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Abstract

Reversible elastic deformation is deleterious to tablet formation by powder compaction.
However, highly elastic caffeine and 4-chloro-3-nitrobenzoic acid cocrystal methanolate (CCM)
exhibited surprisingly high tabletability, surpassing that of well-known plastically deformable
crystals. We show that the exceptional tabletability of CCM powder is due to the activation of the
(010) slip planes along the <001> direction during tableting. The same slip system is dormant
when the needle-shaped CCM single crystals are bent on the side faces (1-10) or (110). Thus, the
successful prediction of tableting performance requires consideration of crystal anisotropy and
stress conditions during powder compression instead of the qualitative single-crystal bending

behavior.

Keywords: Powder compaction, crystal plasticity, elastic-plastic material, mechanical
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Mechanically flexible, i.e., elastically and plastically bendable, organic and organometallic
crystals have attracted tremendous attention in recent years.' !> A fundamental understanding of
such intriguing material properties requires studying the compression and elongation as well as
breakage and formation of weak non-covalent chemical bonds, such as hydrogen bonds, halogen
bonds, and w7 stacking. Despite the significant progress in designing and understanding the
properties of flexible organic crystals, they continue to bring surprises.!!> Effective crystal
engineering based on an understanding of structure-property relationships has broad applications
in improving the performance of a wide range of materials, including pharmaceutics, flexible
optoelectronics, explosives, and mechanical actuators.!> One of the outstanding challenges in the
design of functional materials through crystal structure engineering is predicting the behavior of
bulk powder samples from single crystals of organic compounds. During powder compaction of
crystalline solids in the pharmaceutical industry, particles undergo a complex process involving
rearrangement, fragmentation, elastic deformation, plastic deformation, and viscoelastic
deformation. Thus, the tableting behavior of crystalline active pharmaceutical ingredients (APIs)
is challenging to predict. Recent studies using crystal engineering approaches revealed that
understanding the structural basis for mechanical properties can greatly improve our ability to

design high-quality pharmaceutical tablets.'*!>

1,'¢17 inadequate plasticity

According to the bonding area-bonding strength (BABS) mode
is the primary reason for poor tableting performance due to the inability of particles to develop a
sufficient bonding area (BA) in a tablet through permanent plastic deformation.'*!® As such,
crystalline APIs designed with improved plasticity have been shown to achieve excellent
tabletability.> High plasticity is closely linked to the presence of unobstructed molecular layers, or

slip planes, with low interlayer attractive and steric interactions in a crystal structure.>!*!>19
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Consequently, the tabletability of the emerging class of highly elastic crystals may be intuitively
expected to be poor because elastic deformation does not contribute to the development of
permanent BA in a tablet after compression.!®?® In fact, the recovery after excessive elastic
deformation is responsible for the phenomenon of overcompression, where tablets are weakened
by increased pressure above a certain threshold.?! Until now, however, no systematic studies on
powder compaction of elastic crystals have been performed to test this hypothesis.?’ From the list

6,10,12,13,18,22-26 yve chose the caffeine:4-chloro-3-nitrobenzoic acid

of known elastic crystals,
cocrystal methanol solvate (CCM) in this work.'°

Surprisingly, the CCM powder exhibited exceptional tabletability, which was even better
than that of the highly plastic caffeine hydrate (CAH) and the Schiff base of ortho-vanillin with 6-

chloro-2,4-dinitroaniline cocrystal (sb-ovan:cda) (Figure 1), which have the best-known

tabletability among organic crystals so far.>’

sb-ovan:cda

Tensile Strength (MPa)

0 50 100 150 200 250 300 350
Compaction Pressure (MPa)

Figure 1. Tabletability profiles of CCM (circles), 2D plastic CAH (up triangles), and sb-ovan:cda

(down triangles). Open symbols signify tablet lamination during the diametrical breaking test.
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Such exceptionally good tabletability necessitates a large BA in a tablet, which can be
achieved only when CCM crystals undergo a significant degree of plastic deformation during
compression. However, CCM single crystals exhibited substantial 2D elastic flexibility when bent
by a load applied on the side faces of the needle crystal (Figure S1).?® To reconcile the seemingly
contradicting observations between single crystal mechanical behavior and bulk powder

compression, we quantified the elastic recovery and plasticity of CCM during compression.
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Figure 2. Elastic recovery after compression at 350 MPa of DCPD, CCM, mannitol, LM, MCC,

and HPC.
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At 350 MPa, which is a relatively high pressure for tablet manufacturing, the in-die elastic
recovery of CCM (< 3%) was lower than commonly used excipients, e.g., mannitol, lactose
monohydrate (LM), microcrystalline cellulose (MCC), and hydroxypropyl cellulose (HPC),?° but
slightly higher than that of dicalcium phosphate dihydrate (DCPD) (Figure 2). Thus, the extent of
elastic recovery of the compressed CCM tablet is far lower than the maximum elastic strain, which
approached 12.5% when CCM single crystals were bent on a crystal side face.!” If the elastic strain
of individual CCM crystals were the same as that of the tablet, i.e., the mechanical properties of
CCM crystals were isotropic, the strain of CCM would be far below its elastic limit along the
crystal needle axis, <001>.2® In that case, plastic deformation would not have taken place.
Therefore, the anisotropy of CCM mechanical properties plays a necessary role in enabling the
plastic deformation required to form strong tablets. This data indicates that the mechanical
behavior of single crystals during bending is different from bulk powder compression.

From the exponential relationship between tablet elastic modulus and porosity, the elastic
modulus at zero porosity (Eo) can be obtained by extrapolating experimental data to zero porosity
(Figure S2). The Eo of the CCM (5.0 £ 0.2 GPa) is about half of the £ along the long axis of the
crystal obtained from molecular dynamic calculations (~10 GPa).?° This value is lower than the Eo
of mannitol (11.1 GPa) and potassium chloride (9.2 GPa) but higher than that of aspirin (2.3 GPa)
and MCC (4.7 GPa), all of which were determined using similar compressive methods.?!"** Since
potassium chloride, aspirin, and MCC are all plastic, the elasticity of bulk CCM powder, as
measured by Eo, is similar to plastic powders during powder compression in die. The data thus far
suggest that CCM crystals, despite being exceptionally elastic when bent, actually exhibit high

plasticity during compaction, resembling that of well-characterized plastic materials.
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The value of one plasticity parameter, //C, of CCM (186 + 36 MPa) lies between that of
plastic MCC (76 + 7 MPa) and brittle mannitol (455 + 12 MPa), LM (504 + 19 MPa), and DCPD
(2133 + 123 MPa) (Figure 3).2>* The value of another plasticity parameter, mean yield pressure
(Py), of CCM (54.7 = 2.1 MPa), extracted from in-die compression data using the Heckel analysis
(Figure S3), is similar to MCC (41.1 + 1.8 MPa) but substantially lower than those of LM (163.5
+ 11.7 MPa), mannitol (143.0 £ 3.0 MPa), and DCPD (408.3 + 27.3 MPa) (Figure 3).%%3°
Therefore, both plasticity parameters indicate that the CCM powder exhibits plasticity closer to
plastic MCC than to brittle LM, mannitol, and DCPD. This is aligned with the large extent of
plastic deformation required for the CCM to develop sufficient BA to account for its superior

tabletability (Figure 1).
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Figure 3. Plasticity parameters of HPC, MCC, CCM, mannitol, LM, MCC, and HPC (patterned

bars, P,; solid bars, 1/C).
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According to the BABS interplay model, in addition to BA, bonding strength (BS) is the
other key factor that controls tabletability.!®!” The apparent BS among different materials can be
assessed using the tablet tensile strength value at zero porosity (oo), where a higher value of oo
indicates a higher apparent BS.**3” The go of CCM (7.7 + 0.3 MPa) is lower than that of MCC
(~11 MPa) and mannitol (12.4 MPa), but slightly higher than that of LM (6.7 MPa).>®*° Therefore,
instead of being a result of high BS, the exceptional tabletability of CCM is mainly a result of a
high BA, which dictates a high plasticity.

A reconciliation between the exceptional elasticity of single crystals during bending and
high plasticity during die compression can be achieved by considering the different stress
conditions in the two scenarios. While the stress applied to single crystals is only along one
direction during bending, crystals are subjected to a pseudo-hydraulic stress condition in-die
during tableting, where stresses are applied to a given crystal from many directions through
contacts with neighboring crystals and air (Figure 4a). When the stress is sufficiently high, the

4041 which remain dormant

crystals will undergo plastic deformation by activating slip planes,
when a single crystal is bent. From a structural perspective, the most likely activated slip plane for
the CCM is the (010) plane because these layers can slide with ease along the unobstructed <001>
direction due to the relatively weak interaction energy between (010) planes, as shown by its
energy framework (Figure 4b).*>* This mode of plastic deformation is inactive when the needle-
shaped crystal is bent on the side crystal faces, (1-10) and (110),** because the slippage of the

(010) planes along the <001> direction is effectively hindered, as the (010) planes are at an angle

to the shear plane when the crystal is bent on either (1-10) or (110) face (Figure 4b).
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Figure 4. (a) Conditional difference between elastic deformation of a single crystal under 3-point
bending and the plasticity of the bulk powder during compression, and (b) energy framework

showing (010) as the most probable active slip plane.

This example shows that, although qualitative bending behaviors of single crystals are
intuitively related to mechanical properties and bulk powder tableting performance, high single-
crystal elasticity does not necessarily translate to poor tabletability because of distinct stress
conditions during the two test scenarios. To further illustrate this point, we also tested the
tabletability of desolvated CCM (CCMd, Figure S4), which exhibits brittle fracture instead of
elastic flexibility when a stress is applied during a 3-point bending test.!” The strikingly different
bending behavior cannot be attributed to major structure differences because of the structural
similarity between CCM and CCMd, indicated by their closely similar powder X-ray diffraction
patterns (Figure S5). Therefore, the mechanical properties of these two crystalline phases are
expected to be similar. The radically different brittle bending behavior of CCMd could be
attributed to the presence of a significantly higher concentration of defects in CCMd crystals

arising from the desolvation process, which promotes premature failure of the crystals through
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crack propagation.!®* Such an effect is expected to favor tabletability since more extensive
fragmentation of crystals leads to a larger area for bonding among particles. However, the lack of
elastic flexibility of CMMd during the 3-point bending experiment does not affect its bulk powder
compaction properties, since Eo, P,, tabletability, particle size, in-die elastic recovery,
compressibility, compactibility, and //C are all comparable between CCMd and CCM (Figures S2
— S4, S6 — S12). Therefore, the extent of crystal plastic deformation, which determines the total
BA formed during powder compression, is affected by inherent mechanical properties dictated by
crystal structure but is independent of the elastic flexibility of single crystals during a bending test.

Thus, in the case of CCM, powder tableting performance is directly linked to crystal
structure and corresponding mechanical properties but is decoupled from single-crystal bending
behavior. This work expands the potential applications of elastically flexible crystals in tableting.
Results from this study highlight the importance of considering both structural origin and external

stimuli when studying the properties and performance of organic materials.
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thermograms, and DSC thermograms of CCM and CCMd (PDF)

Funding
Funding from the National Science Foundation through grant number IIP- 1919037 is

acknowledged for partially supporting G.V.

10



Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.

References

(1)

)

3)

(4)

)

(6)

(7

®)

)

(10)

Annadhasan, M.; Agrawal, A. R.; Bhunia, S.; Pradeep, V. V.; Zade, S. S.; Reddy, C. M.;
Chandrasekar, R. Mechanophotonics: Flexible Single-Crystal Organic Waveguides and
Circuits.  Angew. Chem. Int. Ed. 2020, 59 (33), 13852—-13858.
https://doi.org/10.1002/anie.202003820.

Devarapalli, R.; Kadambi, S. B.; Chen, C.-T.; Krishna, G. R.; Kammari, B. R.; Buehler,
M. J.; Ramamurty, U.; Reddy, C. M. Remarkably Distinct Mechanical Flexibility in Three
Structurally Similar Semiconducting Organic Crystals Studied by Nanoindentation and
Molecular Dynamics. Chem. Mater. 2019, 31 4), 1391-1402.
https://doi.org/10.1021/acs.chemmater.8b04800.

Hu, S.; Mishra, M. K.; Sun, C. C. Twistable Pharmaceutical Crystal Exhibiting Exceptional
Plasticity and Tabletability. Chem. Mater. 2019, 31 (10), 3818-3822.
https://doi.org/10.1021/acs.chemmater.9b00441.

Karothu, D. P.; Halabi, J. M.; Li, L.; Colin-Molina, A.; Rodriguez-Molina, B.; Naumov, P.
Global Performance Indices for Dynamic Crystals as Organic Thermal Actuators. Adv.
Mater. 2020, 32 (20), 1906216. https://doi.org/10.1002/adma.201906216.

Khandavilli, U. B. R.; Lusi, M.; Frawley, P. J. Plasticity in Zwitterionic Drugs: The
Bending Properties of Pregabalin and Gabapentin and Their Hydrates. /UCrJ 2019, 6 (4),
630—-634. https://doi.org/10.1107/S2052252519004755.

Mishra, M. K.; Sun, C. C. Conformation Directed Interaction Anisotropy Leading to
Distinct Bending Behaviors of Two ROY Polymorphs. Cryst. Growth Des. 2020, 20 (7),
4764-4769. https://doi.org/10.1021/acs.cgd.0c00521.

Mondal, A.; Bhattacharya, B.; Das, S.; Bhunia, S.; Chowdhury, R.; Dey, S.; Reddy, C. M.
Metal-Like Ductility in Organic Plastic Crystals: Role of Molecular Shape and Dihydrogen
Bonding Interactions in Aminoboranes. Angew. Chem. 2020, 132 (27), 11064-11073.
https://doi.org/10.1002/ange.202001060.

Naumov, P.; Karothu, D. P.; Ahmed, E.; Catalano, L.; Commins, P.; Mahmoud Halabi, J;
Al-Handawi, M. B.; Li, L. The Rise of the Dynamic Crystals. J. Am. Chem. Soc. 2020, 142
(31), 13256-13272. https://doi.org/10.1021/jacs.0c05440.

Saha, S.; Mishra, M. K.; Reddy, C. M.; Desiraju, G. R. From Molecules to Interactions to
Crystal Engineering: Mechanical Properties of Organic Solids. Acc. Chem. Res. 2018, 51
(11),2957-2967. https://doi.org/10.1021/acs.accounts.8b00425.

Ghosh, S.; Reddy, C. M. Elastic and Bendable Caffeine Cocrystals: Implications for the
Design of Flexible Organic Materials. Angew. Chem. Int. Ed. 2012, 51 (41), 10319-10323.
https://doi.org/10.1002/anie.201204604.

11


https://doi.org/10.1002/anie.202003820
https://doi.org/10.1021/acs.chemmater.8b04800
https://doi.org/10.1021/acs.chemmater.9b00441
https://doi.org/10.1002/adma.201906216
https://doi.org/10.1107/S2052252519004755
https://doi.org/10.1021/acs.cgd.0c00521
https://doi.org/10.1002/ange.202001060
https://doi.org/10.1021/jacs.0c05440
https://doi.org/10.1021/acs.accounts.8b00425
https://doi.org/10.1002/anie.201204604

(11)

(12)

(13)

(14)

(15)
(16)

(17)

(18)

(19)

(20)

1)

(22)

Wang, K.; Mishra, M. K.; Sun, C. C. Exceptionally Elastic Single-Component
Pharmaceutical ~ Crystals. Chem.  Mater. 2019, 31/ (%), 1794-1799.
https://doi.org/10.1021/acs.chemmater.9b00040.

Worthy, A.; Grosjean, A.; Pfrunder, M. C.; Xu, Y.; Yan, C.; Edwards, G.; Clegg, J. K.;
McMurtrie, J. C. Atomic Resolution of Structural Changes in Elastic Crystals of Copper
(IT) Acetylacetonate. Nat. Chem. 2018, 10 (1), 65-609. https://doi.org/10.1038/nchem.2848.
Mishra, M. K.; Ramamurty, U.; Desiraju, G. R. Mechanical Property Design of Molecular
Solids.  Curr. Opin. Solid State Mater. Sci. 2016, 20 (6), 361-370.
https://doi.org/10.1016/j.cossms.2016.05.011.

Joiris, E.; Martino, P. D.; Berneron, C.; Guyot-Hermann, A.-M.; Guyot, J.-C. Compression
Behavior of Orthorhombic Paracetamol. Pharm. Res. 1998, 15 (7), 1122-1130.
https://doi.org/10.1023/A:1011954800246.

Sun, C. C. Materials Science Tetrahedron Useful Tool for Pharmaceutical Research and
Development. J. Pharm. Sci. 2009, 98 (5), 1671-1687. https://doi.org/10.1002/jps.21552.
Sun, C. C. Decoding Powder Tabletability: Roles of Particle Adhesion and Plasticity. J.
Adhes. Sci. Technol. 2011, 25 (4-5), 483-499.
https://doi.org/10.1163/016942410X525678.

Osei-Yeboah, F.; Chang, S.-Y.; Sun, C. C. A Critical Examination of the Phenomenon of
Bonding Area - Bonding Strength Interplay in Powder Tableting. Pharm. Res. 2016, 33
(5), 1126—-1132. https://doi.org/10.1007/s11095-016-1858-8.

Naumov, P.; Chizhik, S.; Panda, M. K.; Nath, N. K.; Boldyreva, E. Mechanically
Responsive Molecular Crystals. Chem. Rev. 2015, 115 (22), 12440-12490.
https://doi.org/10.1021/acs.chemrev.5b00398.

Chattoraj, S.; Shi, L.; Sun, C. C. Understanding the Relationship Between Crystal
Structure, Plasticity and Compaction Behaviour of Theophylline, Methyl Gallate, and
Their 1 : 1 Co-Crystal. CrystEngComm 2010, 12 (8), 2466-2472.
https://doi.org/10.1039/C000614A.

Reddy, C. M. Mechanical Deformation Chemistry of Crystals: Designing Mechanical
Performance. In Engineering Crystallography: From Molecule to Crystal to Functional
Form; Roberts, K. J., Docherty, R., Tamura, R., Eds.; NATO Science for Peace and
Security Series A: Chemistry and Biology; Springer Netherlands: Dordrecht, 2017; pp
425-435. https://doi.org/10.1007/978-94-024-1117-1_26.

Paul, S.; Sun, C. C. Gaining Insight into Tablet Capping Tendency from Compaction
Simulation. Int. J. Pharm. 2017, 524 (1), 111-120.
https://doi.org/10.1016/;.1jpharm.2017.03.073.

Mukherjee, A.; Tothadi, S.; Desiraju, G. R. Halogen Bonds in Crystal Engineering: Like

Hydrogen Bonds yet Different. Acc. Chem. Res. 2014, 47 (8), 2514-2524.
https://doi.org/10.1021/ar5001555.

(23)

24)

(25)

Takamizawa, S.; Miyamoto, Y. Superelastic Organic Crystals. Angew. Chem. Int. Ed.
2014, 53 (27), 6970—6973. https://doi.org/10.1002/anie.201311014.

Hayashi, S.; Ishiwari, F.; Fukushima, T.; Mikage, S.; Imamura, Y.; Tashiro, M.; Katouda,
M. Anisotropic Poisson Effect and Deformation-Induced Fluorescence Change of Elastic
9,10-Dibromoanthracene Single Crystals. Angew. Chem. Int. Ed. 2020, 59 (37), 16195—
16201. https://doi.org/10.1002/anie.202006474.

Liu, H.; Lu, Z.; Tang, B.; Qu, C.; Zhang, Z.; Zhang, H. A Flexible Organic Single Crystal
with Plastic-Twisting and Elastic-Bending Capabilities and Polarization-Rotation

12


https://doi.org/10.1021/acs.chemmater.9b00040
https://doi.org/10.1038/nchem.2848
https://doi.org/10.1016/j.cossms.2016.05.011
https://doi.org/10.1023/A:1011954800246
https://doi.org/10.1002/jps.21552
https://doi.org/10.1163/016942410X525678
https://doi.org/10.1007/s11095-016-1858-8
https://doi.org/10.1021/acs.chemrev.5b00398
https://doi.org/10.1039/C000614A
https://doi.org/10.1007/978-94-024-1117-1_26
https://doi.org/10.1016/j.ijpharm.2017.03.073
https://doi.org/10.1021/ar5001555
https://doi.org/10.1002/anie.201311014
https://doi.org/10.1002/anie.202006474

(26)

27

(28)

(29)

(30)

€2))

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

Function.  Angew.  Chem. Int. Ed. 2020, 59 (31), 12944-12950.
https://doi.org/10.1002/anie.202002492.

Bhattacharya, B.; Michalchuk, A. A. L.; Silbernagl, D.; Rautenberg, M.; Schmid, T.; Feiler,
T.; Reimann, K.; Ghalgaoui, A.; Sturm, H.; Paulus, B.; Emmerling, F. A Mechanistic
Perspective on Plastically Flexible Coordination Polymers. Angew. Chem. Int. Ed. 2020,
59 (14), 5557-5561. https://doi.org/10.1002/anie.201914798.

Krishna, G. R.; Shi, L.; Bag, P. P.; Sun, C. C.; Reddy, C. M. Correlation Among Crystal
Structure, Mechanical Behavior, and Tabletability in the Co-Crystals of Vanillin Isomers.
Cryst. Growth Des. 2015, 15 (4), 1827—-1832. https://doi.org/10.1021/cg5018642.
Reference 10 reported the Miller indices of crystal side faces as (100) and (010) and the
needle axis as <100>. Reference 44 corrected the side faces as (1-10) and (110) and the
needle axis as <001>.

Paul, S.; Sun, C. C. The Suitability of Common Compressibility Equations for
Characterizing Plasticity of Diverse Powders. Int. J. Pharm. 2017, 532 (1), 124-130.
https://doi.org/10.1016/j.ijpharm.2017.08.096.

Chen, C.-T.; Ghosh, S.; Reddy, C. M.; Buehler, M. J. Molecular Mechanics of Elastic and
Bendable Caffeine Co-Crystals. Phys. Chem. Chem. Phys. 2014, 16 (26), 13165-13171.
https://doi.org/10.1039/C3CP55117B.

Kerridge, J. C.; Newton, J. M. The Determination of the Compressive Young’s Modulus
of Pharmaceutical Materials. J. Pharm. Pharmacol. 1986, 38 (Supplement 12), 79P—79P.
https://doi.org/10.1111/j.2042-7158.1986.tb 14308 .x.

Mazel, V.; Busignies, V.; Diarra, H.; Tchoreloff, P. On the Links Between Elastic
Constants and Effective Elastic Behavior of Pharmaceutical Compacts: Importance of
Poisson’s Ratio and Use of Bulk Modulus. J. Pharm. Sci. 2013, 102 (11), 4009-4014.
https://doi.org/10.1002/jps.23710.

Roberts, R. J.; Rowe, R. C. The Young’s Modulus of Pharmaceutical Materials. Int. J.
Pharm. 1987, 37 (1), 15-18. https://doi.org/10.1016/0378-5173(87)90004-4.

Kuentz, M.; Leuenberger, H. Pressure Susceptibility of Polymer Tablets as a Critical
Property: A Modified Heckel Equation. J. Pharm. Sci. 1999, 88 (2), 174-179.
https://doi.org/10.1021/js980369a.

Vreeman, G.; Sun, C. C. Mean Yield Pressure from the in-Die Heckel Analysis Is a
Reliable  Plasticity = Parameter. [Int. J.  Pharm. X 2021, 3, 100094.
https://doi.org/10.1016/].1jpx.2021.100094.

Adolfsson, A.; Nystrom, C. Tablet Strength, Porosity, Elasticity and Solid State Structure
of Tablets Compressed at High Loads. Int. J. Pharm. 1996, 132 (1), 95-106.
https://doi.org/10.1016/0378-5173(95)04336-5.

Ryshkewitch, E. Compression Strength of Porous Sintered Alumina and Zirconia. J. Am.
Ceram. Soc. 1953, 36 (2), 65-68. https://doi.org/10.1111/5.1151-2916.1953.tb12837 .x.
Paul, S.; Chang, S.-Y.; Dun, J.; Sun, W.-J.; Wang, K.; Tajarobi, P.; Boissier, C.; Sun, C.
C. Comparative Analyses of Flow and Compaction Properties of Diverse Mannitol and
Lactose Grades. Int. J. Pharm. 2018, 546 (1), 39-49.
https://doi.org/10.1016/j.ijpharm.2018.04.058.

Sun, C. C. Mechanism of Moisture Induced Variations in True Density and Compaction
Properties of Microcrystalline Cellulose. Int. J. Pharm. 2008, 346 (1-2), 93-101.
https://doi.org/10.1016/;.1jpharm.2007.06.017.

13


https://doi.org/10.1002/anie.202002492
https://doi.org/10.1002/anie.201914798
https://doi.org/10.1021/cg5018642
https://doi.org/10.1016/j.ijpharm.2017.08.096
https://doi.org/10.1039/C3CP55117B
https://doi.org/10.1111/j.2042-7158.1986.tb14308.x
https://doi.org/10.1002/jps.23710
https://doi.org/10.1016/0378-5173(87)90004-4
https://doi.org/10.1021/js980369a
https://doi.org/10.1016/j.ijpx.2021.100094
https://doi.org/10.1016/0378-5173(95)04336-5
https://doi.org/10.1111/j.1151-2916.1953.tb12837.x
https://doi.org/10.1016/j.ijpharm.2018.04.058
https://doi.org/10.1016/j.ijpharm.2007.06.017

(40)

(41)

(42)

(43)

(44)

(45)

Sun, C. C.; Kiang, Y.-H. On the Identification of Slip Planes in Organic Crystals Based on
Attachment Energy Calculation. J. Pharm. Sci. 2008, 97 (8), 3456-3461.
https://doi.org/10.1002/jps.21234.

Taylor, G. I. The Mechanism of Plastic Deformation of Crystals. Part II. With
Observations. Proc. R. Soc. Lond. Ser. Contain. Pap. Math. Phys. Character 1934, 145
(855), 388—404. https://doi.org/10.1098/rspa.1934.0107.

Turner, M. J.; McKinnon, J. J.; Wolff, S. K.; Grimwood, D. J.; Spackman, P. R.; Jayatilaka,
D.; Spackman, M. A. CrystalExplorer17, 2017.

Wang, C.; Sun, C. C. Identifying Slip Planes in Organic Polymorphs by Combined Energy
Framework Calculations and Topology Analysis. Cryst. Growth Des. 2018, 18 (3), 1909—
1916. https://doi.org/10.1021/acs.cgd.8b00202.

Thompson, A. J.; Price, J. R.; McMurtrie, J. C.; Clegg, J. K. The Mechanism of Bending
in Co-Crystals of Caffeine and 4-Chloro-3-Nitrobenzoic Acid. Nat. Commun. 2021, 12 (1),
5983. https://doi.org/10.1038/s41467-021-26204-z.

Griffith, A. A.; Taylor, G. I. VI. The Phenomena of Rupture and Flow in Solids. Philos.
Trans. R. Soc. Lond. Ser. Contain. Pap. Math. Phys. Character 1921, 221 (582-593), 163—
198. https://doi.org/10.1098/rsta.1921.0006.

14


https://doi.org/10.1002/jps.21234
https://doi.org/10.1098/rspa.1934.0107
https://doi.org/10.1021/acs.cgd.8b00202
https://doi.org/10.1038/s41467-021-26204-z
https://doi.org/10.1098/rsta.1921.0006

For Table of Contents Use Only

Manuscript title: Exceptional powder tabletability of elastically flexible crystals

Author list: Gerrit Vreeman, Chenguang Wang, C. Malla Reddy, and Changquan Calvin Sun

Applied load W

)

(F ~1-15kN) @l\

Synopsis
The surprisingly high tabletability of elastically bending caffeine cocrystal is explained by

the activation of (010) slip planes along the <001> direction during powder compression.

15



	Abstract
	Supporting Information
	Funding
	Declaration of Competing Interest
	References
	For Table of Contents Use Only
	Synopsis


