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Plastic and elastic behaviors of organic crystals have profound influence on the processability of pharma-
ceutical substances. Analogous to metals, the identifications of molecular slip planes in organic crystals
are regarded as a strategy for harnessing plasticity. In this work, we experimentally characterized the
form II anhydrous theophylline (THPa) and its monohydrate (THPm) for their distinct plastic and elastic
behaviors. Extensive DFT calculations were performed to model the effects of increasing lattice strains
on molecular packing. We discovered that the energy barrier associated with the strain-induced molecu-
lar rearrangement would link to the plasticity of THPa, and possibly other simple aromatic compounds.
Meanwhile, water molecules in THPm disrupt the stacking architecture from THPm and effectively under-
mine the general mechanism for plasticity. Hydrate formation would therefore be an alternative strategy
to engineer the mechanical property of organic crystalline materials.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In recent years, the elastic and plastic deformations of organic
crystals are brought into the spotlight of both material science and
crystal engineering communities [1-5]. Elastic crystal is thought to
require weak isotropic interactions, such as w-m interaction and
many others [3,6,7], but more importantly, an interlocking pack-
ing architecture that hinders the slippage of molecular layers as
lacked in plastic crystals [3,7-9]. Hirshfeld surface calculation is of-
ten applied to locate important molecular contacts for maintaining
the packing architecture [10,11]. In pharmaceutical industry, plas-
tic crystals with lower stiffness may be pursued for better powder
compaction and tabletability [12-14]. Crystal slip plane is a charac-
teristic feature observed in plastic crystal [7,15,16]. Energy frame-
work, parameterized from quantum mechanical calculations, is ca-
pable of identifying potential slip planes within a crystal, when the
interaction within a certain molecular layer significantly outweighs
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that between the layers [17-20]. However, the underlying mecha-
nism that restricts these layers from restoring their original posi-
tions has not been fully addressed. In this work, we focus on a nat-
urally occurring caffeine derivative, theophylline (THP, Scheme 1),
and discovered the plasticity behavior in its anhydrous crystal form
II. The molecular layers formed via w-7 stacking become excel-
lent targets for theoretical investigations. During our characteriza-
tion experiments, the monohydrate of THP presents excellent elas-
tic property, where -7 stacking also exists. The role of water in
tuning the mechanical property therefore becomes another intrigu-
ing subject for investigation. DFT level calculations were performed
to predict the molecular events in these two crystal forms, in re-
sponse to various anisotropic deformations [21-24]. The resulting
energy landscapes may shed light on their disparate mechanical
behaviors.

Our experimental data demonstrate the distinct plastic and
elastic behaviors in anhydrous theophylline (THPa) and the mono-
hydrate (THPm) crystals respectively. THPa crystal exhibits su-
per plasticity and undergoes irreversible bending on (200) face
(Fig. 1a). By applying the load with a metallic needle on this face,
three independent THPa crystals would be molded in the letters

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Scheme 1. The molecular structures of caffeine and theophylline (THP).

“SMU” respectively (Fig. 1b). Meanwhile, THPm crystal undergoes
elastic deformation and shows excellent bending resilience when
the load is repeatedly applied on its (002) face (Fig. 1c). The max-
imum tolerable elastic strain was measured to be approximately
1.22% for a 20pum thick THPm crystal (Fig. S4 in Supporting in-
formation), lower than the exceptionally elastic celecoxib crystal
(3.56%) [25] but 2-3 times higher than most crystalline alloys
(0.50%) [26,27]. Moreover, the fractured THPm crystallites formed
beyond its elastic limit do not remain in an irreversible plastic de-
formation, but restore their linear shapes (Fig. S3 in Supporting in-
formation).

Nanoindentation [17,28] coupled with atomic force microscopy
(AFM) was used to investigate further the differences in me-
chanical behaviors between THPa and THPm (Fig. 2a). The load-
displacement (P-h) curve of THPa shows a stronger linear relation-
ship and a consistently higher resistance to deformation. In con-
trast, the P-h curve of THPm significantly deviates from linearity
during loading and unloading. THPm is highly compliant to de-
formation at a small load and develops resistance gradually with
the increasing penetration depth. Another key difference is that
discrete “pop-in” events are observed in the P-h curve of THPa,
but not of THPm. The differences in penetration depth between
any two subsequent events are similar, suggesting that the plas-
tic transformation in THPa could be related to certain periodi-
cally stacked layers. The images from the scanning electron micro-
scope (SEM) [1,29,30] confirm that the THPa crystals indeed con-
sist of a multilayer topology (Fig. S5a in Supporting information).
Meanwhile, surface pile-up phenomenon is observed from the AFM
results of THPa, indicating that the molecular slippage direction
would be perpendicular to the applied stress [17,28,31]. More im-
portantly, the pile-up occurs predominantly on one particular edge
of the indenter, suggesting that the plastic transformation of THPa
may also be highly directional on the surface (Fig. 2b). For THPm,
the absence of “pop-in” event on P-h curve implies an elastic de-

Fig. 1. (a) THPa crystal shows plastic deformation, when applying a load with for-
ceps and metallic needle. (b) THPa crystals with super plasticity were able to be
molded into letters “SMU” respectively. (c) THPm crystal exhibits elastic deforma-
tion, where the bent crystal restores its linear shape when the applied force is with-
drawn.
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Table 1
Experimental and predicted data on the crystals of THPm and THPa.
Property? THPmP THPa
a(A) 4.46108 (4.4584) 24.3775 (24.2167)
b (A) 13.2519 (13.6221) 3.7763 (3.9253)
c(A) 15.3283 (15.1258) 8.4867 (8.4819)
o (°) 90 90
B () 90 90
y (°) 101.824 (100.058) 90
Space group P112¢/b (P11b) Pna2,
Relative energy (kcal/mol) (P1124/b: 0.000) (0.000)
(P11b: —2.366)
RMSD3, (A) (0.176) (0.175)

i1, €22, C33 (GPa) (15.98, 29.20, 38.58)
C44, Cs5, Cg6 (GPa) (9.55, 11.01, 31.08)
CCDC 2109369

(20.74, 11.83, 18.73)
(8.36, 24.84, 50.72)
2109368

2 Values in brackets are predicted results.

b Quantum Espresso software does not support P2;/n space group and an equiv-
alent space group P112;/b was used in the energy calculation. The subgroup P11b
enables a continuous hydrogen bond chain of water molecules and yields a more
stable structure, of which the optimized cell parameters are shown in brackets.

¢ Root-mean-square deviation of heavy atom positions by overlaying clusters of
30 molecules, using the COMPACK algorithm in Mercury software [43,44].

formation throughout the whole course of the more profound in-
dentation. At a peak load of 1000 pN, the maximum penetration
of the probe in THPm (1318.86 nm) is 4.22 times deeper than that
in THPa (312.36 nm). The AFM results of THPm show no pile-up of
material, indicating that displacement of molecules proceeds along
the same direction of the applied stress [28]. More interestingly,
the surface of THPm remains smooth with no sign of previous in-
dentation, after the stress has been released (Fig. 2b). Therefore,
THPm demonstrates a more superior ability in recovering its crys-
tal shape.

X-ray crystallography reveals that the inclusion of water
molecule significantly alters the packing architecture (Table 1 and
Fig. S6 in Supporting information). THPa crystallizes in an or-
thorhombic space group Pna2; with only one THP molecule in the
asymmetric unit. The THP molecules form a 1-D hydrogen bond
chain along the [011] direction. Via the screw symmetry, these THP
molecules result in wavy molecular sheets that stack on one an-
other by -7 interaction along the b-axis. (Fig. 3a). Meanwhile,
THPm crystallizes in a monoclinic space group P112/b instead,
with one THP and one water molecule in the asymmetric unit.
Thermal analysis also supports equimolar of water and THP in the
lattice (Fig. S7 in Supporting information) [32]. Water molecules
presumably form a 1-D hydrogen bond chain along the a-axis. THP
molecules no longer adopt a 1-D hydrogen bond chain but 0-D
dimers, which alternatingly interact with water along the c-axis
and result in a 3-D hydrogen bond network. Noticeably, these THP
dimers also stack on one another by w -7 interaction, and the pu-
tative slip plane appears along [120] direction (Fig. 3b). More plau-
sible slip planes can be identified by further visual inspection, in-
cluding the (200) plane in THPa at the interface of two 1-D hydro-
gen bond chains of THP and the (002) plane in THPm along the
water channel (Figs. 3c and d). One may conceptualize plastic de-
formation as a consequence of applied strain along a slip plane,
and elastic deformation as a process during which a material un-
dergoes simultaneously compression and dilation along the direc-
tion of applied strain (Figs. 3e and f) [2]. However, how exactly
water harnesses elasticity in THPm and the determining factor for
plasticity of THPa remain unclear. Atomistic modeling was there-
fore performed to elucidate the underlying reasons.

When subject to an anisotropic strain, atoms inside the de-
formed lattice are displaced and attain a new configuration that
corresponds to a local energy minimum. By probing the structural
changes and the relating potential energy surface, the comprehen-
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Fig. 2. (a) Representative load-displacement (P-h) curves obtained from nanoindentation on THPa and THPm crystals. “Pop-in” events (three black arrows) happened when
loading THPa. (b) Atomic force microscopy images for the nanoindentation on THPa with pile-up predominantly located on the upper side of the indent. (c) In contrast, a

relatively smooth surface after nanoindentation on THPm crystals.

Fig. 3. (a) The wavy stacking of THPa along the b-axis. (b) Stacking of THP dimers
in THPm along [120] direction. Other putative slip planes (c) (020) in THPa and (d)
(002) THPm; Possible molecular arrangement during plastic or elastic deformation
in (e) THPa and (f) THPm crystals.

sive interplay between macroscopic mechanical properties and the
corresponding atomistic events could be better understood. For a
given crystal lattice R matrix, its deformed lattice R’ can be ex-
pressed as a transformation via a distortion matrix D [33-35]:

5 185 18

R = (D+I)R andD = %56 82 %54 (1)
185 18, &

where §; corresponds to an anisotropic strain. The internal energy
of a crystal E under a set of general strain §; can be expanded in
form of a Taylor’s series [36]:

6 6 6
74
EGy,--+.86) =E+ V) 0131‘-1-?2 > cijbidj+ - (2)
i R

(a) P112,/b space group

Fig. 4. (a) The inversion symmetry in P112;/b space group constraints the wa-
ter proton positions and interrupts hydrogen bonding between neighboring water
molecules; (b) Without inversion symmetry in P11b space group, water protons are
free to attain an optimal hydrogen bond geometry.

where Eg and V are the ground state energy and the volume of the
unstrained crystal respectively, o; is the element of stress tensor
with respect to §;, and ¢ is the anisotropic elastic modulus. ¢y, €2,
and c33 account for the axial compression (or dilation) along the
a-, b- and c-axis respectively, whereas c44, Cs55 and cgg account
for the shear across the bc-, ca-, and ab-plane respectively [33-
35,37]. Note that some shear directions may break the symme-
try of the original space group [34]. Other remaining elastic mod-
uli are symmetrical, ie., ¢;=cj;, and correspond to a combination
of any two of the abovementioned deformations [37]. At small
strains, the internal energy varies almost like a harmonic func-
tion, and each c¢; can be obtained from the second-order coeffi-
cient of the Taylor's series with respect to the deforming strain
component (Table 1). Regarding the ground state energy of THPm,
the water protons are under the inversion symmetry constraint of
the P1124/b space group and result in a suboptimal “head-to-head”
contact with one another after DFT-XDM optimization (Fig. 4a)
[38-42]. The removal of inversion constraint effectively lowers the
space group to P11b and the water protons instead form a “zig-zag”
hydrogen bond chain with neighboring water molecules (Fig. 4b).
This alternative proton configuration yields an enthalpy excess of
nearly 2.4kcal/mol and inflicts a minimal structural change with
a RMSD;q of 0.176 A only (Table 1). Therefore, the P11b structure
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Fig. 5. (a) Shear strain §, in THPm has less significant effect on the hydrogen bond of THP dimers. The hydrogen bonds in the unstrained and the sheared structure
(84/2=10.0%) are colored in cyan and yellow respectively. (b) Energy-strain curve of THPm under shear strain 8 which eventually causes a displacement of water chain in
the c-axis direction (highlighted in yellow circles) and a discontinuity on the curve (zones I and II).

was taken as the unstrained state of THPm for calculating the
anisotropic elastic moduli.

The calculated anisotropic stiffness predominantly depends on
the impact of deformation direction on hydrogen bonding. The
high axial stiffness in THPm, for example, is attributed to the dis-
tortion of the water hydrogen bond chain (for cy;), the THP dimer
(for c¢95) or both (for c33) caused by each axial strain (Table 1).
Similarly, in THPa, the strains along the a- or c-axis, particularly
the former, directly disrupt the hydrogen bond distance and an-
gle, whereas the strain along the b-axis does not significantly al-
ter the relative position of THPs involved in the hydrogen bond.
Thus, c1; and ¢33 are nearly 2 times larger than ¢y, (Table 1). Nev-
ertheless, THPm in general has larger axial moduli than THPa does.
Specifically, ¢y, and c33 of THPm are around 1.5-2.0 times greater
than the largest axial modulus c;; of THPa. The 3-D hydrogen bond
network in THPm offers a more robust architecture against axial
strains. This prediction result appears paradoxical to the nanoin-
dentation experiment, where THPm shows good compliance to an
axial stress. However, its shear moduli are noticeably smaller than
those of THPa (Table 1). Its two smallest moduli, c44 and css, are
even less than 50% of the second largest shear modulus cs5 of
THPa, because these shear directions preserve the quasi-inversion
relationship between the THP dimer molecules and inflict minimal
effect to the hydrogen bonding (Fig. 5a). Consequently, the gener-
ally low shear stiffness of THPm may be the major reason for its
high compliance in the nanoindentation experiment, provided that
the shear direction would be parallel to the applied stress. It is
interesting to note that, when modeling the stiffest shear modu-
lus cgg of THPm, the increasing strain changes the tilting angle of
the THP stack, which then squashes against the neighboring wa-
ter chain and eventually dislodges it slightly along the c-axis. This
structural event is reflected from the discontinuity of the energy-
strain curve (Fig. 5b). The results from our Hirshfeld surface and
energy framework calculations indicate a potential slip plane on
the (002) surface here (Figs. S14 and S15b in Supporting informa-
tion). In the highly strained lattices, the displacement of the water
chain occurs exactly on this predicted slip plane, even though no
slipping of the THP layer is observed.

Abrupt structural change induced by an applied strain was also
predicted in THPa. At a moderate axial strain on a-axis, each
strained 1-D hydrogen bond chain is restored to normal at the ex-
pense of the weaker dispersion between the chains. This molecu-
lar event is also reflected from the discontinuity on the energy-
strain curve. Eventually isolated THP chains are observed in the
highly strained structure (Fig. 6a). Our Hirshfeld surface and en-
ergy framework calculations also indicate this (200) surface as a
potential slip plane (Figs. S13 and S15a in Supporting information).

Likewise, the simulated shear across the ab-plane unexpectedly re-
sults in the largest modulus in THPa, despite its presumably lim-
ited impact on hydrogen bonding. One explanation would be the
wavy layout of molecular sheet largely hinders its translocation
in this particular direction. More strikingly, our simulation shows
that, with an increasing strain (8g/2), the original wavy architec-
ture (up-down-down-up) undergoes rearrangements twice: (1) Be-
yond 2.5% strain, the architecture gradually turns into an up-up-
up-up layout; (2) At 7.0% strain, there is a slight slippage on the
(020) plane and the THP in the same hydrogen bond chain be-
comes almost coplanar (Fig. 6b). Each rearrangement is associated
with a huge energy barrier, followed by a gradual convergence to a
local energy minimum. This energy landscape may well explain the
plastic behavior of THPa: Firstly, each metastable strained state is
now restricted from returning to its preceding state, and eventually
to the unstrained equilibrium state. Secondly, the multiple “pop-
in” events during nanoindentation could be related to the step-
wise plastic transformations induced by this shear strain. Thirdly,
the highly directional pile-up in AFM may be caused by this di-
rectional plastic transformation. Finally, the average intermolecular
HO distance between the C-H on the heterocylic ring and the 0=C
group decreases with an increasing strain (8¢/2), i.e.2.21A at 0.0%,
218A at 6.5% and 2.16A at 10.0%. This could have weakened the
interactions between these two functional groups. Micro-Raman
spectroscopy (Fig. S8 in Supporting information, top) indeed shows
a stronger blue shift of the C-H stretch in the inner arc of the
bent THPa crystal (2966.19 cm™1), when compared to the outer arc
(2964.53 cm™1). This experimental finding may further support this
shear direction would be highly related to the plasticity of THPa.
To investigate whether the irreversible deformation in plastic
crystal is linked with a significant energy barrier during structural
rearrangement, similar calculations were extended to two more
well-known examples of plastic crystals. Caffeine monohydrate is
noteworthy for its plastic behavior [12], but shares similar packing
features with theophylline monohydrate, including space group, 1-
D water chain and the xanthine dimer. In our extended calcula-
tions, shearing across each of the three faces in caffeine monohy-
drate crystal does not result in a significant discontinuity on the
energy-strain curve as well as rearrangements of the caffeine stack-
ing. However, a compression on the b-axis alongside a dilation on
the a-axis does (See supporting information). The weak hydrogen
bond between caffeine dimer, instead of the strong hydrogen bond
between theophylline dimer, offers more flexibility for rearranging
the caffeine stacks. Similarly, in the P2, /c setting of hexachloroben-
zene [45], another notable example of plastic crystal, our extended
calculations also show that molecules overcome an energy bar-
rier and adopt a different tilting angle in response to a simulta-
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Il 64/2=6.5%

neous dilation on the c-axis and an increasing 8 angle (see Sup-
porting information). Our results possibly suggest the energy bar-
rier hampering the strain-induced s -stacking rearrangement could
be a general mechanism for plasticity in crystals of small aromatic
molecules.

In this study, water molecule abolishes completely the plastic
property of anhydrous theophylline and converts it into a flexi-
ble material with excellent resilience against deformation. Under a
small applied strain, our predicted anisotropic stiffness of the ma-
terials shows strong connections to the directional hydrogen bond
network inside the crystal lattice. Axial strain along a 1-D hydro-
gen bond chain or a 0-D dimer faces huge resistance, whereas
shearing about the latter tends to experience less resistance. When
a higher strain is further applied, molecular slip planes or related
structural events predicted from Hirshfeld surface analysis and en-
ergy framework calculations are also captured in our anisotropic

Chinese Chemical Letters 34 (2023) 108057

stiffness predictions, reflected by a discontinuity on the energy-
strain curve. This outcome indicates that all these methods can
be complimentary to one another. Both our experimental and pre-
dicted results suggest aromatic stacking and molecular slip plane
are prerequisites but may not be the only factors for the plas-
ticity of an organic crystal. Additional mechanisms may be re-
quired for hindering the recovery of the material back to its un-
strained state - here the energy penalty for rearranging the wavy
molecular sheets in anhydrous theophylline is a good example.
Meanwhile, in the monohydrate form, water molecules form a 1-
D chain, break down the wavy sheets of theophylline into isolated
columns of theophylline dimers, and offers a robust 3-D hydrogen
bonded architecture to undermine the molecular slippage for plas-
ticity. Moreover, the internal energy surface remains as a contin-
uous concave function for a wide range of strain, indicating that
a deformed THPm would be capable of returning to its unstrained
equilibrium state. Since these calculations investigate the impact
of more extreme strains on the molecular packing, there may be a
potential application for tracking the pathway of mechanically in-
duced phase transformation [46]. To conclude, searching for a sta-
ble crystal form with optimal pharmaceutical properties is the ul-
timate objective in experiment. The ability to predict further the
material properties would definitely add values to crystal structure
prediction [47-49].
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