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In the past decades, metal-organic frameworks (MOFs) have attracted considerable interest not only for
their intrinsic aesthetic appeal but also their wide potential applications. The most distinctive feature
of MOFs is their flexibility, which makes them exhibit a much larger magnitude of responses toward

Received 4th May 2020, external stimuli than traditional materials. In addition, the stimuli usually have a huge impact on the
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summarize how the crystal structure changes toward external stimuli, such as guest insertion, temperature,
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Introduction

As a new class of porous materials, metal-organic frameworks
(MOFs), also known as porous coordination polymers (PCPs),
have attracted considerable interest owing to their wide
potential applications. MOFs are usually assembled from metal
ions or clusters that are connected by organic ligands. By virtue
of the diversity of metal ions (or clusters) and organic ligands,
numerous MOFs with kinds of topologies can be achieved. The
last three decades have witnessed a blooming development of
MOFs."”
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The inorganic-organic hybrid nature not only offers MOFs
with combined or enhanced properties of individual
components,®'° but also endows them with novel functions.
The pioneering works of Kitagawa and Ferey have led us to
focus on the flexibility of MOFs."'™** Generally, the flexibility
means a material can alter its form easily according to the
situation without breaking. MOFs are highly crystallized mate-
rial and used to be regarded as “truly crystalline” structure.'*
It may seem counterintuitive to associate the high degree order
of MOFs with flexibility. While it should be noted that the
MOFs are mainly constructed by coordination bonds which is
much weaker than the covalent bonds in inorganic materials.
The moderate coordination bonds can act as joints, triggering
geometrical changes. For example, the metal-carboxylate inter-
actions in MIL-53 enable the rotation of ligand around the
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carboxylate group, leading to the “breathing behavior” (transition
among the large pore (LP), narrow pore (NP) and closed pore (CP)
phases).’® Additionally, the incorporation of organic ligands can
endow the framework with large intramolecular degrees of
freedom,'® enabling a series of intramolecular distortions, which
can hardly be realized in traditional inorganic materials. For
instance, the [O,P(OH),] group in y-ZrPO,[O,P(OH),]-2H,0 can
be partially replaced by the 1,10-decanediphosphonate ligand
[0,POH-(CH,);p-HOPO,], which shows accordion-like trans-
formation during the adsorption and desorption of the water
molecules. This remarkable expansion and shrinkage mainly
originate from the torsion of pillar by increasing the cis-position."”
It can be concluded that the combination of moderate metal-
ligand interactions and the large intramolecular degrees of free-
dom can dramatically enhance the flexibility of MOFs, making
them show much larger responses toward external stimuli than
traditional porous materials. Generally, for inorganic materials,
the atom movements are very small (<1 A) and often occur
during displacive phase transition.'"'® However, in some cases,
the molecular displacements of MOFs can reach 5-10 A, one order
larger than those of inorganic compounds.**>*®

Although the flexibility usually concerns solid-state rearrange-
ment of atoms, some MOFs can maintain the single-crystallinity
(single-crystal to single-crystal transition), enabling direct visuali-
zation of the structural changes. Additionally, the development of
computational modeling and advanced structural determination
methods, such as neutron diffraction and synchrotron X-ray
total scattering techniques also helped to deep understand the
structural evolution process.?™*

The large flexibility of MOFs made them show potential
applications in gas storage/separation,”®*° sensing,***!
catalysis,**** and drug delivery.>**> For example, the flexible
MOFs usually exhibit type V or VI (S shaped or multi-step)
isotherms. Since this kind of isotherm corresponds to an abrupt
gas uptake over a narrow range, its working capacity in the storage
of gases is much higher than rigid MOFs.*® In addition, the
catalytic activities of flexible MOFs can be switched on and off
by changing the conformations of MOFs.*> While the flexibility
also made them sensitive to the external stimuli. Considering that
MOFs may work at different conditions, the environmental fluc-
tuations may induce large structural changes of MOFs, which may
further influence their performances. As the structure-property
relationship commonly exists in materials, a small lattice para-
meter change can significantly influence material’s performance.
For example, a small lattice swelling of NiFe MOFs can induce
partial electrons transfer from Ni to O, which resulting in about
50-100 times enhancement of the oxygen electrocatalytic
properties.’” Based on this, in this feature article, our main focus
is on the crystal structural evolution of MOFs including lattice
expansion/contraction and symmetry changes under external
stimuli such as guest insertion, temperature, pressure, electrical
field, and light.

Guest insertion

The study of MOFs has a history of more than three decades,®®
while the initially synthesized MOFs possess much lower
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stability. During the removal of guest molecules, the framework
usually collapses. Since then, great efforts have been devoted to
synthesize stable MOFs that can endure the reversible guest
insertion and removal.**™*! Kitagawa et al. classified the MOFs
into three categories:'>** the first generation of MOFs don’t
possess permanent porosity, which will collapse after the
removal of guests; the second and third generations possess
rigid and flexible frameworks, respectively. It should be noted
that the pores of the third generation can be easily modified by
external stimuli.

The large inherent pores of MOFs can endure the insertion
of kinds of guest molecules. In return, the conformations of
MOFs will also be influenced by the size or shape of guests.
During the guest insertion process, the lattice can not only
expand or contract but also reversibly transform between
different phases. Among them, the most commonly structural
change is lattice expansion, while the magnitude of lattice
expansion in MOFs is much higher than the inorganic com-
pounds. Take the pure silica ITQ-12 zeolite for example, the
as-synthesized ITQ-12 contains organic guests in the pores.
After calcination, the volume decrease is only ~1%. While
Fujita et al. found that the MOF (Znl,);(TPT), (TPT = 2,4,6-tris-
(4-pyridyl)triazine) can reversibly shrink (or swell) with the
volume changes up to ~20% during the guest removal (or
insertion).”

The most representative flexible MOF is MIL-88, which is
composed of the Fe;(i3-O)(RCOO)s secondary building units
(SBUs) and dicarboxylates. The MIL-88 series possess isoreti-
cular framework structures with the acs topology. The insertion
of guest solvents and the desolvation won’t cause structural
symmetry changes or apparent bond breaking but can result
in a very large volume change (Fig. 1a). Take MIL-88-D for
example, the insertion of pyridine molecules will result in an
expansion of lattice parameter a (b) (~94%) and contraction of
¢ (~—16%). The magnitude of volume change is up to ~233%
in comparison with its desolvated form (from 2456 A® to
7758 A®, Fig. 1b)."° Detailed structural analyses revealed that
the O-O axis of the carboxylate functional groups can act as a
“knee cap”, around which the trimer and the phenyl rings can
change their relative angular orientations (Fig. 1c), so the
framework can allow a reversible swelling. It should be noted
that this swelling behavior is not only related to the coordina-
tion bonds, but also depends on the intramolecular flexibility
of the ligands. For example, the introduction of functional
groups on the organic ligand can effectively enhance the steric
effect, which usually weakens the framework flexibility. The
substitution of 1,4-benzenedicarboxylate (BDC) ligands with
methyl functionalized ones can largely reduce the swelling
magnitude to ~25% in comparison with 136% for the pristine
MIL-88B(Fe).** While extending the length of ligands can
endow them with various conformational changes, such as
blending, flipping, etc. For example, the volume changes
of 2,6-naphthalenedicarboxylate (NDC) bridged MIL-88C can
also reach 170%, while the value for MIL-88A (connected by
fumarate) is only 72%. Additionally, the (4,12) connected ftw
type framework based on the Zrg-oxo cluster has always been
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Fig.1 (a) Scheme of the guest insertion induced lattice expansion.
(b) Crystal structure of the MIL-88D before and after pyridine loading.
(c) The cage structure in MIL-88D before (left) and after (middle) guest
loading. Right: Illustration of the framework displacements during swelling,
which occur around the knee cap O-0 axis (blue lines and green arrows).
This allows the rotation around this axis of the whole trimeric units
(red arrows). Partly taken from ref. 19 with permission.
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regarded as rigid owing to their high symmetry and high
connectivity.”™*® Farha et al. synthesized NU-1105 using an
expanded pyrene-based tetracarboxylate ligand. During the
adsorption/desorption of propane, the ligand can switch
between a semi-planar and bowl-shaped conformation which
lead to approximately 30% changes in pore volume and boost
by ~15% of its propane working capacity.*’

Intriguingly, the compound MCF-18, with similar architec-
tures with MIL-88 but built from H,dcpb (2,6-di-p-carboxy-
phenyl-4,4’-bipyridine), exhibits reverse breathing mode with
MIL-88. During the pyridine insertion, the lattice parameter ¢
dramatically expands (~121%) and the parameter a (b) contracts
(~3.7%).>° Further structural analyses revealed that the metal-
carboxylate junctions can all bend toward the equatorial plane
under thermal stimuli owing to the unique shape of dcpb®”,
resulting in the different breathing direction with MIL-88.

Normally, the insertion of guest molecules will expand the
framework, while in some cases, the unit cell volume can
contract owing to specific host-guest interactions (Fig. 2a). Take
MIL-53 for example, MIL-53 is composed of metal ions (AI**, Fe*",
Cr**, Ga* or In**) and BDC ligand, with one-dimensional diamond
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Fig. 2 (a) Scheme of the guest insertion induced lattice contraction.
Illustration of the crystal structure changes of MIL-53 (b) and ZIF-7 (c)
during the guest insertion and desolvation. Partly taken from ref. 15 and 55
with permission.

shaped tunnel along the ¢ axis. During the adsorption/desorption
of guest water molecules, MIL-53(Cr) can switch between the LP
phase and NP phase."® The LP phase crystallizes in the ortho-
rhombic phase with the space group Imcm, while the NP phase
is a monoclinic phase with the space group C2/c. It should be
noted that the phase transition usually results in re-definition
of unit cell, making it difficult to unambiguously compare the
lattice parameters of different phases. Although there is a
symmetry difference between the two phases of MIL-53, the
fragments in each unit are actually identical. Both phases
possess four metal ions and four BDC ligands in each unit.
So direct comparison of unit cell volume can be carried out.
The adsorption of H,O molecules can cause a remarkable
volume contraction, which is up to —32% (Vip = 1486.1 A3
and Vcp = 1012.8 A%, Fig. 2b). This counterintuitive phenom-
enon may originate from the strong host-guest interactions
and it is also known as ‘“breathing effect”. The observed
macroscopic flexibility is critically dependent on the composi-
tion of the framework. Since the ligands rotate around the
metal-carboxylate bonds during the breathing transition, the
strength of metal-ligand interactions can largely influence the
magnitude of breathing behavior. For example, the aluminum
analogue MIL-53(Al) shows similar breathing transition during
the dehydration process, while the structural change of iron
based MIL-53 (Fe) after dehydration is negligible (AV ~ 87 A%).*
Additionally, the introduction of functional groups on the ligands
can modify the host-guest interactions, which can be utilized to
finely control the breathing behavior.” Some flexible MOFs with

This journal is © The Royal Society of Chemistry 2020
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similar square or diamond shaped 1D channels have also been
found to show adsorption induced contraction, such as [Zn,(1,4-
bdc),(dabco)] (dabco = 1,4-diazabicyclo[2.2.2]octane).”®

Zeolitic imidazolate frameworks (ZIFs), a subclass of MOFs,
are usually constructed from metal ions and imidazole mole-
cules, displaying zeolite type structures. ZIF-7 (Zn(bzIm),, bzIm =
benzimidazolate) is one of the earliest reported ZIFs with a
prototypical structure related to the SOD topology.>* Similar
with MIL-53, the adsorption/desorption of guest N,N-
dimethylformamide (DMF) molecules can induce a lattice con-
traction. Redfern et al. found that ZIF-7 can reversibly
desorption/adsorption of guest DMF molecules, which is
mediated by the tilting of the tetrahedral unit.>® The two phases
possess similar framework fragments (totally 18 metal ions and
36 imidazolate ligands in each unit). While the unit cell volume
of DMF loaded ZIF-7-1I (V = 7214 A%) is much smaller than the
pristine ZIF-7-1 (V = 7917 A®), ~8.8% changes (Fig. 2c), which
may be related with the strong host-guest interactions. Addi-
tionally, leaving ZIF-7-1I to water for one week can result in an
irreversible transition to dense planar ZIF-7-III. Du et al. inves-
tigated the adsorption property of C1 to C7 alcohol, and a
continuous swelling of ZIF-7 was observed.>® The lattice para-
meter a can expand from 22.9 A (methanol saturated) to 23.7 A
(1-pentanol saturated). Further increasing the size of probe
molecules (1-hexanol or 1-heptanol) will decrease the number
of adsorbents in the cage, so an obvious sudden shrinkage of
lattice parameter was observed.

Although the gases are invisible and the interactions with
the framework are usually much weaker than solvents, the
adsorption of gases can also overcome the free energy differ-
ence between different states, inducing structural changes.>**”
The flexible MOFs usually exhibit S-shaped or multi-step
adsorption isotherms.”*® The Co(BDP) (H,BDP = 1,4-
benzenedipyrazole), with a flexible “wine-rack” motif, can
exhibit a rare five-step phase transition upon N, adsorption
(Fig. 3).°® The first four phases crystalize in the monoclinic
phase with the same space group (C2/c) but dramatically
different lattice parameters. The N, adsorption results in a
continuous volume expansion (from 1080 A® to 2338 A%
~116%). Further increasing of N, content will give rise to a
tetragonal phase (P4,22) with the V = 2618 A® (expands
~142%). The breathing behavior is sensitive to the adsorbed
gases. For a 50:50 mixture of CO, and CH,, the Co(BDP) can
exhibit a large CO, adsorption capacity and approaches com-
plete exclusion of CH,, leading to an outstanding selectivity.

The breathing behavior is related to not only the framework
flexibility but the host-guest interactions, so it varies for
different host-guest pairs. For example, Brammer et al. found
that [Me,NH,][In(ABDC),] (SHF-61) (Me = meythl, ABDC =
2-aminobenzene-1,4-dicarboxylate) can exhibit an intriguing
solvent-switchable continuous breathing behavior (Fig. 4a).>
The SHF-61 is a doubly interpenetrated anionic 3D diamondoid
framework with Me,NH, as counter cations. The as-synthesized
SHF-61 contains DMF solvents in the channels, and the
desolvation will cause a continuous breathing effect accom-
panied by remarkable lattice changes (Aa ~ 0.45 A, Ab ~ —6 A,

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Scheme of the continuous breathing behavior of the Co(BDP)
during N, adsorption. (b) In situ X-ray powder diffraction patterns of
Co(BDP) measured under different gas pressure at 100 K. (c) N, adsorption
isotherm measured at 77 K, indicating the five pressure-dependent phases.
Filled and empty symbols represent adsorption and desorption, respectively.
Modified and reprinted with permission from ref. 58.

Ac ~ 4 A and AV & —2000 A®). The breathing mechanism
involves the rotation of ABDC ligands and coordination geo-
metry distortion of the In(in) centers. For the CHCI; exchanged
SHF-61, although it can also exhibit breathing phenomenon
during the desolvation process, the magnitude is much smaller
(Ab ~ —0.6 A, Ac ~ 0.6 A and AV ~ —385 A%) and the
framework remains LP form after desolvation. The two different
activation strategies can induce dramatically different CO,
versus CH, selectivities. What’s more, partial desolvation of
SHF-61-DMF can introduce a gating behavior and stepped
isotherm for the adsorption of CO,, which is absent in the
fully activated material.

Similarly, the existence of gas-framework interactions
before gas adsorption measurements can also influence the
gate opening (or breathing) behavior. For instance, Bu et al.
synthesized an anionic MOF CPM-107, which contains
ordered cations and solvent molecules.®® The activated frame-
work shows non-adsorption to common gases (CH,, H,, and N,)
except CO,. The adsorption of CO, can induce a transition
from NP to LP phase. While, different from the other gate-
opening MOFs, the LP phase can be retained after desorption
(Fig. 4b and c) and can be accessed with CH,, N,, etc. indicating a
“shape-memory” effect (Fig. 4d and e). The LP phase can also
be re-locked after soaking in CH,Cl, and then desolvated under
vacuum.

Normally, the isothermal gas adsorption capacity of MOFs
will increase with increasing pressure and decrease with
increasing temperature, while the flexibility of MOFs can some-
times cause counterintuitive phenomena. For example, Bu et al.
synthesized a flexible microporous MOF NKU-FlexMOF-1 using
the Cu,(COO), paddle-wheel SBUs and H,FPBDC (5-(5-fluoro-
pyridin-3-yl)-1,3-benzenedicarboxylic acid) ligands. The NKU-
FlexMOF-1 exhibits enhanced gas sorption of C,Hg, C;Hs, and
C;H; with increasing temperature (Fig. 5).*" In situ structural

Chem. Commun., 2020, 56, 9416—-9432 | 9419
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Fig. 5 (a) Scheme of the enhanced gas adsorption in NKU-FlexMOF-1.
(b) CsHg adsorption isotherms from 258 to 318 K. (c) Temperature-
dependent uptake amounts for C,Hg (green), CsHg (purple), CsHg (red)
and C4Hyg (pink). Reprinted with permission from ref. 61.

analyses revealed that this atypical behavior is a result of
loading dependent conformational changes. The material can

9420 | Chem. Commun., 2020, 56, 9416—-9432

subtly adapt to different sorbents via an induced-fit mechanism.,
which can provide repulsion/dispersion interactions.

Additionally, Krause et al. found that DUT-49 exhibits
spontaneous desorption of gas during pressure increase, which
was defined as “negative gas adsorption” (NGA).®* The struc-
ture of DUT-49 can be regarded as a face-centered cubic
analogue arrangement of cuboctahedral metal-organic poly-
hedra (MOPs) with the fcu topology. The methane adsorption
isotherm at 111 K showed an obvious decrease at 10 kPa
(Fig. 6b), while the isotherm of N, at 77 K show a typical slope.
In situ synchrotron diffraction measurements revealed that the
framework undergoes an enormous volumetric contraction of
~53% (from 100072 A® to 47282 A®, Fig. 6¢) during the NGA,
which is caused by the concerted rotation of the MOPs around
the [111] axis (Fig. 6a). The structural deformation was also
confirmed by the calculation of the elastic properties, in which
the shear modulus is as low as 1.5 GPa. Density functional
theory (DFT) calculations also revealed that the energy penalty
of transition from LP phase to CP phase can be compensated by
the adsorption of methane.

In some cases, the adsorption induced structural changes
is coupled with electronic structural changes, which can
influence materials’ macroscopic colors and magnetism. Kepert
et al. found that Fe,(azpy),-(guest) (azpy = trans-4,4’-azopyridine)
displayed guest-dependent spin crossover.”* The Fe,(azpy),-(guest),
an interpenetrated framework, exhibited a considerable flexibility
during the solvent uptake and release. Take Fe,(azpy), (EtOH)

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) lllustration of the structural changes from the DUT-49-LP to
DUT-49-NP phase. (b) Methane adsorption and desorption isotherms at
111 K. (c) Lattice parameter change of DUT-49 during the adsorption (blue)
and desorption (red) of the methane at 111 K. Reprinted with permission
from ref. 62.

(EtOH = ethanol) for example, the desorption of EtOH will induce a
scissors-like motion, which can cause the pore volume decreasing
from 12 to 2%. It should be noted that there are hydrogen-bonding
interactions between the ethanol OH groups and sulfur atoms of
the thiocyanate (Fig. 7a), which can induce a symmetry breaking,
resulting in a phase transition (monoclinic system with the space
group C2/c for Fe,(azpy), (EtOH); orthorhombic system with
the space group Ibam for Fe,(azpy),). It's intriguing that the
Fe,(azpy),(EtOH) underwent “half-spin” crossovers, while this
switching property is absent in the desorbed phase (Fig. 7b). It is
speculated that the flexibility of the material may facilitate a low-
energy pathway between the high-spin and low-spin structures.
Similarly, the adsorption of gases can also influence materials’
electronic structures. Since the coordinatively unsaturated metal
sites of MOFs tend to act as active sites to adsorb gases, the gas
uptake will modify the local coordination modes of metal ions,
which may concern the electronic structures. For example, the
adsorption of CO for Fe,Cl,(bbta) (H,bbta = 1H,5H-benzol(1,2-
d:4,5-d")bistriazole) can induce a transition from high-spin to
low-spin state.®*

Temperature

The most basic response of materials toward thermal stimuli is
thermal expansion, which originates from the asymmetry potential

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 (a) The rhombic grid layers of Fex(azpy)s(EtOH) and Fex(azpy)s.
Removal of ethanol causes extensive modification to the structure, including
a rotation of both the azpy andthiocyanate units, a translation of the
interpenetrating layers by 1.0 A (Fe atoms shown inside the rhomboids belong
to the interpenetrating layers), and the removal of hydrogen-bonding inter-
actions from the ethanol to the thiocyanate sulfur atoms (shown as dashed
lines). (b) The temperature-dependent magnetic moment of Fex(azpy)s-
(guest). Reprinted with permission from ref. 63.

energy well of paired atoms.®® The coefficients of thermal
expansion (CTEs) can be defined as:

N
AT IXAT
AV
VT U X AT

In the equations, o and o, represent the linear and volumetric
CTEs, respectively. Al and AV stands for the relative changes in
length and volume, /, V are the initial length and volume. The AT
represents the change of temperature. For traditional inorganic
materials, the linear CTE locates in the range 1-20 mK *, while
some MOFs can exhibit abnormal behavior benefitting from the
large flexibility, such as negative thermal expansion (NTE),* zero
thermal expansion (ZTE) and colossal positive thermal expansion
(PTE, |oy| > 100 mK ") etc.®” According to the definition of CTE,
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herein we divided the NTE into two parts, linear (or areal) NTE
and volumetric NTE.

Brown et al. found that the breathing behavior of MIL-53 can
not only be triggered by guest insertion, but also thermal
stimuli. The desolvated LP phase of MIL-53 can transform to
the NP phase at 325-375 K, while the reversed transition occurs
at 125-150 K, exhibiting a large temperature hysteresis.®®
Owing to the existence of a phase transition and an abrupt
lattice change, it’s hard to ascertain the CTEs. While Attfield
et al. found that the thermal induced breathing effect can be
restrained by substituting the OH™ in the 1D inorganic SBUs
with F~, and the volumetric CTEs of the orthorhombic MIL-53
can switch from positive to negative.*®

Burtch et al. studied the thermal expansion behavior of
Zn,(BDC)(dabco) in the range 150-375 K.”® This compound
crystallizes in the tetragonal phase (P4/nbm) and possesses a
pillared-layered motif (Fig. 8a). The layers are constructed from
Zn,(COO0), paddle wheel SBUs and BDC ligands, which are
further pillared by dabco. Upon heating, Zn,(BDC)(dabco)
exhibits NTE in the ab plane with CTE ~ —10 mK ', and
PTE along the ¢ axis with the CTE + 15-21 mK™'. While the
decoration of the BDC ligand with four methyl groups (TMBDC,

aabaaly ,0°
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° PTE
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Fig. 8 (a) Crystal structure of the Zn,(BDC)(dabco) viewing along the ¢
axis and its building units. (b) Illustration of the structure after TMBDC
decoration and the lattice parameter changes as a function of temperature
and composition. (c) Illustration of the structure after fu-BDC decoration
and the temperature-dependent lattice changes. Partly taken from ref. 70
and 71 with permission.
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2,3,5,6-tetramethyl-1,4-benzenedicarboxylate) can switch the
NTE to PTE without breaking the lattice symmetry (Fig. 8b),
which may be caused by the increased steric effect. Additionally,
partial substituting of BDC with TMBDC (2,3,5,6-tetramethyl-1,4-
benzenedicarboxylate) can give rise to a series of solid solutions,
and can continuously tune the thermal expansion behavior in
ab plane from negative to positive. Intriguingly, decoration of the
BDC ligand with 2-methoxyethoxy substituents at the 2,5 sites of
the phenyl will result in a phase transition from the parent
tetragonal system to the monoclinic system (C2/m, NP),”" which
may be caused by the lower symmetry of the ligand and larger
steric hindrance (Fig. 8c). The 1D channel along ¢ axis will also
change from the original square shape to the diamond-shape.
Upon heating, the diamond-shaped channel showed win-rack
distortion and gave rise to the LP phase (tetragonal phase) at
489 K. To avoid the influences of the difference between the NP
and LP phase, re-defined lattice vectors were used to describe the
thermal expansion behaviors. Before the breathing transition
(303-463 K), the compound undergoes a continuous opening
up, accompanied by a large anisotropic thermal expansion beha-
vior. The CTEs along two vertical axes can reach —380 mK "' and
+1161 mK ™" at 463 K, respectively. Further increasing temperature
will cause the NP to LP transition and a volume change up to 19%
can be observed. Kim et al. found that the insertion of guest DMF
molecules can effectively tune the NTE in ab plane to PTE, which
may be caused by the host-guest interactions and the steric
effects.”> Some similar flexible MOFs with the “wine-rack” motif
have been reported to show linear or areal NTE (Table 1).

It should be noted that, the linear (or areal) NTE is not only
restricted in the MOFs with the ‘“wine-rack” motif. For
instance, we found that some flexible MOFs with helical axes
can exhibit 1D NTE along the helical direction owing to the
spring-like thermal motion.?°®> Zhang et al found that the
MCF-82 can exhibit “jack-like” thermal motion, resulting in
a colossal anisotropic thermal expansion with the CTE
reach +482/—218 mK .®% Recently, we found that the PbC,0,
(H,C404 = square acid) with a pillar-layered structure can
exhibit a rare 1D ZTE along the packing direction, the linear
CTE is only —0.61 mK ' (Fig. 9a and b).?* By the utilization of
synchrotron X-ray total scattering and Raman spectra, we found

Table 1 Some representative “wine-rack” MOFs that exhibit linear (or areal) NTE

Name CTE (mK ™) Temperature range (K) Ref.
HMOF-1 U = +177, o = —21, 0 = +3 160-320 73
Ag(mim) Gy = +130, o, = +44, 043 = —25 20-300 74
MCF-34 oy = +2, o = +224, 0. = —107 123-673 75
MCF-34-DMA oy = 25, o = +213, o, = —101 156-271

MCF-34-DMF(LT) o, = +16, oy, = +152, 0. = —56 127-208

MCF-34-DMF(HT) 4 = +36, ap, = +237, 0, = —116 233-299

Ag4(tpt) {6-[M0gO,6]}-1.5H,0 Gy = —18, 0y = 475, ts = —5 100-340 76
Ag(tpt)a{8-[MogO6]} Uy = —22, Oy = —7, Oz = +77 100-500

FJI-H11-R 100-300 77
R = Me oy = —38, 0. = +653

R =FEt o4, = —33, 0 = +489

R="Pr oy = —25, o = +404

[CA(HBTC)(BPP)]-1.5DMF-2H,0 O = —43, ap = +2, 0 = +133 100-260 78
SION-2 g = —153, oy = +43, ty3 = +230 100-340 79
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Fig. 9 (a) Crystal structure of pillar-layered MC404 (M = Ba, Pb). (b) Lattice
parameter changes of the MC4O4 (M = Ba, Pb) obtained from Le bail fitting.
Illustration of the out-plane rotation (c) and geometric deformation (d) of
rhombic Pb,O, (or Ba,O5,) plane. (e) Scheme of the mechanism of 1D ZTE
which concerns of the NTE in the inorganic layers and PTE of the organic
pillar. Reprinted with permission from ref. 84.

that, in the inorganic Pb-O layer, the combination of out-plane
rotation and geometric deformation of rhombic Pb,0O, plane
results in a NTE behavior (Fig. 9c and d). While the organic
squarate pillar exhibits normal PTE. So the observed uniaxial
ZTE originates from the compensation effect between the NTE
in the inorganic layer and PTE in the organic pillar (Fig. 9e).
Compared with the linear NTE, the volumetric NTE is much
rarer. Yaghi et al. performed in situ diffraction measurements to
study the gas adsorption sites in MOF-5. They found that the
unit cell volume of gas loaded MOF-5 in low temperature is
slightly larger than its RT value (~200 A%), so they proposed
that MOF-5 may exhibit volumetric NTE.*® Later, Snurr et al.
proved that MOF-5 can exhibit isotropic NTE by the mean of
molecular simulation,®® and they also found that the magni-
tude of NTE can be enhanced by extending the length of
the ligands. Among them, the IRMOF-16 shows the strongest
NTE with the volumetric CTE —60 to —80 mK ', about three
times as that of ZrW,05 (—8.9 mK ™ %). Kepert et al. found that
Cu;(BTC), (BTC = 1,3,5-benzenetricarboxylate) exhibit isotropic
NTE in the temperature range 100-500 K with the average linear
CTE o, = —4.1(1) mK ".%® Detailed structural analyses shed
light on that the NTE is caused by the transverse vibration of

This journal is © The Royal Society of Chemistry 2020
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the aromatic ring and the twisting vibration of the paddle-wheel
unit.®” Extending the length of ligand will result in a two-
interpenetrated Cuy(BTB), (BTB = 4,4’,4"-benzene-1,3,5-triyl-
tribenzoate).®® Normally, framework interpenetration will
weaken the magnitude of NTE owing to the steric effect. While
Kepert et al. found that the large thermal expansion of the n-- -1
interactions can result in repulsion between the central phenyl of
the BTB ligands, which will be help to enhance the magnitude
of NTE (x, = —13 mK ").*® Some other MOFs have also been
reported to exhibit NTE, such as UiO-66 and its analogue.’>**

The volumetric NTE usually originates from thermal vibra-
tion of the subnetwork (ligand rotation, blending etc.), of which
the magnitude is usually much smaller than the framework
geometry changes (such as breathing behavior). For a flexible
MOF, the contribution from the thermal vibration may be
frustrated by the geometry changes of the framework. So the
reported volumetric NTE materials were mainly restricted in
isotropic MOFs (cubic phase). To enrich the kinds of volumetric
NTE MOFs, we investigated the thermal expansion behavior of
the “rigid” orthorhombic MIL-68(In) (Fig. 10a). The results
show that MIL-68(In) can exhibit a rare 3D NTE along its all
axes.”” The combination of single crystal X-ray diffraction and
synchrotron based X-ray pair distribution function (PDF) ana-
lyses revealed that the NTE in ab plane derives from the
transverse vibration of the phenyl group (Fig. 10b), while the
NTE along c axis is a result of the rotation of the rigid InOg
octahedrons (Fig. 10c).

Recently, we found that the thermal expansion behavior is
strongly dependent on the molecular packing mode. Firstly, we
synthesized three kinds of metal squarate frameworks. Owing
to the different packing mode of the squrate ligands (staggered
packing and eclipsed packing), two kinds of polymorphs were
achieved (Fig. 11a and b): cubic phase (termed as Zn_sq_C,
Cd_sq_C) and trigonal phase (termed as Cd_sq_R).”* Without
the high symmetry constraints, the trigonal phase Cd_sq_R can
undergo a “wine-rack” distortion upon heating owing to the
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Fig. 10 (a) Crystal structure of MIL-68(In) viewing along c axis. (b) Rates of
change of anisotropic atomic displacement parameters (ADPs) with
temperature. Rates are given for the three ADP axes. The major,
intermediate, and minor axes are shown in gray, turquoise, and orange,
respectively. The inset shows the illustration of the transverse vibration of
the phenyl ring. (c) Partial atomic pair distribution function G(r) at different
temperatures. The inset shows the illustration of the rotation of InOg
octahedrons. Partly taken from ref. 92 with permission.
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in-plane rotation of the squarate ligand (Fig. 11d). This distortion
gave rise to an anisotropic thermal expansion behavior (PTE
along ¢ axis and NTE along a axis). The combination of single
crystal X-ray diffraction and synchrotron based X-ray PDF shed
light on that the different magnitude of the out-plane rotation of
the squrate ligand caused the different thermal expansion
behavior (Fig. 11c). The volumetric CTEs are +11.3(7) mK %,
+2.3(6) mK ' and —13.9(6) mK ' for Zn_sq_C, Cd_sq_C and
Cd_sq_R respectively.

While in some cases, the thermal vibration won’t cause
significant lattice changes. For example, under thermal stimuli,
the benzene unit of the ligand in MOF-5 can rotate along its
1,4-axis,”* making it a candidate of molecular rotator.”
Although the lattice parameter won’t be influenced by the
rotation behavior, the pore structure does change significantly.
For example, the rotation of pyridyl rings in Mg(4-PyC), (4-PyC =
4-pyridine carboxylic acid) can cause a switching between a
porous and nonporous state.’® Recently, Kitagawa et al. designed
a Cu-based MOF with a butterfly-type ligand phenothiazine-5,5-
dioxide (OPTZ) (Fig. 12a and b). Under thermal stimuli, the OPTZ
moieties can exhibit a series of low energy motions including
rotation and flipping.”” The thermal flipping of the OPTZ unit can
gradually enlarge the size of the cage gate (Fig. 12c), which will
facilitate the admission of gas molecules at high temperatures
and block them at low temperatures. Since the optimal adsorption
temperature (T.) is dependent on the gas type and gate-
admission temperature, by finely control the temperature, this
MOF can effectively separate O,/Ar and C,H,/C,Hg (the selectivity
is up to ~350 and ~ 75, respectively). What’s more, the tempera-
ture fluctuation can influence the thermal motion of counter ions
in cationic MOFs, which can be utilized to control the gate
opening and closing.”®
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Fig. 12 (a) Crystal structure of Cu(OPTZ) viewing along ¢ axis. (b) Cross-
sectional view of a Connolly surface of the void in Cu(OPTZ), where a small
probe radius of 0.8 A was used to visualize that the cage structure is
interconnected with narrow channels. (c) Scheme of the voids structure
changes at low and high temperatures. (d) O, and Ar adsorption isobars at
1 bar and the O,/Ar uptake ratio. (e) C,H,4 and C,Hg adsorption isobars at
1 bar and the C,H4/C,He uptake ratio. Reprinted with permission
from ref. 97.

Since the coordination bonds possess reversible nature,
their breaking and re-formation can be realized by thermal
stimuli. For example, [Yb,(C4H,40,4)3] can reversibly transform
between two polymorphs.”® At ambient temperature, the
Yb,(C4H,40,4); adopts o form, while when the temperature
increases to 408 K, it will translate to the  form accompanied
by ~10% volume expansion (both phases two asymmetric units
in the unit cell). During this transition, the coordination
number of Yb atom will be reduced from eight to seven. The
thermal induced breaking of the Yb-O3’ bond will cause
the rupture of the chains along a axis to the dimeric units
(Fig. 13a and b), resulting in the expansion of lattice parameter
a and unit cell volume.

Similarly, Zhang et al synthesized a Eu based flexible
MOF that shows a single-crystal to single-crystal (SCSC) phase
transition (Fig. 13c)."® At ambient temperature, this com-
pound possesses one-dimensional square channels, which are
filled with intrinsic free Eu**. For each ligand, there is one
uncoordinated carboxylate group, which can act as a hook.
At low temperature (193 K), the compound can quickly
capture the intrinsic free Eu®" by the carboxylate-hooks, while
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Fig. 13 Illustration of the structural changes of [Yb,(C4H4O4)s] at low (a)
and high (b) temperatures. Top: The overview of the framework. Bottom:
Local SBU changes. (c) Scheme of the temperature induced structural
changes. Top: The overview of the 3D framework. Bottom: The local
enlarged view of the structural difference. Partly taken from ref. 99 and 100
with permission.

increasing the temperature will cause the captured Eu®" to
escape the hooks.

Cheetham et al. found that the compound ZIF-4, composed
of Zn*>* and imidazole ligands, can undergo a series of phase
transitions under thermal stimuli. For example, upon cooling,
the activated porous ZIF-4 reversibly translates to a dense
phase accompanied with ~23% volume contraction (at
140 K) (Fig. 14a and b). The combination of synchrotron
X-ray p