gy O G Gy Cyfé=

0'4 = O'}___ C'_“ (Y-'ll (Y_B (:14 ('4.; Cr_.m ‘94 = yz

05 =0, Co G Gy Cy O G| & =6,
|10 =0y | _Co'l Coy Gy Cg Cps Cg L% =&n |

behavior of the various crystal structures. Due to the matrix symmetry, the maximum of 21
coefficients are needed for the description of stiffness behavior®®. The ELATE, an open
source calculation module®® was used to analyze the second-order stiffness matrix and
visualize the output of the elastic properties. One translational model was used to convert
the fractional coordinates of each crystal to Cartesian coordinates where the stiffness
matrix and ELATE demonstrated the results. The crystal face of a crystal, denoted with the
Miller indices (h k I), could be expressed as ha + kb + Ic in specific fractional coordinates,

where a, b, and c are crystal unit cell dimensions. In the Cartesian coordinates, three

19



mutually perpendicular vectors, h’e1 + k’e2 + 1’e3, represented the same crystal face, where

h’, k’, 1’ are components and e1, e, €3 are bases®’. Thus, equation 6 may be written:

a ey
(h k l)*H = (0" k' 1D*e; Eq. 6
¢ es

the 3, b,¢ represents the basis vectors which are unit lattice translation vectors, defining the
coordinate axis of distinct crystal structures and the h k | denoted the Miller indices of the planes in the

crystal coordinates.
€, €, €5 represented the basis vectors in the cartesian coordinates and h’ k> I’ denoted the Miller indices

in the Cartesian coordinates after translation.

To solve the value of (h’ k’ 1) applied in ELATE, both sides of Eq. 6 multiply by
[e; e, ‘es3]toobtainEq.7:

-

a
(h k l)*H* e & el= (" kK D*13=® k' 1) Eq. 7
¢

Therefore, Equation 8 can be obtained:

d-e; d-e, d-e;
(W k' 1=t k D*|b-e; b-e b-e Eq.8
‘g e 0o

The triclinic crystal system is of the lowest symmetry among all crystal systems. Thus, a
solution for the triclinic crystal system can be applied to all other crystal systems. For a
triclinic crystal system, 21 coefficients are needed to fully describe the stiffness matrix. In
Materials Studio, the axis ¢ aligns with the z axis and a lies in the xz plane*, as shown in

Figure 11.
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Figure 11. Schematic representation of transformation of fractional coordinates to
Cartesian coordinates

Thus, the vectors a and b in the crystal can be translated into the Cartesian system using

equation 9.
la|sin(fB) 0 |a|cos(B)
(W k' )=t k D=*||b|sin(a)cos(§) |b|sin(a)sin(§) |b|cos(a)| Eq.9
0 0 Icl

Where cos(8) = COS(’S?I:(‘;O)SS(&)(;‘;S([; ). B denotes the angle between a and c; « denotes the

angle between b and c; y denotes the angle between a and b. For the most common
monoclinic crystal system, both a and y are equal to 90 degree, indicating the b axis is

aligned with the y axis. Therefore, equation 9 is simplified into equation 10.

lalsin(B) 0 |alcos(B)
W K D=t k D*| o Ib| 0 Eq. 10
0 0 ||
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The results of E solved by the ELATE from stiffness matrix is shown as a distribution of
E-map in three-dimensional view in the Cartesian coordinates. To obtain E for a crystal
face with the Miller indices of (h k I), the direction perpendicular to that crystal face can
be identified by two angles, 6 and ¢. The two angles define a line that crosses the E
surface map at the value corresponding to the E of that specific (h k I) crystal face. One
example is shown in Figure 12, where 6 denotes the angle between the specific crystal
direction and z axis and ¢ denotes the angle between the x axis and orthogonal projection

of crystal direction on xy plane (Figure 13).

Figure 12. One example of E distribution by ELATE.
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(8,9)

Figure 13. Schematic representation of transformation of Cartesian coordinates to
Spherical coordinates.

Based on the Cartesian coordinates translated from the coordinates of a specific crystal

face, the value of 6 and ¢ are obtained from (h’ k&’ [") using equations 11 and 12.

1 1

0 = cos m Eq. 11
_ 1
@ = cos 1W Eq 12

With the specific values of 8 and ¢, the value of E could be easily found on the E

distribution map generated by ELATE.
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3. Results

3.1 Selection of optimum modeling for calculated Young’s modulus

In the view of mechanical mechanics, Young’s modulus is defined by the second-derivative
of the force-distance curve at the lowest energy point*. This is represented by the
approximation of the potential surface energy in the Forcite module, relative to the
movement of atomic nuclei“®. Considering that the force field and charge played a vital
role in describing the potential surface energy of molecular crystal structures, it is
imperative to determine a suitable group for the force field and charge for optimization in

the simulation of mechanical properties.

In order to evaluate the accuracy of each group method, 20 compounds including both
excipients and APIs were selected for the test of methods, among which, 11 were neutral
compounds, 4 were salts, 3 were cocrystals and 2 were hydrates. Each compound was
optimized by 10 different combinations of force fields and charge to simulate the potential
surface energy and calculated to acquire the Young’s modulus. The combination was
considered improper for the crystals, if the generated E was negative or the simulation
failed in the process, which indicates that structures were unstable. The initial selection of
the method was then based on the success rate of acquiring reasonable results of E (Table
1). One unanticipated finding was that among the 10 groups of force fields and charge,
only two combinations, COMPASS Il with Qeq and PCFF with Qeq, could provide
acceptable E values with 95% and 90% success rate separately out of 20 various

pharmaceutical compounds. Consequently, it was expected that these two combinations
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could potentially generate more reliable results from crystal structures for more compounds,

and thus they were chosen for further selection of methods.

Table 1. Predicted Young’s Modulus with 10 combination methods in Forcite Module
from 20 crystal structures

number of unstable success rate of acquiring results

force field charge Young's modulus (%)
COMPASS Il Forcefield assigned 4 80%
Qeq 1 95%
Gasteiger 8 60%
PCFF Forcefield assigned 4 80%
Qeq 2 95%
Gasteiger 6 70%
Universal Qeq 10 50%
Gasteiger 10 50%
Direiding Qeq 5 75%
Gasteiger 9 55%

Another 30 pharmaceutical compounds were introduced to compare the reliability of the
two combinations. From the success rate of acceptable E, both combinations have a
satisfactory simulation and no obvious discrepancy could be observed (Table 2). A further
comparison was required to determine the optimum combination of force fields and charge.
The experiment results of E from nanoindentation were considered a more accurate
measure*® and were used to evaluate the calculated results. Due to the low symmetry of the
molecular crystals, the E from the simulation results was shown in three distinctive values
with respect to the crystal directions. The algorithm average method was then operated to

analyze the diverse elastic moduli®. The results of the comparison between the experiment
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results and each model combination are displayed in Figure 14. The slope of the calculation
E with combination of COMPASS Il and Qeq versus experiment results was 0.612, and
the adjusted R-squared was 0.56. For the combination of PCFF and Qeq, the slope was the
same as the COMPASS Il with a value of 0.612, while the adjusted R-squared was a little

lower, with the value of 0.529.

Both methods showed that there is a correlation between prediction and experiments, but
none of the two combination methods demonstrated a perfect prediction based on the
expectation that the slope should be close to one with a high adjusted R-squared, since in
the ideal situation the calculated is identical with the experiment. It was also found that
most points were distributed in the lower part of the plot with a comparably small E, and
they scattered equally along the prediction line, suggesting that the points with high E value
primarily affected the linearity of the regression line, and the coarse estimation may

decrease the linearity without the high E value points.

As shown in the Figure 15 for the COMPASS II group, sample 15 is an influential point
with its location in the upper part of the plot with an E value of 35 GPa. When the point
was eliminated, the slope of the prediction line decreased to 0.524, with a reduction of
adjusted R square to 0.48 (Figure 16). For the PCFF combination, it was similar that the
prediction line slope declined to 0.484 with the adjusted R square to 0.46 without the
influential point, which also had a large E value. It was observed that no matter with or
without the influential points, the predicted values from the regression line were around
half of the experiment results, indicating a larger disparity of Young’s modulus value on
the molecular crystals between prediction and experiment. Moreover, for some compounds,

the range of the difference between the calculated results and the experiments was more
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than 10 GPa. This greatly affected the approximation of the pharmaceutical compounds,
because most of them were organic compounds with a relatively small E value*® and
several unit variations on numerical value could lead to different qualification of the crystal
mechanical property. However, even the prediction was not precise as expected, the
existing correlation illustrated the promising application of the methods . More
investigation is required for the selection of better combination of forcefield with charge.
Yet, based on the statistical results, the superiority among the two combinations with force
fields and charge was difficult to differentiate due to the small difference of adjusted R-
squared and the slope without influential points. This was not unexpected, because these
two force fields were developed from the CFF91 forcefield®® >° with extended coverage on
various molecules such as organic materials. While compared to PCFF, the COMPASS I
forcefield included the parameters from condensed phase properties and was applicable in

a larger range of molecules, indicating that it was potentially more applicable to investigate

further in the research of solid pharmaceutical compounds.
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Figure 14. Young’s modulus (E) from calculated method versus experiments: (a)
COMPASS Il and Qeq; (b) PCFF and Qeq
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Figure 16. Young’s modulus (E) from calculated method versus experiments without
influential point based on COMPASS Il and Qeq

Table 2. Predicted Young’s Modulus of Crystals by COMPASS II and PCFF with Qeq in
Forcite Module from 50 crystal structures
number of unstable Young's success rate of acquiring

force field  charge

modulus results (%)
ﬁOMPASS Qeq 4 92%
PCFF Qeq 5 90%

In a conclusion, the combination of COMPASS 1l and Qeq was selected as a potential
optimum condition for the optimization of the structure and further the prediction of
Young’s modulus from more molecular crystals. However, more operations were required

to improve the accuracy of the simulation method, especially for specific crystals.

3.2 Prediction of facet specific Young’s modulus from elastic matrix

In the previous part, we found that the existence of large E values strongly affected the
slope of the regression line. In order to acquire a convincing comparison trend, more crystal
structures in the upper part of the plot should be included to calibrate the regression line.
However, few pharmaceutical compounds are available with relatively large E values. This
is because organic crystals were combined with intermolecular interactions, a weak
interaction force to sustain the crystal packing®-?, and E was mainly determined by the
nature of chemical bonds. As such, it would be difficult to involve more organic

compounds with large E value into the data group.
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Instead of adding more compounds with large E values, optimizing the analyzing process
was considered a potential solution for acquiring more accurate results. Based on the
crystal anisotropy, various statistical methods were applied to deal with the values from
three distinctive directions and balance the influence from the lack of symmetry. As the E
values of the same crystal structure could largely diverge in three directions, and the face
dominated the general property of E was unclear, both root square mean and harmonic
average were chosen to estimate the general E of each compound and compared with the
experiment results. Figure 17 displays the results of the two statistical methods, where the
slope of the predicted line based on square root mean was 0.687 and the adjusted R square
was 0.557 while for the harmonic mean value, the slope was 0.481 with a 0.532 adjusted
R square value. Compared with the average method, the regression line from square root
mean exhibited a higher slope value, closer to 1 with comparable adjusted R square value.
However, the combination may still be insufficiently accurate to simulate the Young’s
modulus of crystals, as the prediction slope was still smaller than 1 and the points in the
lower part of the plot dispersed around the line. The problems illustrated in the average
method still existed in the two statistical methods, such as the coarse approximation of E

in specific single crystal point.

The variation in the slope and adjusted R square value in different statistical methods
indicated that the anisotropy of the crystal played an important role in determining the
property of E. Within the same crystal structure, the anisotropy can affect the quantification
of E and thereby affect estimation of the mechanical behavior. Due to the lack of the

accuracy and precision in prediction of E, general statistical methods were unlikely to
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provide satisfactory results for each crystal. Thus, instead of describing the molecular
crystal properties in simple terms, the assessment of the E was operated independently
based on specific face of each molecular crystals, which was in accordance with the test

results from nanoindentation®.

To analyze the crystal facet specific E, the elastic matrices from the simulation output were
introduced to calculate the specific E. In this process, the face direction of each crystal was
transformed from specific fractional coordinates into the Cartesian coordinate, and the
interpretation of E was then performed in the same coordinate system. Since the focus on
E was changed from the general structure to a specific face of crystal, the comparison
between the experiment and prediction could be performed directly without applying
different statistical methods. The evident problem for this method was that the available
number of E on specific face in the aforementioned crystal structure database was quite
limited. Only few pharmaceutical compounds were examined specific facet E values by
experiments. Thus, a regression line was established on multiple available E on different

faces of crystals.

As shown in the Table 3, what unexpected was that several structures that could get
simulating results from direct results were unstable and could not get E values when
simulating E with elastic matrices. The results suggest that even the chosen combination
of forcefield COMPASS Il and charge Qeq could not guarantee a successful prediction,
when exploring the face-based E property. A regression line was used to assess whether

there was any improvement in the comparison between simulation results and experiments.
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It was found that the slope of the regression line was 0.577 and adjusted R square 0.354,
both even lower than those from the statistical methods, indicating the limit accuracy of
this simulation method (Figure 18). However, when inspecting the plot, except for several
points away from the line with large prediction E values, the remaining points were
concentrated near the regression line compared with the plots achieved in the statistical
methods. It was also found that several points with high large experiment E values
influenced the characterization of the regression line and when those points were removed,
the slope of the line was 0.71 with adjusted R square value equaling to 0.5 (Figure 19). It
indeed showed some improvement of the prediction in the slope of the regression line when
the comparison was made based on specific face. However, due to the existence of points
with high prediction E value, an improvement of the prediction accuracy from the increase
of the slope could not be concluded; the value of adjusted R square was also small and not

reflected in the concentration of the points along the line.

Therefore, the accuracy was still not satisfactory for the prediction when compared on
single crystal point. From the above analysis, the combination with forcefield COMPASS
Il and charge Qeq could not provide a perfect prediction of E from crystal structures, and
it was speculated that for other combinations of forcefield and charge, a satisfactory
simulation of E was difficult to obtain. However, given the change of the figure
characteristics from general analysis to specific face simulation, the application of Forcite
modulus on individual crystal structures to evaluate the accuracy was explored further, and

the potential drawback of this fast and cheap method for improvement.
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Table 3. Predicted Young’s Modulus of Crystals by COMPASS II with Qeq in Forcite
Module based on specific faces

number of structures with number of success rate of
force field charge specific facet  Young's unstable Young's acquiring results
modulus modulus (%)
COMPASS Il Qeq 29 8 72%
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Figure 17. Young’s modulus (E) from calculated method versus experiments based on
COMPASS Il and Qeq: (a) square root mean; (b) harmonic average
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3.3 Analysis of Young’s modulus on specific crystal structures

Single crystals are anisotropic because of the optimal arrangement of atoms within the
structure for the efficient use of space®. It was expected that the mechanical response
would also be distinctive along specific directions resulting from the intramolecular
interactions within structures in particular crystallographic directions®. In particular,
different molecules combined with different crystal packing would lead to the distinctive
E of this structure, a characteristic of each single crystal. Thus, in contrast to the general

analysis, an investigation on specific crystal structure would be more meaningful.

3.3.1 Assessment of Young’s modulus on different faces of same crystal

It was common to observe that the same crystal structure had different elastic properties on
specific faces. They could manifest significant difference on the value of E when an outer
strain stress was exerted. The piroxicam form 1 from Mateja Egart’s work® was used as
an example to evaluate the accuracy of Forcite modulus simulation on E attributes. The
combination of forcefield COMPASS Il and charge Qeq was used for analysis. Three faces
chosen were crystal faces (-1 0 0), (0 1 1) and (0 -1 -1), and their specific facet E from

elastic matrix.

The comparison of the experiment and prediction is presented in Figure 20. It was found
that the experiment values of E were all larger than those from the prediction for the same

crystal face. This was expected since the slope value of regression line was smaller than 1.
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The order of the E value on the three chosen crystal faces were same in both methods,
indicating a proper description of relative E values trend and the crystals’ mechanical
attributes. However, different from the obvious discrepancy of E between face 2 and face
3 from the experiment results, little disparity could be observed from the computational
results. The E value on face 3 had a significant large gap between the experiment and the
simulation. It illustrated that for specific crystal, the Forcite modulus could not provide an
overall similar estimation on various faces, indicating a deficiency in assessing the face-

based E property.

Several reasons for the deficiency include the large variations observed for face 1 and face
3, and small experiment values were displayed in their work, meaning that the experiment
results were problematic. Moreover, for this structure, the intermolecular hydrogen bond
functioned as a strong intermolecular interaction force and formed a mechanically
interlocked structure, playing an important role in the behavior of E®. While for the
function of forcefield in describing the potential energy, in order to simulate fast, the
intramolecular interaction was not thoroughly considered. Interaction such as hydrogen
bond were not particularly treated based on crystal structure®®and structure with interlock
characteristics along distinct crystal face orientation was not involved into the description
in forcefield, a vital factor affecting the E®*. Therefore, the predicted E values in this crystal
structure were smaller than the experiment and the difference on distinct crystal faces was
not clearly reflected. Consequently, the Forcite modulus was limited in accurately

predicting E for specific crystal structures.
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Figure 20. Young’s modulus (E) of piroxicam form 1 on three different specific faces
from experiments and calculation methods

3.3.2 Assessment of Young’s modulus on crystal with isotropic response

From the above analysis, the intramolecular interaction within the inner crystal structure
could influence the value of E and the Forcite module may fail to capture this effect. In
order to elucidate the possible shortcoming of this method in predicting E, a crystal
structure with unique characteristics was selected for assessment. Saccharin, whose E
values were tested by Reda M. Mohamed® was chosen. Although it was a typical
monoclinic crystal with different properties along distinct crystal face directions, quite
similar E values on two major crystal faces — (1 0 0) and (0 1 1) (Table 4) are seen. The
possible reasons explained by Varughese® could be the combination of van der Waals
(m ---m) interaction and hydrogen bond on the formation of inner crystal stacks. They
explicated that the weak interaction, particularly the hydrogen bonds from the crisscross

arrangement of stacked dimers, had an obvious overlap in both face directions, resulting in
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the similar stacked structure under strain (Figure 21). Hence, the anisotropy of E was
reduced along these two crystallographic orientations. This isotropic response from their
crystal structure property made it a valuable case to explore the performance of Forcite
module in simulating the inner crystal structure characteristics. From the results (Table 4),
both E from computational methods were smaller than experiments; moreover, the E on
face (1 0 0) was approximately half of that on face (0 1 1) and little isotropic response

could be observed from the two faces.

More detailed analysis was displayed in a 3D E-map (Figure 22). It demonstrated that the
distribution of E was not symmetrical about the middle line of the two faces. It also showed
that both E were established on the saddle part around the two separate distributed-E faces,
in accordance with the explanation that these two major faces with relatively weak
interaction could easily deformed and release the elastic strain energy®*, but the values of
E, lack of similarity, were not sufficient to reflect the inner structure similarity of saccharin
which was an important structure property for the saccharin crystals. The relatively small
prediction value of E and the failure of showing the isotropic response of saccharin again
indicated the drawback of Forcite module in simulating the intramolecular interactions.
Thus, a prefect prediction of Young’s modulus on specific structure may not be assessed

by Forcite module.

Table 4. Young’s modulus results of saccharin on two faces from experiments and
computational method

Young's modulus from Young's modulus from
substance face

experiments computational method
saccharin (200) 139 4.9
(011) 14 9.6
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Figure 21. the crystal packing of saccharin and two major faces (1 00) and (0 1 1)
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Figure 22. Three-dimensional distribution of Young’s modulus for saccharin on two
major faces (a) (0 1 1) and (b) (100).
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3.3.3 Assessment of Young’s modulus on polymorphs

It was also helpful to investigate the performance of Forcite module on polymorphs for the
influence of intramolecular interaction. The variety in molecular conformation and crystal
packing made polymorphs from the same kind molecule a good example to show the
influence of intramolecular interactions on the E®. Curcumin has three polymorphs and
the values of E were examined by Manish Kumar Mishra®’ on specific major face of the
crystal structures. As expected, significantly different elastic properties were exhibited on
same compound with different crystal structures. The E measured on the major faces of the
three structures provided distinct qualification on the elastic property. From their
observation, the Form 1 is harder and stiffer compared with the Form 2 and Form 3 and the
E was almost twice of the other two forms (Figure 23). When investigating the results of
computation, the order of the three forms’ E value on major faces was the same as the
experiments. However, different from the obvious discrepancy between Form 1 and Form
2 or 3, the prediction result showed a similarity between Form 1 and Form 2, both
pronouncedly larger than Form 3. This was conflict with their experiment results and
structure analysis on Form 2 and Form 3. From their observation, normal to the major face
in both Form 2 and Form 3, few weak intramolecular interactions such as hydrogen bond
could be recognized and along the major face, the molecular packing in the two forms were

quite similar, leading to the similarity of their elastic response with a relatively small E.

For the results of computation, the defect in simulating the intramolecular interaction, this
crystal structure characteristics influence on E was not manifested. Another unanticipated
observation from the comparison between experiments and prediction results (Figure 9)

was that different from the two above mentioned cases, all the E results from prediction
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were larger than those from experiments. Contrast to the performance of Forcite module in
reducing intramolecular interaction during simulation, the elastic response seemed to be
strengthened in the case of curcumin. This could still be explained by the intramolecular
interaction factors. In their work, the Form 2 and Form 3 owned the interlock crystal
packing which was expected to increase the intramolecular interaction. However, from a
3-dimenational view, the distance between the two stacked part was large, reducing the
interaction force and thus the E values were restively small in their experiments. While, for
Form 1, due to the existence of macrocylic ring and numerous hydrogen bonds, despite the
comparably large distance, the elastic response was still larger compared to the other two
forms. As a result, the obvious discrepancy between experiments and simulation illustrated
the shortage of Focite modulus function in describing the intramolecular interaction in
strength and was insufficient to explore the influence of space arrangement such as
interaction distance in a 3D view. Thus, it might not be applicable for a precisely fine

prediction.
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Figure 23. Young’s modulus (E) of three different curcumin polymorphs on major faces
from experiments and calculation methods
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4. Discussion

The aim of this study was to evaluate the effect of the Forcite module in Materials Studio
2016 in predicting the Young’s modulus from crystal structures. It was expected that if the
elastic property could be successfully described from relative strength of both
intermolecular and intramolecular interaction within the crystal structures, one may be able
to design the formulation by in silicon method and improve the compaction properties with
the modification of crystal packing or interaction strength® 3% %8 This would be
beneficial to the industry manufacturing via the reduction on time and material requirement,

especially for new API.

To thoroughly determine the accuracy of the Forcite modulus predictions, we applied all
the 10 existing combinations of forcefield and charge to simulation the potential surface
energy for the solution of E. The success rate of simulation was smaller than 80% and it
was speculated that for more pharmaceutical compounds, the successful prediction could
not be guaranteed. It was also found that there were several compounds in which the
simulation E could not be acessed from any of the combinations, such as the LLM-105, -
HMX®% and famotidine form A®. When investigating those crystal characteristics, the
common feature was the instability of their structure under strain stress. For the former two
compounds, the energetic crystal structures had an easily explosive property, easily being
decomposed under suitable conditions’® X, For the famotidine form A, it was not the
kinetically favored form of famotidine with relatively denser crystal packing®. During the
prediction of E in Forcite module, an assumed strain stress was exerted on the crystal

structure to examine the elastic response. It was reasonably speculated that these crystal
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structures could experience fracture in their chemical bonds or crystal packing
displacement when the structures were forced to be deformed. Thus, these crystal structures
could not sustain the original molecule composition or crystal packing under outer stain
stress and fail to estimate the E because of the instability. Similarly, very soft structure,
such as voriconazole’, was found failure to predict the E and it may result from being

unstable under strain stress.

In addition, since the simulation of Forcite module was established on the relative
coordinate of each atom within the structure®®, an unambiguous characterization of the
crystal structure was a prerequisite for the accurate simulation. Thus, it was anticipated that
the structure with characterization problems would be carried forward in simulation of
elastic property. One example that could not be assessed was voriconazole fumaric acid
cocrystal from Palash Sanphui’s work’®. In their PXRD characterization of this crystal
structure, the hydrogen atom of the hydroxyl group could not be located, possibly leading
to the failure in the prediction in all the combinations of forcefield and charge. The similar
case also found in their work was the voriconazole oxalate salt. Their PXRD pattern was
different from the prior reported one’® and the uncertain structure characterization made it

difficult to simulate elastic property.

In spite of these unsolvable structures, our results showed that each combination of
forcefield and charge still had a discrepancy on successful predicting E from crystal

structures and the combination of COMPASS Il with Qeq and PCFF with Qeq was first
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selected as further exploration method due to the high success rate. This may be because
they contained more parameterized atoms and organic compounds against experimental

variables®® 776,

For the two combinations, the different forcefield were developed from the same one —
CFF91°°, and thus little disparity could be observed from their comparison with the
experiment results based on nanoindentation. Because the COMPASS Il was designed
based on more parameters of condensed phase properties and the pharmaceutical
compounds we researched were mainly in solid state, it was chosen as the optimum

combination for further investigation in simulating the elastic property.

When the calculation results from COMPASS Il with Qeq were correlated with more
compounds via average method, the regression line didn’t provide a satisfactory prediction.
The adjusted R square was small with an approximate 0.5 value, indicating that the linearity
was not strong. Moreover, it was observed that the points scattered randomly in the small
E value part and some even points deviated largely from the both sides of the regression
line. Thus, the Forcite module was unable to provide us with a satisfactory prediction for
future application. We analyzed that the poor performance was probably due to the
anisotropy of the crystals and simply averaging the E values to represent the general elastic
property of crystal structures might not be sufficient to be comparable with the experiment

results.
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To reduce the impact of different faces weights in the expression of E by average method,
we thus carried out another two statistical methods to explain the results. However, a
prediction with decent quality could still not be accessed in both square root mean and
harmonic average methods. The relatively small adjusted R square values and slopes in
both methods indicated that the limitation of Forcite module in application of simulating
the elastic properties. Although the two methods could not provide an ideal prediction, the
change of the slope and adjusted R square values in both cases brought to light the fact that
the anisotropy of the crystal did influence the elastic behavior of crystals. An independent
analysis on specific structure instead of a broad generalization method would be preferred

for evaluating the Forcite module.

Considering that the experiment results from nanoindentation was obtained from specific
faces of small-volume compounds, we used elastic matrices to estimate the specific facet
E values. Because each crystal had its own distinct fractional coordinates, the face direction
should be transformed into cartesian coordinates for the E explanation. The result showed
that the slope and adjusted R square were even smaller than the aforementioned methods.
The fewer availability of points for comparison could be possible reason, but the
distribution of the points suggested that the Forcite module could not provide a convincing
prediction via directly simulating the E on specific faces when compared with the
experiment results. While except for several influential points, the relatively concentrated
distribution of most points indeed manifested an improvement of the prediction on E. This
was probably attributed to the processing of crystal anisotropy. The target crystal direction

could be key factor influencing the prediction accuracy.
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To clarify the possible influential factors of Forcite module performance, we studied three
representative cases. The piroxicam was the case with experiment results on different faces
but the same crystal structure. The saccharin had special isotropic response on two different
major faces. For the curcumin, it demonstrated disparity of same molecule structure on
elastic property with different crystal packing. From the comparisons of three cases, clearly,
the simulation on E from Forcite modulus was not precise. It was analyzed in each case
that underneath the selected crystal direction, the intermolecular and intramolecular
interaction within the structure could be one of the determinants on elastic response. For
the independent crystal structure, the “interlocked” structure, the distribution of hydrogen
bond and the interaction distance on specific crystallographic direction could lead to the
different elastic behavior under strain stress. It could be little possible for the Forcite
module to simulate such factors simultaneously for distinct crystal system at a very fast
speed and many of them were not considered carefully since it was designed for reducing
the time consumption and cost® *°. Thus, the accuracy of the prediction could not be
guaranteed for the pharmaceutical compounds as the weak interaction played a vital role

in affecting the elastic response.

Taken together, the above studies provided us evidence that the current Forcite module

might not be a valuable computational tool kit for the prediction of Young’s modulus.
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5. Conclusion

We have systematically examined the performance of Forcite module from Material Studio
2016 in predicting Young’s modulus from crystal structures. From comparison between
simulation results and experiment results based on a large number of crystals, we show that
this method could be applied to provide prediction on elastic properties. There is a
correlation between the prediction and experiments, but the accuracy is limited under
different statistical methods. We also established a method to explore the Young’s modulus
on specific crystal faces from elastic matrix, but still the accuracy is not fine enough to
predict the Young’s modulus compared with the experiments. It is showed that the
limitation on characterizing the inner crystal structures such as the interlocking structure
and hydrogen bond interaction strength could be possible reason leading to the coarse
prediction results. For achieving more precise simulated results, this method should be
optimized and reverified in some parameters such as the intermolecular interaction for

further application in pharmaceutical industry.
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6. Future work

In the next step, we aim to figure out the crystal systems that can be accurately predicted
by the Forcite module method. For these crystal systems, we will try to conclude their
crystal characteristics and verify the accuracy with more crystal structures. If the prediction
accuracy is acceptable, the Forcite module could be a prospective method for the analysis
of mechanical properties in a specific range of crystal systems. Moreover, since the Forcite
module developed from the empirical data, validating the model with more experimental
is important. Thus, it would be valuable to apply the up-to-date Forcite module trained with
more crystal systems for Young’s modulus prediction. More parameters associated with
the crystal structures could be modified with the selection of the method algorithm for the

accuracy increase.

In addition, the computational tool based on density function theory is expected to yield
more accurate predictions of E. It could be more widely applied once faster computation
allows routine access to this technique. This is being evaluated in our lab. Fast and
accurate predictions of E from crystal structure will be implemented in virtual tablet

formulation for new APIs in the future.
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