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Three-dimensional architectures constructed via coordination of organic ligands to metal ions (broadly
termed metal—organic frameworks, MOFs), are highly interesting for many demanding applications such
as gas adsorption, molecular separation, heterogeneous catalysis, molecular sensing, etc. Being
constructed from heterogeneous components, such framework solids show characteristic features from
both the individual components and framework-specific features. One such interesting physicochemical
property is thermal expansion, which arises from thermal vibration from the organic linker and metal
ions. Herein, we show a very unique example of thermal responsiveness for the DUT-49 framework,
a MOF well-known for its distinctive negative gas adsorption (NGA) properties. In the guest-free form,
the framework shows another counter-intuitive phenomenon of negative thermal expansion (NTE), i.e.
the lattice size increases with decrease of temperature. However, in the solvated state, it shows both
NTE and positive thermal expansion (i.e. lattice size decreases with lowering of temperature, PTE) based
on a specific temperature range. When the solvent exists in the liquid form inside the MOF pore, it
retains the pristine NTE nature of the bare framework. But freezing of the solvent inside the pores

induces the strain, which causes a structural transformation through in-plane bending of the linker and
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Accepted 11th September 2020 this squeezes the framework by ~10% of the unit cell volume. This effect has been verified using 3

different solvents where the structural contraction occurs immediately at the freezing point of the
individual solvent. Furthermore, studies on a series of DUT-49(M) frameworks with varying metals
confirm the general applicability of this mechanism.
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secondary building unit (SBU),” the organic linker, and hinges
formed from deformable coordination bonds.*® The presence of
multiple motifs provides a good combination for showing
different flexible behaviours for various frameworks, based on the

Introduction

The stimuli responsiveness of porous metal-organic frameworks
(MOFs) has led to important inventions in the field of switchable

materials. These materials have many distinct benefits in terms
of their application for gas storage, separation, chemical sensing,
catalysis, etc.> Being constructed from metal nodes and organic
linkers, MOFs have multiple motifs that are capable of displaying
structural flexibility. Such motifs include the overall framework®
or the individual constituents such as the metal cluster or
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interaction with stimuli. Such a flexible behaviour of frameworks
is best illustrated by breathing, swelling, subnetwork displace-
ment, linker rotation, etc.'®** Achieving a control on the struc-
tural transformation is thus the key step to control the respective
properties of a framework.

Introduction of thermal energy to a solid often stimulates its
phase change by virtue of increased thermal vibration of the
constituents. In the case of crystalline materials, this often leads
to an increase in their physical dimensions, causing thermal
expansion. From the structural viewpoint, this is related to the
expansion of interatomic distances which results in an increase
in the size of their crystallographic unit cell.’>** The volumetric
thermal expansion coefficient () is generally reported in units
of ppm K™ (or MK ") and is defined as per the following

equation:"’
o L(dr
VT v \dr
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For most common solids, a linear relationship is observed
where the volume increases with the increase in temperature,
which is defined as positive thermal expansion (PTE). However,
a few classes of solids behave differently and reduce their
volume upon increasing the temperature in the defined ranges.
One of the archetypical examples of inorganic solids with
negative thermal expansion (NTE) is zirconium tungstate,
showing phonon-mediated collective translation, rotation and
deformations of ZrOs and WO, polyhedra resulting in oy = —26
MK ".*® Goodwin and co-workers discovered colossal NTE in
the Prussian blue analogue Ags;[Co(CN)e], showing 14 fold
greater NTE compared to that of Zr,W,0;."* Simultaneously an
exceptional NTE was predicted®®* and experimentally
observed® in IRMOFs. Large-sized organic linkers sometimes
undergo asymmetric thermal vibration which causes shrinkage
of the unit cell with increase in temperature, i.e. NTE."”*>"** NTE
is a thermodynamic phenomenon and has been studied for
a handful of MOF structures so far; however several aspects
related to thermal transformation of MOFs are poorly under-
stood. The largest NTE value of ay = —87.6 MK ' was theoret-
ically predicted for MOF-399 by Evans et al.'” However, it is not
accessible experimentally because of the low mechanical
stability of the framework. Interestingly, only a few substances
show both PTE and NTE in the entire temperature range.>® The
switching between PTE and NTE in the Prussian blue analogue
YFe(CN)s was recently reported by Chen and co-authors.”
However, there are no reports on the switching between PTE
and NTE for highly porous MOFs. Herein, we present the first
report for simultaneous positive and negative thermal expan-
sion for the same MOF structure, under different conditions
applied. A detailed study on the effect of guests for varying the
flexibility of a DUT-49 framework is also described.
DUT-49(Cu) is a flexible MOF with unique characteristics.
The deformation relies on linker buckling during gas
adsorption. DUT-49(Cu) is constructed by the coordination of
a tetracarboxylate linker [biphenyl bis(carbazole dicarbox-
ylate), BBCDC] with a Cu based paddlewheel SBU.>® Topolog-
ically, this framework can be defined as metal-organic
polyhedral (MOP) cores (formed from carbazoledicarboxylate/
paddlewheel motif) interconnected through a biphenyl spacer
(blue sphere in Fig. 1a). The biphenyl spacers generate two
cavities (tetrahedral and octahedral) in addition to a MOP
cavity which contributes to a major fraction of the overall
porosity. The linker buckling during the adsorption ends in
shrinkage of the pore volume by about 61%, forcing the
adsorbed gas molecules to be expelled from the framework.
This results in the unique negative gas adsorption (NGA)
behaviour of the DUT-49 framework.>® Essentially, adsorption
stress stimulates the shrinkage of the unit cell from 46.43 to
36.16 A. However, several other parameters such as the
adsorbate composition, adsorption temperature, crystallite
size of the MOF, etc. strongly influence the framework flexi-
bility.**=** In this study, we explore the role of temperature in
introducing flexibility to the DUT-49 framework by analyzing
the framework dynamics in the presence of solvent molecules
and with argon gas at atmospheric pressure. Studying the
desolvated MOF reveals the purely thermally induced
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Fig.1 (a) Crystal structure of the DUT-49 MOF, showing the 3 types of
pores with 3 coloured spheres. (b) Reversible structural change of the
desolvated MOF unit (distances are in A) under thermal conditions,
initiated by the elongation of the linker at lower temperature. The cyan
ellipsoids  (50% probability level) represent crystallographically
observed location of Ar atoms at 100 K.

flexibility of the bare framework while the solvated MOF
reflects the interaction with the solvent, through any change
in the flexibility.

Results and discussion

From the family of DUT-49(M) [M = Mn, Fe, Co, Ni, Cu, Zn, and
Cd], only Ni and Cu containing frameworks are capable of dis-
playing adsorption-induced flexibility in combination with or
without NGA phenomenon.** For this reason, we selected DUT-
49(Cu) for studying the thermally induced flexibility in both
solvent-free and solvated states, through in situ synchrotron
single crystal X-ray diffraction (SCD).
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Temperature dependent SCD studies of the desolvated DUT-
49(Cu) framework

The thermal flexibility of the bare DUT-49 framework was
studied on a single crystal of the DUT-49(Cu) MOF, desolvated
using the supercritical CO, approach. The crystal retains its
single crystalline nature after the activation and shows a cubic
unit cell with cell parameters of 46.520 A at 293 K. Interestingly
the axial positions of the paddlewheel SBUs are uncoordinated,
which confirms the complete desolvation of the MOF. This is
a very rare attempt to show the crystal structure of the super-
critically desolvated mesoporous MOF, with non-coordinated
axial positions of the paddlewheel SBUs. It is noteworthy that
the desolvated crystal in an argon-filled capillary after cooling to
100 K, reveals the position of Ar atoms adsorbed on the open
metal sites of the paddlewheels. This uniquely confirms the
preferable argon adsorption sites of the framework through
crystallographic evidence. Two argon adsorption sites are
located close to the copper atoms of the paddlewheel showing
Cu-Ar distances of 2.565 A and 3.040 A for inner and outer sites
of the MOP (Fig. 1b). All other adsorption sites are located in the
MOP window and confirm the earlier reported data on in situ
neutron powder diffraction during methane adsorption.** With
the decrease of temperature to 100 K, the unit cell parameter is
elongated to 46.620 A with an increase of 651 A® in the unit cell
volume. This accounts for a negative value of the thermal
expansion coefficient (ay = —32.778 MK ') indicating the
counterintuitive thermal behaviour. Remarkably, the symmetry
and space group of the unit cell remain unchanged (Fm3m) at
both the temperatures. An increase in the cell volume at lower
temperature (i.e. NTE) is also associated with a few structural
changes of the MOF. For example, the M=Ocarboxylate distances
increase from 1.933 to 1.941 A and the spacer length between
the carbazole moieties increases (Fig. 1b). Moreover, the
thermal expansion/compression of the unit cell is observed to
be reversible for more than 5 cycles. Structural analysis shows
that this NTE phenomenon of DUT-49(Cu) originates from the
linker dynamics, which undergoes elongation with lowering of
temperature. The bond lengths inside the carbazole core
remain almost constant during the thermal transition; however,
the bonds with other fragments of the linker such as the
biphenyl spacer and carboxylates get elongated because of the
temperature lowering. This accounts for the overall elongation
of the N-N distance from 9.924 to 9.959 A and the C-C spacing
between oppositely located carboxylates from 19.430 to 19.482 A
(Fig. 1b). It is noteworthy that a previous study has shown the
elongation of bare biphenyl moieties with decrease in temper-
ature, to avoid the steric hindrance between H atoms from the
neighbouring phenyl rings.** Thus it is very likely that a similar
effect is operative for the desolvated framework DUT-49(Cu).

Switching between NTE and PTE in DMF solvated DUT-49(Cu)
(DMF@DUT-49(Cu))

In comparison to solvent-free DUT-49(Cu), the N,N-dime-
thylformamide (DMF) solvated MOF shows a different trend
with change in temperature. With the lowering of temperature
from 298 K to 150 K, the unit cell parameters reduce
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significantly (from 46.620 to 45.660 A) with a notable (~6.4%)
shrinkage of the unit cell volume. This reversal in the thermally
induced flexibility trend can be explained by the solvent mole-
cules present inside the pores of the MOF, which undergo phase
transition during the cooling. Under ambient pressure freezing
of DMF occurs at 212 K and it undergoes volume contraction
upon the freezing. The significant amount of volume change
prompted us to analyse all the structural changes occurring in
combination with the lattice transformation. At first glance,
a lowering of the lattice symmetry is observed during the
freezing and the space group changes from Fm3m to Pa3. A
similar study on DMF-loaded ultramicroporous Mn-based
coordination polymers was reported by Zhang and co-
workers.*® In temperature dependent SCD studies, the authors
observed the changes in the ligand conformation close to the
freezing point of DMF; however, PTE was registered in the whole
temperature interval. The same authors observed colossal linear
PTE and NTE in a Cd-based MOF with bcu topology; however,
the volumetric expansion of the crystal was still positive with the
increasing temperature.’” A deeper investigation into the
outcomes from the in situ experiment shows two discrete stages
for temperature dependence of the unit cell change. In the
initial stage of the cooling (up to 200 K), a gradual increase in
the lattice parameters is observed (Fig. 2b). This evidences
a NTE phenomenon of the MOF in its solvated state, which
shows very high values of ay (in the range of —40 to —70 MK ).
Surprisingly, a lattice squeezing occurred with a very fast rate
beyond this temperature (as, = 435 MK ). The NTE originates
from the expansion of the linker and is similar to that already
observed for the desolvated MOF. But, a sudden transition at
200 K appears, which reverses the thermal expansion trend. For
the understanding of the mechanism of NTE and PTE in DMF
filled DUT-49(M) in the temperature range of 293-150 K, the
discussion in the following sections is divided into two separate
parts, flexibility of the linker and flexibility of the paddlewheel
SBU.

The paddlewheel SBU is comprised of two metal centres
connected by four carboxylic groups through their equatorial
sites, and the axial sites are coordinated by solvent molecules.
Thus, the variance in the distances between the metal centres
and coordinating O atoms, along with M-O-M angles can
clearly describe, if any flexibility is present at all. Therefore, we
have monitored the change in their bond length and other
parameters throughout the transformation by synchrotron
single crystal X-ray diffraction on the same single crystal,
measured in the same orientation at variable temperatures. At
first, the M-O-M angle is measured at each carboxylate O with
respect to the 2 metal centres of the paddlewheel SBU, as
a measure of the stiffness of the paddlewheel SBU. Interestingly,
the M-O-M angles of the SBU remain almost constant
throughout the transformation (Table S8, ESI{). However, all of
the eight M-O bonds do not face the same chemical environ-
ment; one half of the paddlewheel SBUs (four carboxylate O and
one axial O atom) is pointed towards the MOP core of the
framework while the remaining half faces the mesopores. This
creates two different sets of coordinated O atoms, which are
marked as O,—1/2 and O.q-11/21 (Fig. 2a). For the case of MOP

This journal is © The Royal Society of Chemistry 2020
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(a) Representative MOP unit and magnified SBU showing 2 different environments faced by the linker; (b) change in the cell length and

volume of DMF solvated DUT-49(Cu) at different temperatures; evolution of axial and equatorial M—O bond lengths with temperature for (c)
bonds facing the MOP core and (d) bonds facing the mesopore; (e) Structure of the linker and labeling of the conformation defining atoms that

undergo thermal change measured through different parameters (f—h).

facing O atoms, the M-O bond length for the axial O atom (M-
O,,—1) starts dropping from 250 K and attains a minimum value
at 200 K before increasing again. An identical trend is observed
for the case of M-Ocarboxylate Dond distances (M-Oq-11)
(Fig. 2c). The sharp minimum at 200 K suggests a sudden
change in the expansion mechanism at this temperature. For
the case of the other set of O atoms which face the mesopore,
the axial O atom (M-O,-2) does not show a regular trend;
however the M-Ocarpoxylate distance (M-Oq-21) again shows
a minimum at 200 K (Fig. 2d). This indicates that solvent
molecules from the microporous MOP core interact more effi-
ciently with the framework.

For describing the flexibility of the linker, we choose a few key
atoms in its structural backbone (Fig. 2e). These atoms are chosen
to describe any change in the length, aperture and torsion of the
linker during the structural transformation. Thus, C;-C, and C;-
C, distances describe the lateral size of the linker and during the
cooling step they show an almost steady state until 200 K
temperature. However, a drastic change in their distance is
observed on further cooling beyond this point. Interestingly, when
the lateral distance for one side of the linker (C;-C,) increases
during the cooling step, the same for the other side of the linker
(Cs—C, distance) decreases (Fig. 2f). This indicates an in-plane
bending of the linker where C; and C, atoms approach closer to
each other. The aperture of the linker monitored through the C;-
C; distance showed an immediate drop on cooling beyond 200 K
temperature, supporting the in-plane bending of the linker.
Monitoring of the N;-N, distance again showed sharp shrinkage
below 200 K temperature (Fig. 2g), indicating that the biphenyl
moiety is the key fragment that undergoes deformation during the
structural transition through in-plane bending. Moreover, the
bending causes a decrease in the N;-Cs-N, angle from the linear
180° to 166°, along with a significant increase in the C;-Cs-Cs—C,
torsion angle from 0° to 80° (Fig. 2h). All these observations

This journal is © The Royal Society of Chemistry 2020

certainly confirm the in-plane bending of the linker, starting at 200
K. This linker buckling through deformation of the biphenyl
spacer is somewhat similar to that observed during the NGA
transition.

Consequently, in situ monitoring of the structural trans-
formation clarifies the thermal flexibility of the DMF solvated
DUT-49(Cu) framework through SBU and linker geometry
deformation. The same crystal of the solvated MOF shows both
positive and negative thermal expansion in the temperature
range of 298-150 K. It is noteworthy that DMF, used as a guest
in this study, has a freezing point of 212 K at 1 bar in bulk;
however, it is known that fluids in the confined space e.g. MOF
pores show a reduced freezing point. Since DMF belongs to
fluids, which show contraction upon phase transition from the
liquid to solid state, this indicates that at 200 K, DMF molecules
inside the MOF pore get frozen and this volume change upon
freezing triggers the lattice contraction and associated struc-
tural transformation of the DUT-49 framework. Although above
200 K, the framework behaves independently (similar to that of
the desolvated MOF) and shows NTE phenomenon due to
expansion of the linker. Therefore, it can be concluded that
DMF in its liquid form does not significantly influence NTE
behaviour, and it may consequently be declared as an intrinsic
property of the framework DUT-49(Cu). At temperatures below
200 K, solidification of DMF molecules inside MOF pores trig-
gers a structural transformation through in-plane bending of
the linker (Fig. 3). In general, the phase transition is very similar
to that observed upon desorption of methane from the open
pore form of DUT-49(Cu) at 111 K, where slightly contracted op
phases are observed. This structural transformation affects the
overall lattice transformation with change in the lattice
symmetry moreover reversing the trend of the thermal expan-
sion coefficient. This hypothesis is further validated with low
temperature differential scanning calorimetry (DSC) studies.

J. Mater. Chem. A, 2020, 8, 20420-20428 | 20423
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Fig. 3 In-plane bending of the linker during solvent induced structural
transformation from the planar conformation of the biphenyl spacer
(red colour) at 298 K to a bent conformation (blue colour) at 150 K
(hydrogen atoms are omitted for clarity).

DSC studies on DMF@DUT-49(Cu)

DMF@DUT-49(Cu) and liquid DMF (as a reference sample) were
cooled from ambient temperature down to 178 K. No crystalli-
zation effect for either DMF or DMF@DUT-49(Cu) could be
detected during cooling. The changes in the cooling rate or the
final temperature even down to 113 K did not affect the solidi-
fication behaviour and DMF remained under-cooled. In the next
experiment, after reaching 178 K, the sample was equilibrated
at 178 K for 30 min and after this it was heated up to 298 K.
Obviously, the freezing of DMF takes place during the equili-
bration, as the DSC heating curve shows an endothermal effect
at 210 K. The effect corresponds to the melting of DMF with an
enthalpy of fusion (AHg,) of 102 Jg~*.

In the subsequent experiment, the samples were placed in
pre-cooled measuring cell at about 238 K (applying the thermal
stress) and cooled down to 178 K. In this case the crystallization
occurs and one exothermic peak at 183 K on the cooling curve
and one endothermic peak at 210 K on the heating DSC curve
were detected (Fig. 4), which correspond to crystallization and
to melting, respectively. At temperatures above 230 K there are
no further thermal effects and therefore the DSC curves are
presented only up to this temperature. The melting enthalpy of
the thermally stressed DMF sample is 111 Jg~ ', which is 9 Jg~*
higher than that obtained in the previous experiment (102 Jg~ 1),
confirming partial crystallization of the former one during
equilibration at 178 K (Table 1). The DSC curve of thermally
stressed DMF@DUT-49(Cu) is similar to the DSC curve of the
thermally stressed reference DMF sample, and the melting of
DMF in DMF@DUT-49(Cu) takes place at the same temperature
(Trus = 209 K). The structural transformation of DUT-49(Cu)
during the cooling proceeds, obviously, simultaneously with
the crystallization of DMF in the pores.

The mass fraction of DMF in the DMF@DUT-49(Cu) sample
amounts to 73.3%. So, according to estimations, the enthalpy of
crystallization (AH,.,) of DMF enclosed in the DUT-49(Cu) pores,
which amounts to 97 Jg~' is close to the enthalpy of

20424 | J Mater. Chem. A, 2020, 8, 20420-20428
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Fig. 4 DSC heating and cooling curves for DMF (black) and
DMF@DUT-49(Cu) (blue).

Table 1 Thermochemical properties of the solid—liquid—solid transi-
tions determined for thermally stressed DMF and DMF@DUT-49(Cu)

DMF DMF@DUT-49(Cu)
Ter, K 183 £ 2 182 £+ 2
AH, Jg " 101 + 3 71+1
Trusy K 210 + 1 209 + 1
AHyye, Jg° 111+ 2 84 +1

crystallization of bulk DMF (101 Jg~'). Obviously, the enthalpy
of the framework's structural transition is significantly smaller
in comparison to the crystallization enthalpy of DMF and
cannot be exactly determined in this experiment due to the
measurement uncertainties.

Role of guest molecules in PTE/NTE switching

Further to test the role of solvent nature in triggering the
structural transformation, different solvents (ethanol, N-meth-
ylpyrrolidone (NMP) and DMF) were introduced into the DUT-
49(Cu) framework and subjected to similar monitoring by in
situ single crystal X-ray diffraction. In all the cases, the solvated
MOFs show NTE behaviour until the freezing point of the
solvent, followed by PTE transition in the reverse order. DUT-
49(Cu) containing EtOH shows initial NTE behaviour up to
180 K (Fig. 5a) with a value of ay ranging up to —68.77 MK ™.
Upon further cooling beyond this point the trend is reversed to
PTE with a volumetric coefficient of up to 258.53 MK *. Detailed
analysis of the paddlewheel geometry indicates that the M-
Ocarbosylate (M~Ocq—11) bond shows a minimum length at 150 K,
indicating the highest interaction at this temperature (Fig. 5b).
However, it is noteworthy that no regular trend was observed for
the mesopore facing O atoms (Fig. 5c). In contrast, the linker
showed a clear sign of structural transition at 150 K; where the
lateral dimensions (C;-C, and C3;-C, distances) in the ligand
change abruptly at the point (Fig. 5d). The biphenyl spacer
length and the diagonal aspect of the linker change in a very

This journal is © The Royal Society of Chemistry 2020
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Fig.5 Comparison for thermal change in the (a) unit cell length and volume, (b, and c) M-O,, and M-O,4 bond lengths in the Cu-paddlewheel
(labelling Fig. 2a), and (d, e, and f) linker conformation defining parameters (labelling Fig. 2e) of DUT-49(Cu) in the presence of different solvents.

irregular manner throughout the transformation; this makes it
difficult to achieve any conclusive outcome (Fig. 5e). But the
linker deformation through in-plane bending is prominent
from the N;-Cs-N, angle and C;-C5-C4-C, torsion angle anal-
ysis (Fig. 5f). Both of them showed a clear sign for structural
deformation of the linker through in-plane bending, starting at
150 K. Also in this case the transition temperature is slightly
lower than the freezing point of pure ethanol (159 K) at STP.
This further showed that freezing of the solvent molecules
inside the MOF pore is able to induce structural transition in
the DUT-49 framework.

NMP on the other hand causes the highest NTE/PTE
switching temperature, because of its higher freezing point.
The lattice starts shrinking at 230 K. While cooling until this
point, the NTE behaviour remains prominent (Fig. 5a). The
transition temperature for this case is also closely related to the
freezing point of NMP at ambient pressure. Considering the
SBU flexibility analysis, it can be seen that both the M-
Ocarboxylate Ponds (M-Ocy—-11 and M-O4-21) show shrinkage at
230 K (Fig. 4b and c). Although the linker configuration analysis
at lower temperature was not successful, they show a similar
trend (Fig. 5d-f) in the temperature range above the freezing
point of NMP (249 K). This along with PTE behaviour indicates
an identical structural transition from Fm3m to Pa3 space
groups at 230 K. In this case, the volumetric expansion coeffi-
cient values vary between —118.14 and 114.15 MK ' showing
the switching between NTE and PTE during the sequential
cooling of the same single crystal.

This establishes that for each of the 3 tested solvent systems,
their liquid phase does not affect the thermal properties of the
DUT-49(Cu) framework, maintaining the NTE behaviour as
observed for the desolvated framework. But, during the solidi-
fication of each of the 3 solvents at their individual freezing
points, they undergo a phase transition. This phase transition

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) Thermal expansion of NMP solvated DUT-49(M) MOFs
showing a decrease in the unit cell size with decrease in the
temperature; (b) volumetric thermal expansion coefficients of DUT-
49(M) MOFs showing their overall PTE/NTE properties.
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of the solvent induces a constrained system and this causes
a structural strain which ends with in-plane bending of the
linker. It is likely that as the volume of the solvent reduces with
the lowering of temperature, the freezing fluid constricts the
neighbouring pore walls. This stress buckles the organic linker
of the MOF to result in the in-plane bending of the linker. And
during the heating stage the reverse process happens, where the
melting solvent releases the strained system to its relaxed state
with a linear conformation of the linker.

Role of metal ions in PTE/NTE switching

To verify the scope for generalization of the hypothesis, we
performed the structural analysis at different temperatures with
other MOFs of the DUT-49(M) family using in situ single crystal
X-ray diffraction. Through a similar approach, single crystals for
each of NMP solvated DUT-49(M) [M = Mn, Fe, Co, Ni, Zn, and
Cd] MOFs were subjected to a temperature gradient between
296 K and 100 K. By decreasing the temperature from 296 K to
100 K, the unit cell symmetry for all the MOFs is reduced; which
is reflected in the space group change from Fm3m to Pa3.
Reduction in the symmetry is an indication for the linker
deformation as discussed earlier, which is further confirmed by
single crystal X-ray diffraction studies. In summary, all of the
MOFs show shrinkage in the unit cell length and volume, with
decreasing temperature (Fig. 6). On decreasing the temperature
from 298 K to 100 K, their lattice parameters shrink significantly
(~10% of the initial cell volume), and recover reversibly with
increasing temperature. This positive thermal expansion for the
whole family of DUT-49(M) thus confirms the general applica-
bility of the solvent induced stress hypothesis for bringing out
structural deformation in the framework.

Experimental
Synthesis of the materials

The organic linker (H,BBCDC) was synthesized and character-
ized using the same procedure as described in a previous
report.** A suitably sized single crystal of the MOF was obtained
through post-synthetic metal exchange, starting from DUT-
49(Co). DUT-49(Co) was synthesized from a direct sol-
vothermal reaction of the H,BBCDC linker and Co(NO3),-6H,0
in NMP, as block shaped crystals. The crystals were then washed
with fresh NMP to remove the unreacted starting materials and
any other impurities. These fresh crystals were then subjected to
metal exchange from the NMP solvent as per a previously re-
ported pathway, to synthesize single crystals of DUT-49(M) [M =
Mn, Fe, Ni, Cu, Zn, and Cd] MOFs. These newly obtained MOFs
were then washed with fresh NMP until free from any residual
metal ion and stored in fresh NMP. For solvent exchanged
MOFs, the NMP soaked MOF crystals were dipped into the
respective solvent and then the supernatant liquid was
exchanged with a fresh solvent 6 times over a period of 24 h.
These crystals were then stored in the same solvent and directly
used for diffraction measurement experiments. The desolvated
crystal of DUT-49(Cu) was prepared through supercritical CO,
treatment of an acetone exchanged crystal, using a Jumbo
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Critical Point Dryer 13200] AB (SPI Supplies). In this process,
MOF crystals from dry acetone were taken in a sintered crucible
with an aliquot of the solvent and then placed inside the dryer.
Acetone was then exchanged with ultra-pure (99.995%) liquid
carbon dioxide at 17 °C 10 times over a period of 5 days. The
temperature and pressure inside the drying compartment were
then raised above the critical point of carbon dioxide and the
samples were left in this supercritical fluid for around 15 min.
The pressure was then reduced through slow release of the fluid
over 3 h. The chamber was then flushed with Ar for 15 min and
then immediately transferred into an Ar-filled glove box.

Single crystal X-ray diffraction

A single crystal of desolvated DUT-49(Cu) was prepared inside
the glove box, in a sealed glass capillary (0.5 mm diameter) with
an argon atmosphere. Single crystals of DMF@DUT-49(Cu),
NMP®@DUT-49(Cu) and EtOH@DUT-49(Cu) were prepared in
glass capillaries with a small amount of the corresponding
solvent and further sealed using wax. NMP@DUT-49(M) crystals
(M = Mn, Fe, Co, Ni, Zn and Cd) were prepared in glass capil-
laries using the same procedure. The datasets were collected at
the BESSY MX BL14.3 beamline of Helmholtz-Zentrum Berlin
fiir Materialien und Energie.*® Monochromatic X-ray radiation
with a wavelength of A = 0.089499 nm (E = 13.85 keV) was used
in the experiments. The crystal symmetry and scan range were
determined in each particular case using the iMosflm
program.*>*® The ¢-scans with an oscillation range of 1° were
used for data collection. For each dataset, 60 images were
collected to reach the maximal completeness. Datasets on
NMP@DUT-49(M) crystals were collected at 293 K and 100 K
using the same single crystal orientation and angular oscilla-
tion range. The crystals were shock-frozen by introducing
a nitrogen cryostream nozzle. Datasets on DMF@DUT-49(Cu),
NMP®@DUT-49(Cu) and EtOH@DUT-49(Cu) were collected at
multiple temperatures ranging from 293 K to 100 K. In this case,
corresponding temperature increments were introduced to cool
down the crystals. The datasets were processed in an automatic
regime using XDSAPP 2.0 software.** Crystal structures were
solved by direct methods and refined with full matrix least-
squares on F° using the SHELX-2018/3 program package.*>*
All non-hydrogen atoms were refined in anisotropic approxi-
mation. Hydrogen atoms were refined in geometrically calcu-
lated positions using the “riding model” with Uio(H) =
1.2Uj50(C). The large pores, high crystal symmetry and room
temperature data collection led to disorder of solvent molecules
within the pores of the frameworks. Experimental data on single
crystal X-ray experiments are summarized in tables S1-S7

(ESD).T

Differential scanning calorimetry

The differential scanning calorimetry (DSC) experiments were
carried out using a DSC 204 F1 Phoenix (NETZSCH) device and
a DSC 1/700 (Mettler Toledo) device in the temperature range
from 113 up to 200 K and from 178 up to 298 K, respectively.
Both devices were regularly calibrated with an aid of reference

This journal is © The Royal Society of Chemistry 2020
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substances. The characteristic temperatures derived from the
DSC curves were extrapolated onset temperatures.

Both DMF@DUT-49(Cu) and reference liquid DMF samples
were prepared in sealed standard aluminium crucibles (40 pL)
and measured at a cooling rate of 1 K min~* and a heating rate

of 2 K min~" at a dry nitrogen flow rate of 20 mL min~".

Conclusions

In summary, we have shown the first example of a transition
from positive to negative thermal expansion for a highly porous
MOF. By analysing the structures of DUT-49 solved from
temperature dependent synchrotron single crystal X-ray
diffraction data, we have pinpointed the reason behind the
anomalous thermal behaviour of the framework. The frame-
work of DUT-49(Cu) in the desolvated state shows NTE behav-
iour over the temperature range of 296-100 K, because of the
elongation of the linker at lower temperatures. But the situation
changes when the solvent is present inside the pores of the
MOF, as has been verified using 3 different solvents, namely
DMF, EtOH and NMP. A reduction in the freezing point of the
solvent confined in the pores was observed. Moreover, the
solvent molecules barely impact the thermal flexibility of the
framework. This leads to identical NTE characteristics of DUT-
49(Cu) above the freezing temperature of the individual solvent.
However, the situation is inverted below freezing temperature
where the compound shows positive thermal expansion
features. This reversal is achieved because of the in-plane
bending of the linker, which is stimulated by the freezing of
the solvent inside MOF pores, as illustrated by DSC measure-
ments of the melting and freezing. This in-plane bending leads
to linker deformation along its biphenyl spacer and causes
~10% reduction in the unit cell volume for the family of DUT-
49(M) [M = Mn, Fe, Co, Ni, Cu, Zn, and Cd] MOFs.
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