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ABSTRACT: Elastic and plastic bending, as well as temperature-induced reversible e Ty
and irreversible structural transformations, are revealed in single-molecule bicyclic . Bhese Transiton |

phosphates. These bending properties are rare for globular systems. Structure— Thermal !
property analyses by single-crystal X-ray diffraction and calculations rationalize the = I~
observed behaviors. Collectively, this work identifies this class of molecules as %
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B INTRODUCTION co-workers demonstrated 3D plastic bending in amino-borane

Lewis acid—base adducts that also exhibit exceptional metal-
like ductility and malleability.”” The exceptional plasticity is
attributed to the multiple slip planes and weak electrostatic
interactions around the molecular columns. Recently, Das and
co-workers reported room-temperature elastic and plastic
bending in metal oxyacid crystals of dimethylammonium

47 s
bending”'~ twisting, >~ or coiling,"**! similar to polymers Perrhenate.. .At elevated_ temperatures, the mallea_blhty
liquid c, stals 2 and é lastomers. * ,A material is considere ci increased significantly, attributed to the crystal adopting a
ﬂngble r}iIf it,undergoes elastié or plastic deformation.”*® highly symmetric rotor phase. It is noteworthy that in the

1l ol oid h def ) aforementioned studies, they are %lobular systems as either
Cr}fsta ine materials are rigi stru'ctures that Ppon eformation Lewis acid—base adducts or salts,4 ,47 both highly polar. We
typically fracture. However, plastic and elastic crystals are not

) / X hypothesize that bicyclic phosphates could be suitable
susceptible to fracturing. Plastic crystals undergo permanent candidates for mechanically flexible materials due to their

deformation upon application of an external mechanical force, globular geometry (globularity > 0.85 G, 0.12 Q > asphericity)
whereas elastic crystals restore their original shape upon the and polar nature.”® In this work, we examine the elastic and
removal of the external force. Reddy and co-workers defined plastic bending in bicyclic phosphate crystals that feature a

plastic behavior ir;ésingle crystals of organic molecules by the methyl or ethyl tail and phosphine oxide or phosphine sulfide
slip plane model.™ In this model, the slip planes are held head (1—4, Figure 1).

together by weak dispersive interactions between the layers.

The anisotropy in the intermolecular interaction strength B RESULTS AND DISCUSSION
makes the slip planes along different directions capable of
bending. In contrast, the interactions in elastic crystals are
energetically isotropic in orthogonal directions.

The majority of systems that exhibit bending properties
(plastic and elastic) are molecules with flat georlletries.21’22’25
Desiraju’s bending model of 2D + 1D anisotropic packing
determined that crystals with a short crystallographic axis
(known as 4 A structures) are feasible candidates for plastic
bending.***” However, Thomas and co-workers showed plastic
bending in dimethyl sulfone crystals that feature isotropic
interactions, deviating from Desiraju’s model.”® Mondal and

Ordered molecular materials that retain crystalline properties
under mechanical stress are important to develop flexible
electronic materials.' > Applications in this realm include
mechanical actuators,”"® molecular machinery,”'* flexible
luminescent materials,"' ™" optical waveguides,"*™"® and
sensors.'~ Mechanosalient materials”*’ can change shape by

The bicyclic (?hosphates 1—4 were synthesized by the literature
methods.*”" Single crystals of 1 and 2 were obtained by
sublimation, 3 were grown from a 1:1 CHCl;/hexanes solvent
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Figure 1. Phosphates studied for their globularity and asphericity.

mixture, and 4 from acetone. All four compounds are in
orthorhombic crystal systems, with 1—3 being needle
morphology and 4 being block morphology. The crystals of
4 are brittle, meaning elastic and plastic bending are not
possible; thus, 4 is not discussed further. The major
intermolecular interactions in 1 and 2 are C—H:---O hydrogen
bonds, whereas for 3, there are C—H--S and C—H:-O
hydrogen bonds as well as S-+O interactions (Figure S2). In
the crystal structures, molecules of 1 and 2 are aligned in a
head-to-tail arrangement (head = P=0 or P=S, §7; tail =
methyl, §*) along the c-axis in a slanted fashion (Figure 2). The

Figure 2. Space-filling model depicting the linear molecular packing
in 1 and 2 along the c-axis and depiction of orthogonal packing along
the g-axis in 3.

head-to-tail arrangement in 1 [dq..c = 3.404(S) A, LP=0--C
= 165.0(2)°] is more linear comparison to 2 [ds..c = 3.505(6)
A, 2ZP=S---C = 140.99(11)°]. However, in 3, the head and tail
regions are arranged along the c-axis in a corrugated manner
with two adjacent molecules interacting via a weak S--O
interaction [dg.o = 3.255(5) A, 2P=S--O = 171.92(11)°]
(Figure S3).

B PLASTIC BENDING

The major faces in the three crystals correspond to the (110),
(110), and (001) planes that were obtained by face indexing.
Upon applying mechanical stress along the (001) and (001)
faces at 23 °C, the crystal bends on the (110) and (110) faces
into a hairpin shape that could be mechanically straightened
but not to its original pristine condition (Figure 3a,b). Uniaxial
stress orthogonal to the (110) face of 1 at 23 °C results in
crystals of 1 being pressed into thin sheets. An X-ray diffraction
image of the thin sheet (23 °C, cold pressing) indicates that
the crystal is losing its crystalline integrity, whereas the image
at 150 °C (hot pressing) reveals that it has become
polycrystalline. Crystals of 1 can also be deformed into other
shapes, specifically coils and boxes (Figure S5). The malleable
nature of 1 validates our hypothesis that globular bicyclic
phosphates can possess mechanical properties.

To understand the plastic bending in the crystals of 1, the
arrangement of the molecules in the crystal lattice was
analyzed. As depicted in Figure 2, molecules of 1 are stacked
along the c-axis in a head-to-tail arrangement to form
molecular columns. Around the columns, multiple slip planes
exist (Figure 3c). The columns are interconnected by weak

(i) - . \
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i

Viewed along (110)

Figure 3. (a) (i) Pristine state; (ii—vi) plastic deformation of 1; (b) mechanical straightening of bent crystals but not to their original pristine
condition; (c) molecular packing along different faces and face indexing measurement (dashed blue lines indicate slip planes).
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dispersive C—H:--O interactions, forming a 2D molecular sheet
parallel to the (110) plane. Upon viewing down the (110) and
(110) directions, the slip planes between the molecular sheets
are apparent. Thus, upon applying stress along the (001)
direction, 1 undergoes plastic deformation along these planes.

Plastic bending is also observed in crystals of 2, confirmed
by applying stress along the (001) direction, with the bending
face corresponding to the (010) plane. Crystals of 2 are flexible
in bending but cannot be restored to their original
morphology. The head-to-tail packing arrangement along the
(001) direction of the molecules in the crystal structures of 1
and 2 are similar but more slanted in 2, resulting in more
isotropic packing. The slanted slip planes along the (010)
direction in 2 are less favorable for plastic bending, further
corroborated by calculations vide infra. In 3, there is no plastic
bending, attributed to the orthogonal molecular arrangement
that does not have any slip planes.

B ELASTIC BENDING

Given the absence of plastic bending in 3, three-point bending
experiments were performed on single crystals to determine if
elastic bending is possible. Forceps were used to restrain the
ends of the single crystal and force was applied to the center
with a needle (Figure 4). Gratifyingly, elastic bending was

\

Figure 4. Mechanical properties of single crystals of 3. (a—c)
Applying mild force; (d,e) release of the force; and (f—h) applying
strong force to fracture the crystal.

possible by applying stress on the (010) plane to bend crystals
of 3, and releasing the force resulted in the crystal regaining its
original state without fracture (Figure 4e). The elastic bending
experiment was repeated three times to confirm the
reversibility (Figure 4f,g). However, applying a stronger force
fractures the crystal (Figure 4gh).

Elastic bending requires an expansion of the macroscopic
dimension that becomes the outer arc and contraction of the
dimension that becomes the inner arc. At the molecular level,
the intermolecular interactions also undergo expansion and
contraction to accommodate this stress.
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To understand the elastic bending of 3, we investigated the
molecular packing arrangement along the (100), (010), and
(001) faces (Figure S1la). The molecules are stacked along
the c-axis in a slanted fashion to form a column. The columns
are interconnected by weak P=S---O [d = 3.255(5) A, 0 =
171.92(11)°] interactions to form corrugated sheets on the bc-
plane (Figure Sa). This S--O interaction acts as a structural
buffer, where the geometry of interacting molecules of adjacent
columns is orthogonal to each other. The electron-rich oxygen
interacts with the electron-deficient zone of sulfur, as shown by
its electrostatic potential maps clearly indicating the S---O
interaction is a o-hole interaction (ESP, Figures Sb and
$24¢).”>>" Applying stress along the (010) direction, the S---O
structural buffers can undergo expansion (outer arc) or
contraction (inner arc) leading to the elastic behavior depicted
in Figure Sc. The molecular arrangement in the (100) and
(001) directions also exhibits isotropy in the internal structure.

B ENERGY FRAMEWORK CALCULATIONS

To understand the mechanical behavior, the pairwise
interaction energies were calculated based on the energy
frameworks using CrystalExplorer.”* >* Framework calcula-
tions provide insights into the anisotropic interactions to
correlate their bending effects in mechanosalient crystals.”>*®
In 1, the total energy frameworks viewed along the (110) plane
reveal destabilizing frameworks between the molecular sheets
that facilitate slippage upon applying stress (Figure S13). To
quantify the energetics of slips, frameworks can be segregated
into three components: columns, sheets, and slips. The
molecules propagating along the (001) direction form 1D
columns with a net interaction energy of —38.6 kJ/mol, and
the major contribution is from the attractive electrostatic
component (—27.6 kJ/mol). These columns interact with
adjacent columns to form molecular sheets with a net
interaction energy of —117.3 kJ/mol (Figures S14b and
S15b). The corresponding slips between the molecular sheets
have a net slip plane energy of —42.8 kJ/mol. The slip plane is
composed of strong destabilizing Coulombic interactions. This
quantitatively depicts the energetic anisotropy in the
intermolecular interactions in the crystal lattice that leads to
low-energy slip planes along the (110) direction. Similar
destabilizing frameworks exist between the slips down the
(010) direction in 2. The energies of the molecular sheet and
the slip plane along (010) are considerably higher in 2 than
those in 1, at —65.5 and —86.0 kJ/mol, respectively. This
supports the experimental observation that 2 has less plastic
behavior than 1 as the slip energies are much higher.

Quantifying the structural isotropy of 3 by energy frame-
works reveals that the frameworks down the (010) direction
clearly depict an isotropic interaction pattern within the crystal
lattice of 3 (Figure 6). Based on the energy frameworks, the
molecular columns stacked along the (001) direction (Figure
Sa) are strongly dispersive with a total interaction energy of
—27.0 kJ/mol. The dispersion forces are the major contributor
(—13.2 kJ/mol), with the interaction energy between the
columns being lower (—6.6 kJ/mol represented in Figure Sa as
the structural buffer region).

B COMPUTATIONAL ANALYSIS

The frontier molecular orbitals (HOMO and LUMO) and
electrostatic potential (ESP) maps were computed.”” In 1, the
HOMO is distributed around the bicyclic ring system and the
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Figure S. Bending mechanism analyses, (a) crystal packing viewed along the (100) plane; (b) electrostatic potential map of 3; (c) schematic

illustrating elastic bending at the molecular level.
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Figure 6. Energy frameworks for 3 viewed down the (010); electrostatic (red), dispersion (green), and total interaction energy (blue).

LUMO around the —CH; group. In 2, the LUMO is in the
same position as 1 but the HOMO is centered around the
sulfur atom. The ESPs show a high polarizability for 1—3. The
energy frameworks and the ESP profile both indicate strong
electrostatic molecular interactions along the c-axis.”> The
magnitude of the interaction energy in 1 is higher than that in
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2 because adjacent molecules are packed closer and arranged
in a more linear fashion. The strong destabilizing interaction in
1, as observed in the energy frameworks, correlates with the
orbital profile and the ESP map. This is accounted for by the
repulsion of the electron-rich regions of adjacent molecules in
the column. The repulsion is more prominent in 1 compared
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Figure 7. DSC traces and corresponding variable temperature powder X-ray diffraction pattern upon heating and cooling of (a) 1, (b) 2, and (c) 3.

to 2 rationalized by the greater magnitude of the negative
surface in the ESP maps.

B PHASE TRANSITION STUDIES

Differential scanning calorimetry (DSC) experiments were
performed to understand the phase transition behaviors of 1—
3. All three showed a phase transformation upon heating with
endothermic peaks at 381.4, 389.2, and 388.9 K for 1-3,
respectively (Figure 7). The transition observed is irreversible
in 1 and 2 with no exothermic peak during the cooling cycle.
However, the transition in 3 is reversible with a broad
exothermic peak at 344.7 K and a thermal hysteresis of 45.5 K
(Figure 7c). The presence of a wide thermal hysteresis
indicates first-order phase transition behavior. The entropic
changes (AS) during the heating and cooling cycles were
calculated based on the enthalpy of transition (AH) for 1-3.
The entropy changes (AS) for the heating cycles were
computed to be 5.13, 7.71, and 16.14 ] mol™! K™ for 1-3,
respectively. The entropy change (AS) for the cooling cycle of
3is 11.86 J mol™' K™". The ratios of the number of high to low
geometrically distinguishable orientations (N) were computed
from the Boltzmann equation (AS = R In N, R = ideal gas
constant or 8.314 J mol™" K™'). The N values for the heating
cycles are 1.85, 5.13, and 6.97 for 1—3, respectively, while the
cooling cycle of 3 is 4.17. A value of N greater than unity
indicates a high degree of disorder in the structure above the
transition temperature confirming that an order—disorder
structural transition is occurring.”*”®* To confirm that the
phase transition is not a decomposition, TGA experiments
were carried out from 300 to 750 K. Compounds 1—3 are
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stable up to 440 K, far beyond their transition temperatures
(Figure S26).

Thermal experiments were validated using variable temper-
ature powder X-ray diffraction experiments. Initial phase purity
was confirmed by comparing the experimental pattern at 300 K
to the simulated patterns. During the heating process at a ramp
rate of 4 K min~', structural phase transformations in 1-3 at
similar temperature ranges to DSC transition temperatures
(highlighted in red zones in Figure 7). After cooling, the
diffraction pattern of the high-temperature phase remains
constant after dropping from 395 to 300 K in 1 and 2,
confirming the irreversible nature of the phase transition.
Contrarily, in 3, the diffraction pattern reverts to the original
state indicating reversibility (Figure 7).

Interestingly, as mentioned above in the DSC experiment of
1, after heating and a subsequent cooling cycle, there was not a
transition as validated by powder X-ray diffraction. However,
storing the sample overnight and obtaining the powder X-ray
diffraction pattern indicates that it reverts to the original state
revealing reversibility but the process is sluggish compared to 3
(Figure S28). To confirm the reversibility, the temperature
ramp rate was decreased from 4 to 0.5 K min~' and cooled at
the same rate for a fresh sample. The heating cycle reveals a
phase transformation in the same temperature window, but
during the cooling cycle, the transition back to the initial state
is at approximately 320 K, lower than the heating transition
(Figure S29). This indicates that the reversible phase
transformation of 1 is slow.
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B CONCLUSIONS

In this work, plastic and elastic bending in globular bicyclic
phosphate oxides and sulfides featuring methyl and ethyl tails is
described. Three of the four compounds exhibit bending
properties, with two being plastic bending and one featuring
elastic bending. The plastic single crystals can be molded into
different shapes. The structure—property relationship is
analyzed by the single-crystal X-ray diffraction data and energy
framework calculations. All three of these globular systems
undergo temperature-induced phase transitions, with the
transitions in 1 and 3 being reversible and 2 irreversible.
The polar crystallographic space group, high dipole moment,
and large charge separation based on their ESP maps fulfill the
required criteria to be explored as potential ferroelectric
materials with high mechanical flexibility.
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