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ABSTRACT: A set of remarkable piezo-mechanical properties,
including isosymmetric phase transition, negative linear compres-
sibility (NLC), and a breathing effect in a three-dimensional
covalent organic framework (NPN-3), was uncovered using
density functional theory. The pressure-induced first-order phase
transition observed between 0.9 and 1 GPa is isosymmetric and
irreversible. NPN-3 shows giant NLC along the c-axis (K, = 42.04
TPa™') prior to the phase transition. The high-density NPN-3-hd
obtained as a result of the phase transition shows an exciting phase
transition from a closed pore to an open pore under hydrostatic
tensile pressure, similar to the breathing effect. These extraordinary
piezo-mechanical attributes within NPN-3 can be attributed to the
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diamondoid (dia) topology, which is commonly found within flexible MOFs and COFs. Additionally, the remarkable adaptability of
the tetraphenyl adamantane monomer to distinct conformations under pressure can be seen in these properties. These findings
underscore the potential utility of COFs as materials for piezo-mechanical sensors and serve as a source of inspiration for further

exploration into the intricate mechanical behaviors of COFs.

B INTRODUCTION

Flexible porous crystals have emerged as highly intriguing
materials in the field of materials science, capturing significant
interest due to their unique combination of structural flexibility
and porosity.' ™’ In contrast to rigid porous crystals, these
crystals possess flexible pores that can undergo reversible phase
transformations in response to external stimuli including host—
guest interactions, temperature, and pressure. This diverse class
of materials encompasses a wide range of structures, such as
metal—organic frameworks (MOFs),"”” covalent organic frame-
works (COFs),”” zeolites,”” and porous organic polymers.'*"!
Their inherent flexibility allows for significant changes in their
crystal structures, leading to a wide range of functional
properties, including tunable porosity,'”"’ selective adsorp-
tion,"*'° guest molecule release,'®'” and stimulus-responsive
behavior.""?

The exceptional flexibility of these porous crystals arises from
their unique architectures, which consist of rigid building blocks
interconnected by flexible linkers. The presence of these flexible
elements enables the materials to undergo structural trans-
formations, often referred to as “breathing” or “gate-opening”
effects.”® In addition to the inherent degrees of freedom of the
building blocks, the structural motifs present in flexible crystals
contribute to their ability to exhibit anomalous mechanical
properties, including negative linear compressibility (NLC)>"**
and zero linear compressibility (ZLC).”*~*° NLC, defined as an
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unusual property wherein a substance expands along a specific
direction when isotropically compressed,”® has been observed in
several MOFs including the MIL-53 family,”’28 [InH-
(BDC),],” ZAG-4,>° MFM-133 (Hf),*' MCF-34,** and several
more.”>*® The underlying mechanisms of NLC in MOFs have
been attributed to the wine-rack/f-quartz structural motif and
strut-hinges mechanism.

While the high-pressure behavior and mechanical properties
of MOFs have been extensively investigated in numerous
studies, the same level of understanding is lacking for COFs.
Limited work has been conducted on COFs with few theoretical
predictions”””™** and only a few experimental investigations
reported so far.”*" One of the main challenges in studying the
mechanical properties of COFs is the difficulty in synthesizing
them as single crystals. COF synthesis often results in
polycrystalline or amorphous materials, which hinders the
application of experimental techniques,*' such as diamond anvil
cells (DACs), to determine pressure-dependent mechanical
properties. In addition to experimental difficulties, computa-
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Figure 1. (a) Molecular structure of monomer 1,3,5,7-tetrakis(4-nitrosophenyl)adamantane. View of the extended structure of NPN-3 along the (b) a-
axis, (c) b-axis, and (d) c-axis. The structure has sixfold interpenetration and open channels along the c-axis.

tional studies of COFs face their own set of challenges.
Structures modeled based on powder X-ray diffraction (PXRD)
data often suffer from uncertainties in atomic positions,
geometric parameters, and guest arrangements within the
pores. The presence of interpenetrated frameworks and disorder
further complicates computational investigations.

In this study, the piezo-mechanical behavior of a 3D COF,
named NPN-3, was investigated using density functional theory
(DFT), taking advantage of recent advancements in growing 3D
COFs as single crystals and accurately determining their
atomistic structures. For this purpose, the unit cell obtained
from the single crystal was optimized, followed by the
application of hydrostatic pressure to the structure in both
tensile and compressive regions. The obtained results are
analyzed by considering symmetric modifications, linear
compressibility, and pressure-dependent structural motifs.

B COMPUTATIONAL DETAILS

All first-principles calculations were conducted using Quantum
Espresso (QE) package,* which employs a plane wave-based
DFT. The electron—ion interactions were described using
projector augmented wave (PAW) potential,*’ chosen for its
ability to effectively simulate high-pressure conditions.””>***
The exchange—correlation potential was treated with the
generalized gradient approximation (GGA) and the Perdew—
Burke—Ernzerhof (PBE) parameterization.”® To account for
dispersive interactions, we introduced Grimme’s semiem_})irical
potential (DFT-D2) within the GGA framework.”” Full
structural optimization was carried out using the Broyden—
Fletcher—Goldfarb—Shanno (BFGS) minimization scheme,"
setting convergence criteria at 10~ eV/A for residual forces and
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1076 eV for energy differences between consecutive optimiza-
tion steps. The Brillouin zone integration was executed using a
Monkhorst—Pack* k-space mesh of dimensions 2 X 2 X 4. The
kinetic energy and charge density cutoff values were specified as
80 and 600 Ry, respectively. During the optimization process,
both atomic positions and unit cell parameters were relaxed,
utilizing the experimentally derived unit cell of NPN-3 as the
starting configuration. Investigation of the pressure-dependent
elastic constants involved applying strain to the lattice and
allowing the relaxation of internal degrees of freedom, with the
elastic constants determined from changes in the stress tensor
resulting from the applied strain. These computational tasks
were conducted with the thermo pw package.’’ For a
comprehensive study of the framework’s response to hydrostatic
pressure, a series of successive enthalpy minimization
calculations at different pressure values were conducted,
commencing from the optimized structure. This allowed us to
monitor the evolution of the unit parameters as a function of
pressure. For visualization purposes, we employed the Mercury
program, symmetry analysis of hi§h-pressure phases was carried
out using the PLATON code,” mechanical properties were
derived using the ELATE code,”> and postprocessing of
Quantum Espresso data was performed with the Atomsk
software.”

B RESULTS AND DISCUSSION

NPN-3, a nitroso polymer network, represents a significant
breakthrough as the one of first 3D COFs with a fully
characterized structure using single-crystal XRD (SXRD).”
The framework of NPN-3 consists of trans-azo-dioxide linkages
and is synthesized through polymerization from 1,3,5,7-
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Figure 2. (a) Evolution of the NPN-3 unit cell under hydrostatic pressure in the compression and tensile regimes. (b) Depiction of the changes of
NPN-3 in these pressure regimes along the c-axis on the extended crystal structure. (c,d) Evolution of the unit cell parameters under hydrostatic

pressure.

tetrakis(4-nitrosophenyl)adamantane monomer (Figure la),
resulting in the formation of a diamondoid (dia) network
(Figure 1b,c). This diamondoid network exhibits an open
structure that enables sixfold interpenetration along the c-axis
(Figure 1d). NPN-3 is packed under the tetragonal crystal
system with the P4,/n space group.

First, to relax NPN-3, the experimentally reported low
temperature (100 K) structure was subjected to variable-cell
optimization, involving the optimization of both atomic
positions and unit cell parameters. Previous studies have
demonstrated the reliability of in silico methods in simula_tin%
the effects of hydrostatic pressure at low temperatures,”>>>
providing results that closely match experimental observations.
The calculated 0 K lattice parameters of 15.63 and 7.11 A are in
excellent agreement with experimental values®® of 15.77 and
7.07 A, as well as the relaxed structure has the same space group
as the initial system. Then, the relaxed structure was subjected to
hydrostatic pressure in both tensile (up to —3 GPa) and
compression (up to S GPa) regions, and full structural relaxation
was performed under these pressurized conditions.

Figure 2a shows the evolution of the unit cell volume of NPN-
3 in the compression and tension regions. In the tensile region,
no phase transitions, structural failures, or bond breakages were
observed. The volume of NPN-3 increases gradually in this
region, reaching a maximum of approximately 25%. In the
compression regime, a linear decrease in the structure volume of
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about 7% was observed up to 0.9 GPa. Between 0.9 and 1 GPa, a
first-order phase transition occurred, accompanied by a 25%
volume decrease. This denser structure, termed phase II or
NPN-3-hd, has the same space symmetry as NPN-3, indicating
an isosymmetric phase transition. No further phase transitions
were observed in the compression region between 1 and 5 GPa,
but the volume of the framework decreased by approximately
11%. Upon pressure release, the structure recovered only around
6% of its volume, indicating the irreversibility of the phase
transition. Notably, in the tensile region, interesting behavior
was observed for NPN-3-hd. Between 0.3 and 0.4 GPa, the
volume of the structure increases rapidly, leading to a phase
transition. Similar to all other structures obtained in this
research, this structure also has P4,/n symmetry, indicating a
first-order isosymmetric phase transition. Following the phase
transition in the tensile region, phase-IV adopted the same P—V
pattern as NPN-3.

Clearly, NPN-3 exhibits a breathing effect similar to MOFs,””
with open (op) and closed pore (cp) forms observed in the
compression and tensile regions (Figure 2b). Unlike MOFs, the
op-to-cp phase transition in NPN-3 during compression is an
isosymmetric phase transition with an unchanged crystalline
space group. This breathing effect is also evident in the solvent-
accessible volume (SAV), which is relevant for gas storage and
guest encapsulation. NPN-3 has a porosity of approximately
349%, while phase II and phase I1I (NPN-3-hd) have values of 3.2
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Figure 3. (a) Lattice compressibilities of NPN-3 and NPN-3-hd as a function of pressure. (b) Compressibility indicatrix of the ambient phase of NPN-
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and 7.6%, respectively. In the tensile region, the phase transition
of NPN-3-hd is also an isosymmetric transition from cp-to-op.
The metastable phase-IV has an SAV of about 36% and reverts
to NPN-3 when the hydrostatic tensile pressure is released. To
summarize, NPN-3 undergoes a series of structural trans-
formations including op-to-cp and cp-to-op isosymmetric phase
transitions in the hydrostatic compression and tensile regions,
forming a hysteresis in the P—V diagram. To date, the underlying
mechanisms of isosymmetric phase transitions, such as charge
transfer, high-spin to low-spin transition, interlayer sliding,
coordination number change, hydrogen bond rearrangement in
organic materials, and disruption or rotation of the octahedral
sublattice, have been attributed to many materials.>® However,
in the case of NPN-3, the conformation of the monomer and the
structural motif play a significant role in these transitions, which
is further discussed.

Figure 2¢,d illustrates the evolution of the cell parameters
under hydrostatic pressure. It is evident that the a- and b-lattice
parameters exhibit the same trend as the volume, contracting
during compression and expanding during the cp-to-op phase
transition of NPN-3-hd. Remarkably, the c-lattice parameter
expands in the compression region, indicating the occurrence of

(&),

NLC in the structure. To determine the linear, K, = —— ¥
the computational data was fitted with a linear dependence in

L
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the compression region both before and after the phase
transition. The calculated linear compressibility using Pascal
program®” along the a (or b) and ¢ for NPN-3 are $9.27 and
—42.04 TPa™!, respectively. As for NPN-3-hd, these values for
the a- (or b-) and c-axes are 15.18 and —2.36 TPa™/, respectively.
Clearly, NPN-3 and NPN-3-hd show NLC along the c-axis and
PLC along the ab-plane (Figure 3a,b).

These extraordinary piezo-mechanical properties, character-
istic of NPN-3, are attributable to the diamondoid (dia)
topology, a common feature in flexible MOFs and COFs.*’
Additionally, the exceptional adaptability of the tetraphenyl
adamantane monomer due to the high degree of freedom to
various conformations under pressure plays a pivotal role in
these mechanical behaviors.®! To this end, to explore the effects
of the structural motif on these properties, lattice parameters can
be precisely defined by using a well-defined strut length (r) and
hinge angle () (Figure 4a). The derivations for these
expressions are presented in detail in the Supporting
Information

5
1.1r cos| —
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b=1282r sin(g)
2

)
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Variations in parameters r and € under hydrostatic pressure
are depicted in Figure 4b. Clearly, as pressure increases, the strut
length decreases, and the hinge angle closes. The simultaneous
decrease in both parameters results in a narrowing of the ab-
plane, primarily due to the monomer extending diagonally
across the ab-plane and an expansion of the c-axis (Figure 4a). A
straightforward mathematical derivation enables us to express
the linear compressibility of the unit cell parameters with respect
torand 6

Kc = Kr + Kcos(9/2) ~ Kcos(\‘)/?,) (Kr ~ 0)

K, =K, + Kgn0/2) ® Ken(o/2) (K, ~ 0)

)
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In the investigated pressure range, the change in the 6 is
notably more pronounced than that of the 7, thus indicating that
the structural response to pressure is primarily on 6. As depicted
in Figure 4c, this trend in the hinge angle variation results in a
negative K ) and a positive K, ), aligning with the linear
compressibility of the lattice parameters as shown in Figure 3a.

No significant elongation or shortening of the N=N and C—
N bonds was observed, before and after the phase transitions.
Similarly, the bond angles remain largely unchanged within the
studied pressure range, preserving the near-perfect tetrahedral
geometry of the monomer. These findings indicate that the
subunit of NPN-3 maintains its structural integrity under
pressure due to the presence of robust covalent bonds. However,
compression did cause significant tilting of the nitrophenyl

https://doi.org/10.1021/acs.jpcc.3c06949
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groups. The degree of this tilting is determined by pressure-
induced changes in the C—C—N—N and C—C—N-O dihedral
angles. Due to the rotational flexibility of the C—N bond, it was
observed that a tilting effect of up to 50% accommodated the
compression, which also serves as the basis for the strut-hinge
mechanism (Figure S3).

The underlying mechanism of the breathing effect behavior
observed in NPN-3-hd can be also ascribed to the structural
motif of the framework. In the tensile zone, which is in contrast
to its behavior under compression, the structure elongates along
the a/b-axes and contracts along the c-axis. As expected, the
strut-hinge mechanism also operates in tension but in the
opposite direction from its behavior under compression.
Consequently, the rapid increase in the hinge angle of NPN-3-
hd in the tensile region results in an isosymmetric phase
transition, accompanied by a transition from a closed to an open
pore structure (Figure S2). Apart from the structural motif,
intermolecular interactions, notably hydrogen bonding, signifi-
cantly impact both phase transitions and the mechanical
properties of crystals. Indeed, C—H--O hydrogen bonds
become dominant in the compression zone due to the proximity
of nitroso and phenyl groups under pressure. Conversely, within
the tensile region, the transition from NPN-3-hd to NPN-3 leads
to a diminished dominance of C—H:--O bonds due to the open
pore structure. This observed alteration in C—H--O bonds
under pressure within the investigated pressure range aligns with
the P—V characteristics of the structure, suggesting a potential
role for these bonds in the structural flexibility of NPN-3 (Figure
S4).

The dia topology of the framework introduces anisotropy in
its mechanical properties.”® This directional dependence is
evident in the 3D maps of elastic properties derived from elastic
constants, as illustrated in Figure S. Interestingly, the directions
of coordination exhibit the highest mechanical strength, while
the region along the center of the tetrahedral nodes represents
the mechanically softest direction. The compressibility values
computed from the elastic constants further confirm the
existence of positive linear compressibility (PLC) along the a/
b-axes and significant NLC along the c-axis. Similar to
observations in other porous materials, the structure displays a
minimum shear modulus within the ab-plane, coinciding with
the location of open channels, and it exhibits the highest shear
strength along the c-axis. Anisotropy is also apparent in Poisson’s
ratios, with the structure notably demonstrating negative
Poisson’s property along the ac-plane, suggesting its potential
as an auxetic material.

In practical terms, the search for materials that either have a
large NLC value or exhibit an NLC effect over a wide pressure
range is of great interest in this field. The ideal scenario would
involve the discovery of materials that exhibit both properties
simultaneously.”® Figure 6 illustrates framework materials
reported in the literature for their NLC properties. The majority
of these reported structures exhibit NLC characteristics with
values falling at or below 20 TPa~'3%37% These materials,
featuring relatively rigid structures, manifest NLC properties
across a wide pressure region. The second group comprises
structures displaying NLC values ranging from 20 to 30 TPa™",
including MOFs from the MIL series known for their breathing
effect properties.”””**>% Particularly noteworthy is the
inclusion of NPN-3 among the structures displaying giant
NLC—a term used to denote exceptionally potent NLC (K¢
< —30 TPa™") that remain applicable over a range of industrially
significant pressures, extending to at least 1 GPa.”? Since the
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giant NLC phenomenon cannot be thermodynamically
sustained indefinitely, the valid pressure range for such a
phenomenon is quite narrow. All materials within this category
under§o a phase transition subsequent to showing a giant
NLC.”"***?** In instances where the structural motif is retained
after the phase transition, the resulting material also exhibits
NLC, albeit with a notable reduction due to the denser structure.
NPN-3 exhibits all these typical features associated with
materials displaying the giant NLC. Another significant finding
is that NPN-1, previously reported as showing NLC,
demonstrates valid NLC over a narrower pressure range
compared to NPN-3. This difference can be attributed to the
change of the tetrahedral node, from methane (as in NPN-1) to
the more bulky adamantane (as in NPN-3), as well as a four- to
six-fold increase in interpenetration along the c-axis within the
structures.

B CONCLUSIONS

In conclusion, in this comprehensive study, an anomalous set of
piezo-mechanical properties of a 3D COF has been revealed by
using DFT. Over a pressure range from —3 to 5 GPa, which
encompasses tensile and compression regions, no amorphiza-
tion or structural failure is experienced by the framework. This
phenomenon is attributed to the strength of the covalent bonds,
providing evidence that COFs are indeed mechanically more
robust materials than MOFs. NPN-3 undergoes a pressure-
induced first-order phase transition between 0.9 and 1 GPa. As a
result of the isosymmetric phase transition, the NPN-3-hd
phase, with the same crystal structure but higher density, is
transformed into an actual closed pore form of NPN-3.
Moreover, a giant NLC along the c-axis, a rarely observed
phenomenon, is exhibited by NPN-3 prior to the phase
transition. This unique NLC remains valid over a relatively
wide pressure range, emphasizing its significance. More
interestingly, while NPN-3 does not show any phase transition
or anomaly in the tensile region, NPN-3-hd shows a phase
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transition from a closed pore to an open pore, exhibiting the
breathing-like effect previously reported for many MOFs. The
origins of these remarkable piezo-mechanical properties lie in
the diamondoid topology, which is a structural element
commonly found in flexible MOFs and COFs. In addition, the
extraordinary adaptability of the high degree of freedom of the
tetraphenyl adamantane monomer to changing conformations
under pressure plays a crucial role in these unique properties. It
is proven in this study that the strut-hinge mechanism, which
arises as a consequence of these two characters, is the origin of
the indicated piezo-mechanical behaviors. These remarkable
discoveries have profound implications for the utilization of
COFs in piezo-mechanical sensors. The capability of NPN-3 to
exhibit such prominent piezo-mechanical properties, including
NLC and phase transitions, opens exciting possibilities for the
development of advanced sensing technologies. Furthermore,
the findings serve as an inspiring starting point for further
research into the intricate mechanical behavior of COFs and
their potential applications in new technologies.
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