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Organic molecules favour dense packing so that they can maximise the enthalpic gain upon
solidification. Multidentate organic molecules that can form reticular bonding networks have been
considered essential to overcome this tendency and assemble the molecules in a porous manner.
Meanwhile, contrary to this understanding, a few organic molecules have been found to form porous
molecular crystals by simply stacking with each other via van der Waals forces or analogous very weak
noncovalent interactions. Although the porous molecular crystals were relatively rare in the 2000s due
to the difficulty in the synthesis, their number has increased in the last decade, and their functional
uniqueness has been unveiled eventually. This article reviews the recent advances in such functional
porous molecular crystals. Particularly, thermal stability, processability, structural dynamicity, reactivity,
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and self-healing ability are highlighted. In addition, fundamental principles behind their functionalities,
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1. Introduction

In the 1990s, a highly general methodology for making porous
crystals from organic molecules was established." ™ Research-
ers found that some rigid organic molecules, in conjunction
with metal ions, assemble together via multiple coordination
bonds and develop a porous crystalline framework that is
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including the history, energetics, and the effect of crystallization solvent, are also reviewed.

robust even after removal of the crystallisation solvent. The
chemistry of porous organic crystals has been greatly expanded
since then, and a variety of porous organic crystals have even-
tually been developed by using the reticular bonding strategy.

The most common classification of porous crystals is based
on the type of chemical bonds utilised for connection of
the constituent organic molecules. Porous crystals sustained
completely by covalent bonds are the most classical, represented
by zeolites.®” Covalently bonded porous crystals typically feature
significant thermal and chemical stability and are utilised
for many industrial applications. Metal-organic frameworks
(MOFs) are hybrids of organic and inorganic metal compounds
whose porous assembly is sustained by coordination bonds.
MOFs feature relatively high thermal stability and wide composi-
tional diversity. Dynamic covalent bonds, ionic bonds, and
hydrogen bonds are likewise applicable for the synthesis of
porous crystals.®™°

The chemical bonds listed above are strong enough to
prevent the collapse of the pores upon removal of the solvent
molecules. Knowing this background, one may wonder whether
porous crystals are available by using much weaker interactions
such as van der Waals forces or weak hydrogen bonds (C-H- - -X
bonds). These bonds are highly labile and less directional and
have therefore been considered unsuitable for the synthesis
of porous crystals. However, contrary to this understanding,
in the long history of crystal engineering, some research
groups occasionally found some organic molecules that spon-
taneously form a porous framework that is fully sustained
by weak noncovalent interactions.’’* Despite the lability of
the intermolecular bonds, porous molecular crystals (PMCs)
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can maintain their porous structure even after removal of the
guest molecules.

PMCs are of fundamental interest because they are no different
from classical molecular solids while they overcome the general
tendency towards dense packing. Moreover, some of the recent
PMCs feature unique chemical and physical functionalities that
are completely distinct from those of the conventional porous
crystals sustained by much stronger chemical bonds. Although
the design and synthesis of PMCs are still difficult, an increasing
number of functional PMCs have been recently reported. This
article will review such unique functionalities realised with
PMCs. In addition, the basic understanding of PMCs, including
their history, molecular structures, and physical basis of their
structural stability, will be reviewed before detailed explanations
of functional PMCs are provided.

2. Basics of PMCs

2.1 General difficulty in making porous crystals

In general, organic molecules have a strong tendency towards
dense packing. By maximising the packing efficiency, organic
molecules can realise enhanced number of intermolecular
contacts and more enthalpic gain. The tendency towards dense
packing becomes even stronger when the solid is crystalline.
Consequently, the synthesis of porous crystals has been difficult,
and until the 1990s, available porous crystals were limited mostly
to those made from inorganic compounds such as zeolites
(aluminosilicate) and hexacyanoferrates.®”**

Clathrate crystals represent how problematic the tendency
towards dense packing is. Clathrates are crystalline solids
consisting of host and guest molecules and ubiquitously appear
in a variety of natural environments and synthetic processes.
The host molecules pack in a porous arrangement and entrap the
guest molecules in the pores, forming a dense crystal. Ideally,
removing the entrapped guest molecules may provide a porous
crystalline framework, but this vision has been barely successful.
In the absence of the guest molecules, the host molecules cannot
maintain their porous molecular arrangement and readily move
towards the vacancies, yielding a densely packed nonporous
crystal (Fig. 1)."”

The discovery of MOFs by Prof. O. Yaghi and Prof. S. Kitagawa
in the late 1990s provided a methodology to overcome this
fundamental difficulty.”> The professors found that rigid
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Fig. 1 Schematic illustrations of clathrate crystals and the conversion into
porous/nonporous states via removal of guest molecules.
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organic molecules with multiple metal-ligating groups, upon
complexation with appropriate metal ions, provide coordination
polymers with a reticular bonding network. The crystals initially
contain solvent molecules inside the frameworks as guests.
Notably, unlike traditional clathrate crystals, MOFs can maintain
their structural integrity and vacant pores even after removal of
the solvent molecules.

The superior structural stability of the framework is attributed
to the rigidity of the constituent organic molecules and the
tightness of the coordination bonds. The reticular bonding
network freezes the thermal movement of the organic molecules
at room temperature and prevents the organic molecules from
moving to the voids. In later works, this reticular bonding strategy
was successfully applied to a variety of multidentate organic
molecules and metal ions, providing many MOFs featuring
diverse structures and functions. Moreover, the material scope
was further expanded by making the reticular bonding network
from a series of reversible chemical bonds other than coordination
bonds.™*

2.2 Organic porous crystals sustained by noncovalent bonds

The development of zeolites, MOFs and more recent porous
crystals represents a historic trend of porous crystals; the
chemical bonds utilised for assembly of porous crystals become
increasingly weaker.'* The strengths of chemical bonds commonly
utilised in the field of porous crystals are shown in Fig. 2.
The typical bond-dissociation energy of covalent bonds is
greater than 150 kJ mol ".?® The coordination bonds typically
feature a bond energy greater than 100 k] mol~".*” The con-
ventional hydrogen bonds are relatively strong, with strengths
ranging from 17 to 170 kJ mol *.?%3°

The basic chemical and physical properties of porous crystals are
largely underpinned by the bond strength.’ Generally, strong
bonds provide high thermal and chemical stability, while the
processability, designability, and structural flexibility are attenuated.
For instance, zeolites are traditional porous materials consisting
of covalent bonds and exhibit excellent thermal stability. Con-
versely, the synthesis and processing of zeolites require harsh
conditions due to the large formation and dissociation energies
of the covalent bonds. They do not dissolve into a solvent and
are therefore always treated as a powder. The structural and
compositional variety of zeolites is limited because the porous
framework is available only from aluminosilicate.

The compositional diversity and processability are improved
when using coordination bonds. MOFs can be assembled from
a large variety of organic ligands and metal ions, enabling
virtually infinite types of structures and functionalities. This is
one of the most significant advantages of MOFs and makes
them industrially promising. A tailored MOF can differentiate a
slight change in the chemical structure of the guest molecules,
for instance, the difference between ethane and ethene, which
is particularly beneficial in industry. The synthesis of MOFs is
much easier than that of zeolites. MOFs can be assembled by
simply mixing solutions containing organic linkers and metal
ions at ambient temperature. The thermal stability of MOFs is

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Bond energy and history of porous crystals. Representative bond models are provided for each bond.

generally lower than that of zeolites but is still high among
organic crystals.

Recently, porous crystals with further structural flexibility
have been developed.*"*> Flexible MOFs are compositionally
identical to typical MOFs, but flexible MOFs are unique in that
they cannot maintain their porous framework in the absence of
guest molecules because of the flexibility of the ligands and the
metal coordination. The nonporous crystals are seemingly
useless, but they can readily revert to the porous state when
exposed to appropriate guest molecules. Since the gas-induced
structural transition proceeds only with specific guest mole-
cules, flexible MOFs are particularly beneficial for selective
storage and separation from a mixture of organic compounds.

The chemical bonds utilised for assembly of porous organic
crystals have been broadened to those with weaker strength
than coordination bonds. Hydrogen-bonded organic frame-
works (HOFs) have attracted attention along this line. The
molecular strategy for assembling HOFs is basically analogous
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to that for MOFs. The framework is assembled from discrete
organic molecules that are bound to each other via multiple
hydrogen bonds. The relatively weak bonding strength of the
hydrogen bonds endows HOFs with good processability and
solubility.*® The crystallinity of HOFs is also high because error
correction in the assembly process is highly facilitated by the
reversible formation and cleavage of the hydrogen bonds. HOFs
are available via simple procedures, such as evaporation of the
solvent or cooling of supersaturated solutions, which are much
milder than the procedures for MOFs.

2.3 Development of PMCs

Some researchers, including my group, found that noncovalent
interactions weaker than conventional hydrogen bonds can
sustain porous frameworks (Fig. 3). The applicable weak bonds
include C-H- - -X bonds, pi- - -pi interactions, halogen bonds, and
van der Waals interactions. All these bonds are distinct from the
other chemical bonds in several basic aspects.*®?**3~*® First, the
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Fig. 3 Molecular structures of representative PMCs.
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bonding strengths of these bonds are below 17 k] mol~", which
is much weaker than conventional hydrogen bonds such as
O-H---O or N-H- - -N. Second, the attractive force of these bonds
originates mainly from the dispersion force rather than from
dipole-dipole interactions. Therefore, these bonds are less direc-
tional than covalent, coordination, and conventional hydrogen
bonds. Third, the response to the polarity of the surrounding
medium is negligible in comparison to the other bonds. The
nonpolar interactions are less affected by the surrounding
polarity and therefore effective regardless of the polarity of the
solvents. This property is well discussed in protein chemistry.*’

A  molecular crystal of tris-o-phenylenedioxycyclotri-
phosphazene (TPP) is a historic PMC. Synthesis and crystal-
lisation of TPP were originally conducted by Prof. H. R. Allcock,
but the crystals reported by his group were mostly clathrates
that could not be converted into a porous state.”™' In 2005,
Prof. P. Sozzani succeeded in obtaining a PMC from TPP by
careful desolvation.’® The single-crystal structure features a
highly symmetric hexagonal lattice, where TPP molecules interact
with each other vig weak C-H- - -O interactions. Prof. N. McKeown
reported another PMC in 2009.>* The group utilised a database
provided by the Cambridge Crystallographic Data Centre and
found an organic crystal that can maintain its framework without
guest molecules. More detailed information about the early
history of PMCs and representative molecules can be found in
previous reviews.'>'”*>

The weakness of the intermolecular bonds endows PMCs
with several potential benefits that are distinct from the other
porous materials. For instance, PMCs feature significantly high
processability. PMCs readily dissolve in organic solvents and
can be retrieved through just simple drying of the solution,
which is energy- and time-efficient in comparison with the
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other crystallisation and recycling processes. Some molecules
are sublimable and can be purified and deposited via gas
phase. PMCs feature relatively high molecular dynamicity.
The constituent molecules can move and oscillate with ease in
the porous framework, enabling structural transitions triggered
by mild external stimuli such as guest molecules, heat, and
light. The weak bonds consist mainly of dispersion force that is
robust regardless of the polarity of the surrounding media. This
property endows PMCs with high chemical stability particularly
in aqueous conditions, which is one of the major concerns
with MOFs, covalent organic frameworks (COFs), and HOFs.
The molecular design for PMCs is free from binding sites, such
as imine bond and carboxylic acid. Therefore, the applicable
molecular structures are diverse as found in the reported
molecules thus far.

These unique features are of fundamental interest, but the
thermal and chemical stability of PMCs is not high for many
applications. Most PMCs are thermally less stable than MOFs
and typically lose their porosity when heated at approximately
100 °C. Moreover, modification of the molecular structure is
virtually impossible. Even a slight change in substituents or the
introduction of a functional group mostly results in the for-
mation of densely packed crystals, which makes their further
application difficult.

2.4 Energetics of porous crystals

A general understanding of the stability of porous frameworks
and the energetic landscape of the structural transition was
previously described by Y. Sakata et al. using a flexible MOF as a
model (Fig. 4a).>> They considered three states. The initial state
is the crystalline framework including guest molecules, the
second state is the guest-free porous crystalline framework,
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Fig. 4 Energy diagrams of the phase transitions of porous crystals. (a) Schematic representations of the energy landscape of a shape-memory MOF. The
porous state becomes metastable by increasing the activation barrier or stabilising the porous state. Reproduced from ref. 52 with permission from AAAS,
Copyright (2013). (b) Schematic representations of the energy landscape of porous crystals (MOFs, flexible MOFs, clathrate crystals, and PMCs).
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and the final state is the dense form. Thermodynamically, the
guest-free porous state is less stable than the dense state or the
initial guest-filled state, and the crystals must overcome certain
activation barriers during every structural transition. The thermal
stability of each state is dominated by its thermodynamic stability
and the activation barriers. The guest-free porous state is available
at room temperature as a kinetically trapped state when the
activation energy is sufficiently large relative to the thermal energy
at room temperature. Otherwise, the crystal spontaneously trans-
forms into the dense state. The activation barriers can be enhanced
by using rigid organic molecules and strong bonding networks.

Fig. 4b shows schematic representations of the energetic
landscapes of MOFs, flexible MOFs, conventional clathrate crystals,
and PMCs. The free energies of the three states (porous state
including guest molecules, porous state without guest molecules,
and nonporous state) and the activation barriers between the three
states determine the structural transition characteristics of the
crystals. For instance, MOFs feature a very high activation barrier
between the porous and nonporous states, which endows MOFs
with high thermal stability. The activation barrier between the
porous states with and without guests is low, enabling efficient
gas sorption at ambient temperature. Flexible MOFs feature low
activation barriers. Thus, flexible MOFs readily transform from the
nonporous to guest-filled porous state via gas adsorption, and vice
versa. The guest-free porous state is unavailable due to the very
small activation barriers. Conventional clathrate crystals are highly
stable when they incorporate guest molecules. The guest-free
porous state is unavailable because the activation barrier towards
the nonporous state is too small. Alternatively, a nonporous state is
provided by the removal of the guest molecules. PMCs feature an
energetic landscape similar to that of MOFs. The activation barrier
towards the nonporous state is sufficiently high to make the guest-
free porous form metastable at room temperature. This is note-
worthy considering the weakness of the chemical bonds utilised
in PMCs.

2.5 Solvophobicity as a driving force to assemble PMCs

In most cases, PMCs are found by chance. Researchers have yet
to establish a reasonable theory regarding why these molecules

(a) Porous Crystals Non-porous Crystals
8 BP0
= Fx | /
;‘ v
a x ®
MeCN EtOAc iPA THF CHCls Toluene
(0=153MPa0s)  (15.8)  (15.8) (16.8) (17.8) (18.0)
Solvophobic

4 Ty
2 <
= 53
S
a
3

MeCN EtOAc iPA CHCl3

(15.3) (15.8) (15.8) (17.8)

Solvophobic Crystallization Solvophilic Crystallization

View Article Online

Feature Article

assemble in a porous manner rather than forming a dense
nonporous polymorph. In 2021, we reported polymorphic
behaviour of a porous crystal that may provide a clue to solve
this fundamental question.>*

The crystals were made from 1,3,5-trimethyl-2,4,6-tris(3,5-
dipyrid-4-ylphenyl)benzene (PysMes), which was previously
reported to form a porous crystal Py’**">MeCN (the details
of the molecule and the crystals are provided in Section 3.3).
The polymorphs of PysMes were synthesised by recrystallisation
in a series of common organic solvents. The crystals formed in
butyronitrile, EtOAc, and isopropanol are porous and iso-
morphic to Py°P* 5MeCN. In contrast, the crystals formed in
acetone, 1-chloropropane, 1-butanol, tetrahydrofuran, CHCl;,
toluene, CH,Cl,, dimethylsulfoxide, and y-butyrolactone are
nonporous (Fig. 5a). The correlation of the polymorphic
behaviour with several physical parameters was examined.
Among them, Hansen solubility parameters explain the poly-
morphic behaviour well (Fig. 5b). The Hansen parameters
consist of three indices representing the chemical affinity in
terms of hydrogen bonds (dy), dipole interactions (Jp), and
dispersion force (Jp). The polymorphs of PysMes were plotted
in the three-dimensional Hansen space based on the coordi-
nates of the crystallisation solvents. In the three-dimensional
space, we found two trends. The solvents close to PysMes in the
Hansen space provide nonporous polymorphs, and vice versa.
In particular, dp shows the most straightforward correlation
with the polymorphic behaviour. The solvents with small ép, do
not have affinity to PysMes and form porous polymorphs,
whereas the solvents with large ép have affinity to PysMes and
form nonporous crystals. The single-crystal structures of the
polymorphs coincide with this tendency. Crystals formed in
affinitive solvents (THF, CHClj;, toluene, and CH,Cl,) include
the crystallisation solvent molecules as guests. The guest
molecules significantly interact with PysMes by forming multi-
ple atomic contacts, while the mutual contacts between PysMes
molecules are much less than those found in Py°?*". In con-
trast, all the porous crystals formed in MeCN, iPA, and EtOAc
show multiple mutual contacts between PysMes molecules. In
addition, blurred electron clouds that cannot be assigned to
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Fig. 5 Solvophobicity-directed polymorphism of PMCs. (a) Trend in the polymorphism of PygMes and its derivative m-PygMes as a function of dp
(dispersion force component of the Hansen solubility parameters). (b) Three-dimensional plot of the crystallisation solvents in the Hansen space and its

projections (bottom). Reproduced from ref. 31 with permission from Nature
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atoms or molecules appear in the pores. The unassignable
electron clouds indicate high mobility of the guest molecules
in the pores and indicate lower interactions of the guest with
the pore surface, which is consistent with the lower affinity of
the guest molecules with PysMes. This polymorphic tendency is
further supported by m-PysMes, which is an analogue of
PysMes.

These crystallographic studies provide a new solvophobicity-
based theory about the polymorphism of PMCs. The solvents
with large Jp tend to interact with and intercalate between
PysMes molecules and form clathrate crystals, which are non-
porous because the guest molecules fill the gap between
PysMes molecules. Removing the guest molecules from such
clathrate crystals is thermally demanding, and the host frame-
work is unstable when removing the guests because the crystal
packing is stabilised largely by the interactions between the
guest and host molecules rather than by the mutual inter-
actions between the host molecules. In contrast, solvents with
small Jp cannot effectively interact with PysMes. Therefore,
PysMes molecules assemble with one another so that the
mutual interactions between PysMes molecules are maximised.
The resulting packing is not dense because PysMes is a steri-
cally bulky and spiky molecule, but such inefficient packing
is favourable for maximising the mutual contact of PysMes
molecules. Namely, the porous framework is provided by the
solvophobic effect. The pores are initially filled with the guest
solvent, but the guest molecules barely interact with the pore
surface and readily escape from the pores when dried. Since the
porous framework is stabilised not by the host-guest interac-
tions but by the host-host interactions, the porous assembly
remains intact even after removal of the guest molecules.

2.6 Molecular crystals with intrinsic microporosity

Porous crystals made from cyclic molecules are another promising
candidate to expand this field. These crystals are typically
termed crystals of “intrinsic porosity”, while the aforemen-
tioned crystals are termed crystals of “extrinsic porosity”’. The
intrinsic porosity is realised by interconnection of the cavities
of the constituent cyclic molecules. The molecular strategy of
intrinsic porosity seems much simpler than that of extrinsic
porosity, but the synthesis of crystals with intrinsic pores
has been difficult. Almost all the molecular crystals of cyclic
molecules are nonporous due to the inappropriate packing or
the contraction of the macrocycles upon removal of the crystal-
lisation solvents.

The discovery of cage molecules by Prof. A. 1. Cooper
changed this situation.>®® The cages assemble into molecular
crystals such that the open windows of the cages engage
with each other to form continuous pores. The cages are rigid
and maintain the porous assembly even after removal of the
solvents. Unlike PMCs with extrinsic porosity, many derivatives
of the cages form porous crystals and enable on-demand
functionalisation of the pores. By taking this advantage, the
group successfully reported, for instance, asymmetric porous
crystals, predictable porous crystals, porous liquid, and porous
membrane for isotope separation.’**"*® The details of the cage
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molecules and their crystals will not be reviewed in this article
because the basic principles for designing and making these
crystals are different from those of intrinsic micropores.

3. Functional PMCs

Since the first PMCs were developed, the gas storage and
separation properties have been the primary research targets.'®
Some PMCs can adsorb N, and CO,, but improvement of the gas
adsorption properties has been difficult. This is because PMCs
are extremely sensitive to modification of the molecular struc-
ture. Even a slight change in the molecular structure results in
the formation of nonporous crystals. For instance, Allcock et al.
synthesised analogues of TPP, but none of them formed PMCs.>"
Designing PMCs with unique functions other than gas sorption
is an even more difficult task. Nonetheless, several functional
PMCs have recently been discovered, which will be introduced in
the following sections.

3.1 Thermally stable PMCs

In 2019, Prof. N. McKeown et al. reported a PMC with excep-
tionally high thermal stability.>® This is an extension of
their previous report on a molecular crystal made from a
phthalocyanine derivative ((dipPhO)sPcM, Fig. 6a).>> In the
previous report, the authors reported that the PMC belongs to
the space group Pn3n and features a large cavity. The cavities of
the as-synthesised crystal are filled with the crystallisation
solvents and readily collapse after removal of the crystallisation
solvents unless (dipPhO)gPcM molecules are connected to each
other via metal-ligating organic linkers.

In the recent work, the authors revealed that the pores of the
(dipPhO)gPcM crystal are perfect in size and shape for the
inclusion of a fullerene molecule and found that (dipPhO)sPcM

Cavity

l‘
79 AJ

?Q* \ ey ‘é?f
Q ﬁ ’@ i \ %‘iv‘"“’ ' *’L
: Lo §ESY

PNC[cCs,/Co—vHZO]

Fig. 6 Thermally stable PMC. (a) Molecular structure and crystal packing
diagram. (b—d) Diffraction spots obtained from single crystals after soaking
in boiling water (b), boiling aqueous NaOH solution (c), and boiling
aqueous HCl solution (d). Reproduced from ref. 26 with permission from
Nature Portfolio, Copyright (2019).
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and the fullerene Cg, or C, cocrystallise to form PMCs (Fig. 6a).
The guest fullerene molecules occupy some of the cavity and
leave some continuous pores. The crystallisation solvent
included in the cocrystals was removed by exposing the crystals
to a stream of N, gas at room temperature. The evacuated
cocrystals are porous, as proven by the N, adsorption isotherms
at 77 K. The Brunauer-Emmett-Teller (BET) surface area is
970 m? g%, and the pore volume is 0.46 mL g .

The cocrystals are stable even under a high hydrostatic
pressure. The cocrystal with Cgo maintains good crystallinity
under pressures up to 3.9 GPa and transforms into an amorphous
state under pressures above 4.5 GPa. The mechanical stability
of the cocrystal is higher than that of conventional rigid
MOFs and is comparable to that of the most stable MOFs.
The thermal stability of the cocrystal measured by variable-
temperature powder X-ray diffractometry (PXRD) is above
500 K, which is exceedingly high as a PMC. The cocrystals are
stable even to hydrolytic treatments (Fig. 6b-d). The crystals
were immersed in water, aqueous 2 M NaOH and aqueous 2 M
HCI solutions at 100 °C for 24 h. The cocrystals survived all
the harsh conditions and maintained their single crystallinity.
The robustness against hydrolytic conditions is attributed to the
nonpolar nature of the van der Waals interactions.

3.2 Nonporous-to-porous structural transition of PMCs

Prof. J. L. Atwood et al. reported in 2010 the regeneration of a
porous framework from a nonporous polymorph by gas adsorption
(Fig. 7a).>® The group had long been interested in the structural
transformations of molecular crystals triggered by ambient stimuli
and previously found a molecular crystal that can adsorb guest
gaseous molecules deep inside the solid even though the crystal
features no continuous pores.®*®> They conjectured that the
thermal vibration of the constituent molecules in the crystal allows
the small guest molecules to permeate into the crystal.

In a paper published in 2010, they reported an analogous
but very intriguing structural transition of TPP. TPP exists in
two polymorphic forms (guest-free porous state and nonporous
state). The porous polymorph is a kinetically formed meta-
stable state, and the nonporous polymorph is a thermodyna-
mically favoured stable state, which is obtained by thermal
annealing of the porous polymorph or sublimation of TPP.
They found that the nonporous crystal spontaneously trans-
forms into a porous state with the adsorption of CO,. The PXRD
profile of the crystal obtained under a pressurised CO, atmo-
sphere proved the transition into the porous phase. The reac-
tion time to complete the transition depends on the CO,
pressure. For instance, the transition under a pressure of
350 psi was completed in 3 hours, while that under a pressure
of 150 psi was completed in 2 days. During the structural
transition, the crystals uptake 12 wt% CO,, which coincides
with the pore volume of the porous polymorph (Fig. 7b). The
guest CO, molecules adsorbed in the pores autonomously
escape from the pores upon release of the gas pressure, leaving
a metastable guest-free porous polymorph.

The same phase transition can be achieved with N,O but not
with H, or helium. This implies that the chemical affinity of the
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Fig. 7 Nonporous-to-porous structural transition of a PMC. (a) Schematic
representation of the reversible structural transition of TPP between the
porous and nonporous states. (b) Conversion of the crystal from nonpor-
ous to porous at 298 K as a function of gas loading and time. Reproduced
from ref. 59 with permission from RSC, Copyright (2011).

guest molecules and the pore surface is the driving force of
the phase transition from the thermally stable nonporous to
metastable porous forms. This is the first finding of regenera-
tion of the porous form of PMCs without dissolving the crystals.

3.3 Thermally stable and self-healable PMCs

In 2018, our group reported a PMC featuring both high thermal
stability and self-healing ability.”® We designed and synthe-
sised a novel mesitylene derivative PysMes without any inten-
tion to make a PMC. PysMes is a D3,-symmetric sterically bulky
molecule (Fig. 8b). The peripheral 3,5-dipyrid-4-ylphenyl blades
tilt almost perpendicular to the central mesitylene due to the
steric repulsion with the methyl groups at the mesitylene.
During the synthesis, we purified PysMes by recrystallisation
in MeCN and occasionally found a PMC made from PysMes.
The porous crystal (Py°P“") belongs to the space group P2,/c,
and PysMes molecules assemble via C-H---N and C-H---&
interactions to form columnar stacking along the crystallo-
graphic 2-fold screw axis. The columns form two-dimensional
sheets on the crystallographic bc plane, in which one-
dimensional pores with an average pore diameter of 6 A form.
The porous sheets stack on top of one another along the
crystallographic a axis. The pores of the as-synthesised crystal
(Py°P >MeCN) are filled with the MeCN solvent molecules,
but the MeCN molecules do not strongly adhere to the pore
surface and are gradually and autonomously released into the
surrounding atmosphere at room temperature. Py°’P*" after
removal of the solvent molecules is thermally stable and main-
tains the porous structure up to 202 °C.

Heating at a temperature higher than 202 °C induces the
structural phase transition of Py°’*" to the nonporous poly-
morph Py™°%, Py is thermodynamically more stable than
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Fig. 8 Thermally stable and self-healable PMC. (a) Schematic illustration of the phase transitions between Py°P*"5MeCN, Py°Pe" and Py (b)
Molecular structure of PygMes. (c) Crystal packing diagrams of Py°P*">MeCN and Py<'°*¢, and external stimuli for inducing the structural transition. (d)
Photographs of powder specimens of Py°P®" soaked in an aqueous solution of TEABF, before and after UV light irradiation together with the
corresponding ESR spectra. Reproduced from ref. 28 and 29 with permission from AAAS and RSC, Copyright (2018 and 2020).

Py°P“" and does not revert to Py°P“" after cooling to room
temperature. Intriguingly, Py autonomously transforms
to Py’P*">MeCN when exposed to MeCN vapour at room
temperature for 7 hours (Fig. 8c). This healing process does
not proceed when using an amorphous solid of PysMes as a
starting material, indicating that the arrangement of PysMes in
the initial state is important to achieve the backward structural
transition.

The high thermal stability and healing ability of Py°P°" are of
fundamental interest because structural stability and healing
ability are typically incompatible, which is evident from the
structural transition of flexible MOFs described above. To elucidate
the mechanism, we quantitatively measured the energetic
barriers of the structural transitions (Fig. 8a). The barrier from
Py°P°" to Py'°*¢ is 320 k] mol !, which is much larger than the
thermal energy at room temperature and is consistent with its
thermal robustness. In clear contrast, the healing process from
Py to Py°P**"5MeCN proceeds at ambient temperature,
whose thermal energy is typically considered to be approximately
100 kJ mol~". Namely, Py°P*" features a high activation barrier in
the pore closing process, while the barrier in the pore recovery
process is largely reduced. The underlying molecular mechanism
for the high thermal robustness and self-healing ability is still
under investigation.

3.4 Photochemical radical generation in PMCs

Organic compounds that can generate radical species in response
to light irradiation find unique applications in materials science.
They are distinct from permanent organic radicals in that their
radical nature can be spatiotemporally switched on and off.
Generation of radicals in porous crystals is further attractive in
view of electronics because porous frameworks can act as con-
ductive electrodes with a large specific surface area. However, the
current molecular design scope towards this end is limited
because of the difficulty in developing novel organic precursors
that are stable even after in situ one-electron reduction/oxidation

11894 | Chem. Commun., 2022, 58, 11887-11897

induced by photoirradiation and that are applicable for construc-
tion of porous crystals.

In 2020, our group reported that Py°P°" can generate stable
radicals upon light irradiation (Fig. 8d).>° Prior to irradiation
with light, Py°P“" is immersed in an aqueous solution of tetra-
ethylammonium tetrafluoroborate (TEABF,). After 20 hours,
the crystalline powder is collected and dried under reduced
pressure for 2 hours. The amount of TEABF, incorporated in
Py°P" is 91 mol% relative to PysMes. The water content in
Py°P" is 2.2 wt%, which is more than double the water uptake
of pristine Py°P°". Upon irradiation with UV light (365 nm) for
1 min, the colour of Py°"*" changes from pale yellow to green,
which is due to the emergence of a new absorption peak at
710 nm in the diffuse reflectance spectra. In the electron spin
resonance (ESR) spectra, the green powder shows a broadened
triplet signal with a g value of 2.00281, which is assignable
to the pyridinyl radical according to a previous report.®* The
hyperfine structure indicates the interaction of the unpaired
electron with the nitrogen atom in the pyridine ring, and the
broadening of the signal indicates delocalisation of the electron
around the pyridine and proximal phenyl rings. The photo-
generated radical species survive for a long time (half-life of
3.5 min) even in the presence of water and oxygen at room
temperature, which is exceedingly high among reported pyridyl
radicals. The radical contents gradually decrease in several
minutes but can be re-enriched by irradiation with UV light.
The developed methodology is facile and will contribute to
further electric functionalisation of PMCs in the future.

3.5 Photochemical phase transition of PMCs

In 2015, Prof. A. Credi et al. reported a PMC with porosity that
can be switched via photoisomerisation reactions.”” The newly
designed and synthesised tetraphenylmethane derivative bear-
ing an azobenzene unit at each phenyl arm (E,-1c) crystallises
in the tetragonal system. The central tetrahedral node of E,-1c
lies on a crystallographic 4-fold rotoinversion axis, and the
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rotoinversion operations along the axis generate the four
phenyl arms. The E,-1c molecules stack on top of one another
along the crystallographic c-axis, and the columns pack in an
antiparallel manner, leaving a continuous 1-dimensional pore
between the adjacent four columns (Fig. 9a). Isostructural
tetragonal crystals are obtained when analogues of tetraphe-
nylmethane featuring sterically less bulky terminal groups are
applied, which is a rare case among PMCs, although the
porosity mostly diminishes when using smaller termini.
Detailed molecular interactions or contacts in the crystals are
unavailable plausibly because of the low quality of the diffrac-
tion data and the associated large uncertainty in the crystal
structure.

The azobenzene moieties of E,-1c photoisomerise when
subjected to 365 nm irradiation both in the solution and solid
states. UV light induces E-to-Z isomerisation with an initial
quantum yield of 0.18 and a conversion of >95% in the
solution state. In the solid film state, the same photoisomerisa-
tion reaction proceeds with a yield of 32%. The backward
isomerisation analogously proceeds under irradiation with
436 nm light or heating at 130 °C for 10 min. PXRD profiles
and polarised optical microscopy (POM) images of film specimens
of E,1c revealed the spatiotemporal phase transition of E,-1c
from crystalline to amorphous associated with the photoisome-
risation reactions (Fig. 9¢). Upon UV irradiation, both the birefrin-
gence in POM images and the diffraction peaks in PXRD profiles
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Fig. 9 Photoswitchable PMC. (a) Crystal packing diagram of E4-1c. The
pore geometry is visualised as yellow surfaces. (b) CO, adsorption iso-
therm of E4-1c at 195 K before and after the isomerisation reactions.
Nonporous-to-porous structural transition of the PMC. (c) POM images of
E4-1c under bright field (top) and cross-polarised (bottom) light illumina-
tion before (left) and after (middle) near-UV irradiation in the central
spot, and photographs of the same area upon thermal annealing (right).
Reproduced from ref. 27 with permission from Nature Portfolio, Copyright
(2015).

This journal is © The Royal Society of Chemistry 2022

View Article Online

Feature Article

disappear. The transition proceeds only in areas irradiated by the
light. Heating the sample at 160 °C for 20 min induces the
amorphous-to-crystal backward phase transition and regenerates
the birefringence and the diffraction peaks of the specimens. This
phase transition can be repeated in the same sample without
degradation of the material.

The PMC consisting of the all-E isomer of E4-1¢ shows a type-I
sorption profile in the CO, adsorption isotherm measured at
195 K. In contrast, the crystal consisting of the all-Z isomer is
not porous and shows negligible CO, uptake (Fig. 9b), demon-
strating successful reversible switching between the porous and
nonporous states induced by photoirradiation and heating.

3.6 Hydrochromic PMCs

In 2021, our group reported a PMC that exhibits a chromic
behaviour associated with the uptake and release of H,O
molecules (Fig. 10b).>° In the course of research on electrically
functional dendrimers, we designed and synthesised a novel
aromatic molecule consisting of a dibenzophenazine core and two
second-generation carbazole dendrons (3,11-bis(9'H-[9,3":6’,9"-
tercarbazol]-9'-yl)dibenzo[ajJphenazine, G2DBPHZ, Fig. 10a).
Mixing a CHCIl; solution of G2DPBHZ with MeOH initially gave
yellow amorphous precipitates of G2DPBHZ, which eventually
turned red when standing at room temperature for several weeks.
The red precipitate (VPC-1"%) is a crystalline powder featuring
micropores with an average pore diameter of 5.6 A; however, X-ray
single-crystal structure analysis was unsuccessful, and the crystal
structure is unknown.

VPC-1"¢ is a solvatochromic porous crystal. The colour of
VPC-1"¢ changes when immersed in poor solvents, depending
on the polarity of the solvent. The colour of VPC-1 in H,O is red,
while it becomes yellow in hexane. The change in colour shows
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Fig. 10 Hydrochromic PMC. (a) Molecular structure of G2DBPHZ. (b)
Photographs of VPC-1"¢ and VPC-1¥""¥_ (c and d) Diffuse reflectance
spectra of VPC-1 measured with variable RH (c), and corresponding plot of
the K—M values at 570 nm as a function of RH (d). Reproduced from ref. 30
with permission from Nature Portfolio, Copyright (2020).
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a linear slope in the E30 plot, proving that the bandgap of
VPC-1" is largely affected by the polarity of the guest solvent.®*
H,O is a suitable solvent for maximising the energetic stabilisa-
tion and induces the most significant redshift of the absorption
band of VPC-1. This chromic behaviour is also visible even
when the guest H,O is provided as a vapour. The guest-free
crystal (VPC-1¥""%) obtained by drying VPC-1? under a
reduced pressure appears yellow at a relative humidity (RH)
of 0%. The colour of VPC-17"*" suddenly turns red when the
RH surpasses 50% at 25 °C. The vapochromism is consistently
supported by diffusion reflectance spectroscopy, infrared (IR)
absorption spectroscopy, and H,O absorption isotherms, all of
which show sigmoidal curves with a threshold of 50% RH
(Fig. 10c and d).

PXRD and IR spectroscopy indicate molecular conformational
transitions during H,O sorption, particularly at the threshold RH.
The 2theta values of all distinguishable peaks in the PXRD profiles
of VPC-1"¢ and VPC-1¥"" are identical, while the intensities of
some peaks are attenuated upon H,O adsorption. These changes
indicate that the crystal lattice of VPC-1™? remains intact through-
out H,O sorption, while certain conformational motions of
G2DBPHZ are activated. The IR spectra of VPC-1"¢ and VPC-1¥"%
show consistent humidity-dependent changes. A computational
study revealed that the change in IR spectra is attributed to the
rotational motion of the outermost carbazole units of G2ZDBPHZ,
meaning that VPC-1"¢ is a partially flexible porous crystal featur-
ing a stable porous framework and mobile peripheral units.

4. Perspective

To summarise, PMCs are distinct from the other conventional
porous crystals in that the crystalline frameworks are sustained
by labile noncovalent interactions. The lability of the inter-
molecular bonds largely affects the fundamental physical and
chemical properties of the crystal. The major differences
include the available molecular structures, polarity of the
constituent molecules, and assembly pathway for constructing
porous frameworks. In addition, PMCs feature unique func-
tions, such as structural flexibility, stimuli responsiveness,
processability, and robustness against aqueous conditions.

The chemistry of PMCs is still immature. The number of
PMC:s is still limited, and the available functionalities are not
highly sophisticated. The essential difficulty in developing
functional PMCs is the lack of a molecular strategy to assemble
PMCs from discrete molecules. The reported PMCs were in
most cases found by chance, and their molecular structures are
completely different from each other. Moreover, even a slight
change in the molecular structure drastically alters the packing
regime of the crystals and provides nonporous polymorphs.
A clearer molecular design strategy will change this situation
and rapidly expand the field. Complex functionalisation of the
crystals will follow once the strategy is established. Several
groups, including us, are tackling this topic.

In conclusion, the field of PMCs has been ascending in the
last two decades. The available compounds are still limited due

11896 | Chem. Commun., 2022, 58, 11887-11897

View Article Online

ChemComm

to the lack of a molecular strategy, but some PMCs with unique
properties have been recently reported, promising a fruitful
future of this field. Research on PMCs will surely expand the
field of materials chemistry and contribute to deepening the
fundamental understanding of molecular assembly.
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