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Isoreticular design of flexible Zn-based
tetracarboxylate MOFs7
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Predictive design of guest-responsive frameworks on the molecular level is still a major challenge for
experimental and theoretical chemists. The isoreticular approach is one of the most promising
approaches for designing MOFs with desired textural properties and framework topology. In this work we
successfully applied the isoreticular approach for the design of the new flexible frameworks DUT-180 and
DUT-190, constructed by square planar or octahedral metal nodes and a tetracarboxylate ligand. The
flexibility mechanism in DUT-190 was explored using in situ PXRD and NMR in parallel to physisorption of
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Introduction

Flexible MOFs are bistable porous solids," discussed for a
wide range of adsorption-related applications, such as natural
gas storage,™” gas separation,®® sensors’ " and actuators.**?
In general, flexibility in MOFs either originates from inorganic
building units, conformational polymorphism of organic
ligands, framework topology or a combination of these
factors.'* For example, paddle-wheel dimers, typically formed
in Cu(u) and Zn(u) MOFs usually contribute to flexibility in pil-
lared layer MOFs." Introduction of conformational labile moi-
eties such as amide groups, long alkyl chains or tertiary
amines in the ligand may induce flexibility of the resulting
MOF even if the framework topology is considered as
rigid.*®™® Finally, certain framework topologies are known to
induce flexibility in MOFs.'® The combination of these factors
may provide an empirical tool for the design of flexible frame-
works for desired applications. The coordination lability of a
d'® system renders Zn-based MOFs as ideal model systems,
able to form various coordination geometries ranging from
tetrahedral to octahedral. In MOF chemistry, Zn-MOFs are
usually based on Zn, paddle-wheel dimers with typical repre-
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subcritical gases such as nitrogen (77 K), carbon dioxide (195 K) and xenon (206 K). Methane physisorption
experiments, conducted in a broad temperature range indicate a softening of the DUT-190 framework
compared to its analogue DUT-13. These experimental and computational findings can be used as a
roadmap for discovery of new flexible frameworks with desired micromechanical properties.

sentatives being Zn,(bdc),dabco,*® fu-MOFs,'® Zn(2,6-
ndc),dabco®® and others,® typically showing metal cluster
induced flexibility. In contrast, the octahedral secondary build-
ing unit (SBU) Zn,0(CO,)s is known in the literature as a rigid
cluster with octahedral ligand environment, producing MOFs
with ultra-high porosity.”>** The absence of an inversion
center and the presence of a mirror symmetry plane in the
Zn,0(CO,)s node prohibits the distortion of the cluster.>>®
Combination of paddle-wheel units with linear or quasilinear
ligands result in 2D square grids, which can be further inter-
connected in the third direction while direct interconnection
of octahedral Zn,0(CO,)s nodes result in the IRMOF series in
which flexibility could only be induced by entropic contri-
bution of the substituents.””

The use of tetratopic ligands in the design of MOF struc-
tures is advantageous in terms of topological diversity and
flexibility. Thus, the combination of paddle-wheels with tetra-
carboxylates leads to a variety of framework topologies, result-
ing either in series of rigid frameworks with ultrahigh porosity,
such as the NOTT and MFM series (nbo topology),>” or flexible
frameworks like DUT-10 (Ivt), DUT-11(pts), DUT-12 (ssb)*® or
the DUT-49 series (fcu-a).>**' The combination of 6- and
4-connected nodes may result in 54 different topological types,
most commonly cor, she and ith-a nets. In our recent studies
the tetratopic carboxylate ligands H,benztb (N,N,N',N-benzi-
dine tetrabenzoic acid) and H,BBCDC (9,9'-([1,1-biphenyl]-
4,4'-diyl)bis(9H-carbazole-3,6-dicarboxylic acid)) were exten-
sively used for the design of highly porous MOFs, based on Zn-
or Cu-paddle-wheels and Zn,O SBUs.'®*%3> Apart from the
similar composition, minor differences in the molecular struc-

Inorg. Chem. Front., 2023,10, 3237-3247 | 3237


http://rsc.li/frontiers-inorganic
http://orcid.org/0009-0000-7079-1811
http://orcid.org/0000-0002-9851-5031
http://orcid.org/0000-0002-3900-4442
http://orcid.org/0000-0003-3511-9899
https://doi.org/10.1039/d3qi00480e
https://doi.org/10.1039/d3qi00480e
http://crossmark.crossref.org/dialog/?doi=10.1039/d3qi00480e&domain=pdf&date_stamp=2023-05-25
https://doi.org/10.1039/d3qi00480e
https://pubs.rsc.org/en/journals/journal/QI
https://pubs.rsc.org/en/journals/journal/QI?issueid=QI010011

Published on 25 2566. Downloaded on 15/8/2567 6:20:49.

Research Article

ture of H,benztb and H,BBCDC result in different angles
between the carboxylates and the degree of conformational
lability being increased, which is advantageous for the design
of flexible MOFs with ligand-based flexibility. In case of
H,BBCDC the planar geometry of carbazole moieties reduces
the rotational degree of freedom of the molecule, which can
switch between staggered and eclipsed conformation, which in
combination with buckling of biphenyl bridges may lead to
the isotropic contraction of the cubic DUT-49 framework.?” In
case of Hybenztb, an additional degree of freedom originates
from distortion of the tert-amine geometry and rotation of
phenyl rings.*® Therefore, in most of the cases the resulting
highly porous MOFs show a flexible behavior with exception of
Zn,O(benztb)(BTB),/3, known as DUT-25, in which the frame-
work was stabilized by implementation of an additional trito-
pic ligand.?” The combination of square-planar paddle-wheel
nodes with Hybenztb led to variety of structures such as
DUT-10 (lvt), DUT-11 (pts) and DUT-12 (ssb).>® From these
three nets, DUT-10 shows guest-induced flexibility upon
removal of the solvent molecules from the pores resulting in a
crystalline phase with yet not resolved structure. These results
are in line with the study by Sarkisov et al., who proposed a
mechanical model, based on rigid elements, connected by
hinges, which rank Ivt topology among potentially flexible
topologies even if rigid building blocks are used. Directing the
synthesis towards the formation of Zn,O clusters results in the
formation of the Zn,O(benztb);, framework, also known as
DUT-13."® Depending on how the framework is simplified, cor-
a or ttu-a topology can be assigned.** The framework can be
desolvated using supercritical CO, drying and shows remark-
able capacity for hydrogen at 77 K. Although both framework
topologies and metal nodes are assumed as rigid, the confor-
mational lability of the ligand induces adsorption-induced
breathing in DUT-13, extensively studied using in situ PXRDs,
applied in parallel to physisorption of nitrogen (77 K) and
n-butane (273 K).*

The isoreticular approach is well-established in MOF chem-
istry and is based on a variation of ligand length, stiffness, or
functionality. This approach was successfully applied for the
design of ultrahigh porosity in many open frameworks.”* In
terms of flexibility, the isoreticular approach was successfully
applied to control the pore size and ligand stiffness in the
DUT-49 series, which enormously helped to understand and
control Negative Gas Adsorption (NGA).**3*

Following this approach, we synthesized the new ligand
Hytpdatb  (p-terphenyl-4,4"-diamin  tetrabenzoate), an
elongated version of H,benztb, applied to the design of new
MOFs. An extra phenyl ring, built in the spacer of the MOF,
contributes to the length of the ligand, but should not strongly
influence the conformation lability. Therefore, isoreticular
frameworks to DUT-10 and DUT-13 are expected when com-
bined with paddle-wheels or Zn,O clusters, respectively.

Herein we report on the synthesis and characterization of
the flexible frameworks Zn,(tpdatb)(H,0), (DUT-180) and Zn,O
(tpdatb);, (DUT-190), both showing guest-induced flexibility.
While DUT-180 contracts upon the supercritical desolvation to
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form a thermodynamically more stable cp (contracted pore)
phase, DUT-190 shows adsorption induced breathing transitions
upon physisorption of nitrogen (77 K), methane (111 K) and
carbon dioxide (195 K). The mechanisms of structural transform-
ations were studied by in situ PXRD and in situ "*Xe NMR and
the stiffness of the framework was evaluated in methane physi-
sorption experiments and compared with DUT-13.

Results and discussion
Synthesis, crystal structure and porosity

DUT-180 crystallizes as long yellow needles, suitable for single
crystal X-ray diffraction studies. The crystal structure of the
DMF-filled DUT-180 crystallized in orthorhombic space group
Imma. The asymmetric unit contains one zinc atom, one
fourth of the ligand molecule and one oxygen from the co-
ordinated solvent, forming an open 3D framework. The frame-
work structure is based on zinc paddle-wheel dimers, intercon-
nected by the tetratopic linker tpdatb®~ in the eclipsed confor-
mation. The axial positions of the zinc paddle-wheel are co-
ordinated by oxygen, originating from solvents like DMF or
water. Both, inorganic building unit and linker, topologically
can be simplified as square nodes therefore forming a (4,4)-
network in Ivt-a topology. In a more detailed view also the lil-a
topology can be derived from the structure splitting the linker
square into two separate triangles with the nitrogen atoms as
branch points shown in Fig. 1a.>*

DUT-180 is a topological and isoreticular analogue to
DUT-10 with an extended spacer in the linker. In the crystal
structure, the spacers are oriented along crystallographic b
axis, which is reflected by the unit cell parameters of DUT-180.
The one-dimensional elongation of the linker leads to a unit
cell elongation only in b axis from 35.883 A in DUT-10 to
44.43 A*® Similar to DUT-10, the as made structure of
DUT-180 represents an open framework with 83.2% of solvent
accessible void and intersecting channels, running along crys-
tallographic a, b and ¢ directions. The size of the hexagonal
channels along a and ¢ direction is partially defined by the
spacer length and are therefore different in DUT-10 and
DUT-180 structures. The rhomboidal channel along b direction
stays the same size as in DUT-10. Increasing of the pore size in
the DUT-1800p (op - open pore) structure is accompanied by
increasing the pore accessibility and porosity. The diameter of
free included sphere increases from 11.93 A in DUT-10 to
12.88 A in DUT-180, total pore volume from 1.65 cm® g™ in
DUT-10 to 1.85 cm® g~! in DUT-180. The pore size distribution,
calculated for both structures, indicates only minor increase of
the pore diameter of the largest pore from 13.4 to 14.6 A
(Fig. 525, ESIY).

Upon activation by supercritical CO, a contraction of the
structure is indicated by PXRD pattern changes (Fig. 1b and c).
PXRD patterns could be successfully indexed and the crystal
structure of DUT-180cp was solved and refined using the
Rietveld method. Interestingly, the crystal structure of the cp
phase stays in the same space group symmetry and shows a
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Fig. 1 Crystal structure and characterization of DUT-180: (a) unit cell of
DUT-1800p derived from SC XRD and (b) unit cell contraction of
DUT-1800p to cp viewed along the crystallographic a axis, with under-
lying topology representation: green squares representing Zn-paddle-
wheels and red triangles representing flexible nitrogen branches in the
linker, (c) PXRD of DUT-180 as made and activated in comparison to cal-
culated patterns of op and cp phase, (d) 3 runs of DUT-180 N, adsorp-
tion isotherms (77 K) without reactivation after initial supercritical drying.

strong contraction in crystallographic ¢ direction, while a and
b are only slightly stretched upon the transition (exact values
see Table S1, ESIf). Since the crystals have the shape of
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needles and PXRD samples were measured in transmission
geometry, preferred orientation leads to some missing reflexes
(e.g. (011) at 2 0 = 5.5° in DUT-1800p) or reflexes with reduced
intensity (e.g. (101) at 2 0 = 6.4° in DUT-1800p) in comparison
to the theoretical patterns. Additionally, the strong contraction
of the ¢ axis of DUT-180cp can only be observed indirectly by
the resulting stretching of the a and b axes, since nearly all
observed reflexes have Akl values with [ = 0.

The porosity of the resulting DUT-180cp phase was evalu-
ated in a nitrogen physisorption experiment at 77 K showing a
type Ib isotherm and a moderate uptake of 15 to 18 mmol g™*
over three runs without further activation (Fig. 1d). This is
about 1.5 times more than in DUT-10.>® The pore volume
determined from the isotherm of the first run is 0.61 cm® g™*
(p/po = 0.91) and at the other runs it is 0.54 cm® g™ (p/p, =
0.95) which is slightly more than the calculated accessible
volume from Zeo++ for DUT-180cp (0.45 cm® g™*) but far less
than calculated for DUT-1800p (1.85 cm® g™'), indirectly con-
firming the crystal structure of the cp phase. The drop of pore
volume after the first run indicates that a minor part of the
sample was still in the op phase before the completion of the
first adsorption cycle. The powder of DUT-180cp was soaked in
DMF in order to prove the reversibility of the
switching (Fig. S6,T ESI). However, no phase transition to the
op phase was observed, which points out the thermodynamic
stability of DUT-180cp and a high kinetic barrier for the
transformation.

DUT-190: Modification of the synthesis conditions leads to
the precipitation of rhombohedral crystals suitable for single
crystal X-ray diffraction. The resulting compound with the
composition Zn,O(tpdatb)s,,, further denoted as DUT-190,
crystallized in the trigonal space group R3c. The crystal struc-
ture is constructed from octahedral Zn,0°" clusters, intercon-
nected by tpdatb*~ in staggered conformation resulting in a
3D open framework with a structure isoreticular to DUT-13
(ttu-a topology) with an elongation occurring in the crystallo-
graphic ¢ axis (Fig. 2a). This axis is elongated by 26.44 A to a
total length of 141.34 A, while only minor changes can be
observed in the a and b axes (increase from 25.68 A to
25.76 A). Further analysis of the crystal structure reveals two
types of pores: the small pore is formed by two zinc metal clus-
ters connected by three linker molecules; the large pore is
built up from eight metal clusters ordered in a hexagonal
bipyramidal arrangement connected by six Hytpdatb linkers.
Since both pores are limited by pore walls in a and b direction,
the elongation of ¢ axis leads to a 1-dimensional extension of
both cages, which are becoming more ellipsoidal than the
ones in DUT-13."®*® Analysis of the solvent accessible void
reveals 83.5% of free space in the unit cell. However, the com-
parison of the pore size distribution of DUT-13 and DUT-190
indicates similar values and, therefore, similar adsorption pro-
perties are expected (Fig. S27, ESIY).

The PXRD pattern of the supercritically activated sample of
DUT-190 matches well to the calculated pattern generated
from the single crystal structure. Even though the MOF does
not seem to retain its flexibility after the first run of nitrogen

Inorg. Chem. Front., 2023,10, 3237-3247 | 3239
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Fig. 2 Crystal structure and characterization of DUT-1900p: (a) unit cell of DUT-1900p without H atoms and with underlying topology representa-
tion: green octahedra representing Zn,O(CO,)¢-clusters and red triangles representing flexible nitrogen branches in the linker, (b) PXRD patterns of
DUT-1900p calculated from crystal structure, activated by supercritical CO, and after nitrogen physisorption, (c) nitrogen physisorption isotherms of

DUT-190 and DUT-13 for comparison® measured at 77 K.

adsorption, the PXRD pattern after adsorption still shows the
main peaks of the op phase (Fig. 2b and c). Nitrogen physi-
sorption at 77 K shows a broad hysteresis between the adsorp-
tion and desorption branches in the pressure range p/p, =
0.05-0.5, which is a first indication of structural dynamics in
DUT-190. At p/p, = 0.05 and 30 mmol g~ " nitrogen loading the
slope of the isotherm suddenly reduces showing a quasi-linear
slope until p/p, = 0.4. The plateau is not as flat as in DUT-13,
where a flat plateau can be seen up to a pressure of p/p, =
0.2.'%33 This indicates a lower energy barrier between cp and
op phases in the range of loadings and may lead to an incom-
plete adsorption-induced contraction of DUT-190. The iso-
therm reaches the final plateau at p/p, = 0.5 and shows an
adsorption capacity of 68.10 mmol g™, exceeding the recently
reported values of DUT-13 by 17.2%'®%® and is close to theor-
etically calculated values for DUT-1900p (72.14 mmol g™%).

3240 | Inorg. Chem. Front, 2023, 10, 3237-3247

Desorption of nitrogen starts at p/p, = 0.1 and shows a steep
course. DUT-190 has a pore volume of 2.36 cm® g~ at 0.95 p/
Po, which is again close to theoretical values calculated using
Zeo++ (2.501 cm® g™'). On another DUT-190 sample, a second
adsorption cycle was conducted after the first one without
further reactivation of the sample. In the second cycle a revers-
ible isotherm showing a reduced uptake of 25.03 mmol g~*
nitrogen was observed (Fig. S13, ESIf). PXRD patterns,
measured on the sample after two physisorption cycles show
reduction of the sample crystallinity, but no changes of reflec-
tion positions (Fig. 2b). This observation validates the crystal-
lite dependency, observed in many flexible
frameworks,***® leading to the contraction of the part of the
sample containing large crystallites and can be explained by
the relatively low adsorption enthalpy of nitrogen on the one
hand and a broad crystallite size distribution on the other

size

This journal is © the Partner Organisations 2023


https://doi.org/10.1039/d3qi00480e

Published on 25 2566. Downloaded on 15/8/2567 6:20:49.

Inorganic Chemistry Frontiers

hand. Similar effects were also observed in other highly porous
flexible MOFs of the DUT-49 series.

In situ PXRD during N, and CO, physisorption

In order to follow the adsorption-induced structural dynamics
and get deeper mechanistic insights in the flexibility of the
framework, in situ PXRD patterns were measured in parallel to
physisorption of nitrogen (77 K, Fig. 3) and CO, (195 K,
Fig. S23, ESIf). In situ PXRD experiments were conducted
using a home-built instrumentation, based on a laboratory
powder X-ray diffractometer, equipped with an X-ray transpar-
ent adsorption chamber. Visual analysis of PXRD pattern indi-
cates no significant changes of reflection positions in PXRD
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Fig. 3 In situ PXRD patterns in parallel to nitrogen physisorption at
77 K; (a) during adsorption; (b) during desorption. (c) Nitrogen physi-
sorption isotherm of the in situ experiment and change of unit cell para-
meters a and ¢ of DUT-1900p.
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patterns, measured at different loadings. The changes of inten-
sities can originate from the nitrogen molecules in the pores
and changes in the absorption coefficient of the MOF.
However, no clear evidence of a phase transition could be
derived from PXRD patterns, measured upon nitrogen and
carbon dioxide physisorption. Since PXRD patterns, measured
on the CO,-loaded sample show lower crystallinity compared
to nitrogen-loaded samples, the latter were further analyzed.
The profile of PXRD patterns could be analyzed by a Le Bail fit
and the unit cell parameters of DUT-1900p could be extracted
(Fig. 3). Using these data, the adsorption stress on the frame-
work upon adsorption and desorption was estimated. In the
adsorption branch at low pressures the a and b parameters
slightly contract from 25.78 A in vacuum to 25.54 A at p/p, =
0.1. At higher pressures the values return to 25.71 A at p/p, =
0.95. Different trend is observed for ¢ axis, which increases
upon from 141.47 A in vacuum to 142.41 A at p/p, = 0.09. In
the pressure range p/p, = 0.2-0.3 the minimum with ¢ =
141.3 A is observed, followed by increasing to 141.99 A at p/p,
= 0.95. Such observations clearly indicate the anisotropy of
mechanical properties and point out on the probable direction
of the structural contraction. After this point the reverse trend
was observed until the numbers stabilized at p/p, = 0.35,
which is the point of the hysteresis closing. Interestingly, some
reflections at 2 6 = 6.4°, 8.9°, 9.3° and 2 0 > 11° are vanishing
in the PXRD patterns, measured in the hysteresis range. This
may indicate the formation of a disordered contracted phase,
which is ordered only in selected directions. The second
hypothesis assumes that reflections of the disordered
DUT-190cp nearly ideally overlap with reflections of the
DUT-1900p phase (Fig. S24, ESI{). In order to check this
hypothesis, we simulated a DUT-190cp phase with the assump-
tion that DUT-190 shows a contraction mechanism similar to
DUT-13. Profile fitting shows good overlap of measured and
simulated PXRD (Fig. S22, ESI{). In this situation PXRD
cannot provide the unambiguous answer to the question on
the mechanism of contraction and additional techniques, sen-
sitive to host-guest and guest-guest interactions should be
employed.

Physisorption at various temperatures and SEM

To further investigate the flexibility, methane adsorption in a
temperature range of 111 K to 180 K was performed similarly
to DUT-13 (Fig. S15-S17, ESIf). In comparison to DUT-13
showing a wide hysteresis up to 140 K, which is then decreas-
ing over at 150 K and 160 K until no flexibility is observed at
170 K,** DUT-190 shows an unchanged wide hysteresis over
the whole temperature range. This indicates that the
additional phenyl ring in the linker promotes increased flexi-
bility in the network even at higher temperatures and goes
along with the findings from nitrogen adsorption experiments.
At the boiling point of methane an uptake of 48.2 mmol g
could be reached. Additionally, CO, adsorption at various
temperatures was performed (Fig. S19, ESI) showing a hyster-
esis up to 250 K. At the sublimation point of CO, an uptake of
20.8 mmol g could be reached (Fig. S18, ESIT).
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To confirm the macroscopic changes upon breathing in
DUT-190, SEM (Fig. S9, ESIf) images were recorded on the
supercritically dried sample (crystal size 2 to 40 um) and on
the sample after nitrogen adsorption. In both cases the images
show crystals of the same shape and size, but in the sample
after nitrogen physisorption the crystal surface shows defects
in the form of cracks and grains, which may cause the loss of
crystallinity that can be observed in the PXRD after nitrogen
physisorption (Fig. 2b). Furthermore, similar to other subcriti-
cal gases, physisorption of xenon at 200 K showed typical hys-
teresis between adsorption and desorption branches reaching
an uptake of 17.3 mmol g™ in saturation (Fig. S20, ESIt).

129%e NMR

In situ "*°Xenon NMR was used to further investigate the
adsorption-induced structural dynamics of DUT-190. The '*°Xe
NMR spectra recorded at 206 K are shown in Fig. 4a. The
chemical shift of xenon depends, among other things, on both
the pressure and the chemical environment,*”*® which makes
in situ NMR a promising method for studying structural
changes of DUT-190. NMR spectra were measured at pressures
up to 6.5 bar, the xenon boiling pressure at this temperature.

Although DUT-190 has pores with two different pore sizes,
only one signal from adsorbed xenon is seen. This shows rapid
xenon exchange between both types of pores because two
signals would otherwise be expected. An increase in chemical
shift can be seen during adsorption until it reaches a plateau
at high pressures. This is a typical behavior for xenon in
porous materials and is due to the increasing density of
adsorbed xenon. During desorption, the spectra show a hyster-
esis at pressures of 3 bar and below. This is particularly
evident at 1 bar. During the adsorption, only a very broad
signal at 157(+7) ppm with a FWHM (full width at half
maximum) of ca. 140 ppm is visible. In contrast, a much nar-
rower signal at 192(+1) ppm with an FWHM of only 16 ppm is
observed during desorption (Fig. 4b). The broad xenon signal
during adsorption could indicate immobilization of xenon
within the pores or structural heterogeneity of the MOF.
However, a more Lorentzian line shape would be expected if
the broadening is due to the immobilization of xenon in con-
trast to the observed signal in Fig. 4b especially for 1 bar
(adsorption). Therefore, the data rather support the hypothesis
of a structural heterogeneity of the sample at the beginning of
the adsorption experiment. This heterogeneity may originate
from different sized pores or multiple adsorption sites due to
a disordered contracted phase as also indicated by in situ
PXRD. As already expected from the xenon adsorption iso-
therm, xenon desorption is still incomplete at 1 bar.

Experimental procedures
General methods

All chemicals and solvents used in the syntheses were at least
of reagent grade and were used without further purification.
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Fig. 4 '?°Xe NMR spectra of DUT-190 during adsorption and desorp-
tion measured at 206 K; (a) full adsorption and desorption cycle; (b) for 1
bar; (c) for 2 bar.

"H and C NMR spectra were acquired on a Bruker Avance
IIT 500 spectrometer (500 MHz and 125.8 MHz for 'H and “*C,
respectively). All "H and C NMR spectra are reported in parts
per million (ppm) downfield of TMS and were measured rela-
tive to the residual signals of the solvents at 7.26 ppm (CDCl;)
or 2.50 ppm (DMSO-d,).>?

In situ "**Xe NMR experiments were carried out on a Bruker
Avance 300 spectrometer (1H resonance frequency of
300.13 MHz, magnetic field of 7.04 T) equipped with a liquid-
state NMR probe. A home-built in situ apparatus was used
which allows temperature and pressure adjustment.’®*® After
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each pressure change, a waiting time of at least 15 minutes
was applied to allow the system to be equilibrated before the
measurement. The spectra were referenced using the pressure-
dependence of the *°Xe chemical shift.** Extrapolation to zero
pressure is defined as “0 ppm”.

Attenuated total reflection infrared (ATR-IR) spectra were
recorded in a wave number range of 4000 cm™" to 600 cm ™"
using a BRUKER Vertex 70 infrared spectrometer.

Elemental Analysis (C, H, N) was performed using a Vario
MICRO Cube Elementar device.

PXRD patterns were collected in transmission geometry
with a STOE STADI P diffractometer operated at 40 kV and
30 mA with monochromatic Cu-Ka; (4 = 0.15405 nm) radiation,
a scan speed of 120 s per step and a detector step size of 2 0 =
6°. The samples were placed between non-diffracting adhesive
tape. “As made” samples were analyzed while suspended in
DMEF. Desolvated samples were prepared in a glove box under
argon atmosphere. Theoretical PXRD patterns were calculated
based on crystal structures using the Mercury 3.9 software
package.

Thermogravimetric analysis (TG) and differential thermal
analysis (DTA) were carried out in air using a Netzsch STA 409
C/CD thermal analyzer with a heating rate of 5 K min™".

SEM images of the DUT-190 samples were taken with sec-
ondary electrons in a HITACHI SU8020 microscope using 2.0
kV acceleration voltage, a working distance of 12.6 to 12.9 mm
and different magnifications. The samples were prepared on a
sticky carbon sample holder. To avoid degradation upon
exposure to air, the samples were prepared in a glove box
under argon atmosphere.

Nitrogen physisorption was measured at 77 K on a
QUANTACHROME Quadrasorb SI Automated Surface Area and
Pore Size Analyser.

Methane, carbon dioxide and xenon adsorption isotherms
were collected using a home-built system constructed from a
volumetric BELSORP-HP (Microtrac MRB) device and a closed
cycle helium cryostat DE-202D (ARS-Cryo) in the self-made
high-pressure adsorption cell based on a 1/2 inch VCR-
support. The adsorption system is designed for static physi-
sorption experiments in the temperature range of 4 to 300 K
and a pressure range of 0.01 to 8000 kPa. The BELSORP-HP
instrument is equipped with a turbomolecular pump and pos-
sesses a temperature-controlled standard volume (V) of
20.663 cm>. The dead volume of the system was determined
using helium gas with 99.999% purity. Methane (99.999%),
carbon dioxide (99.9995%) and xenon (99.998%) were used in
high-pressure gas adsorption experiments. All adsorption iso-
therms were measured using equilibrium conditions of 0.1%
of pressure change within 500 s.

Single crystal X-ray diffraction

Crystal structures of as synthesized DMF-filled phases of
DUT-180 and DUT-190 were determined by means of single
crystal X-ray diffraction experiments. Suitable single crystals
were prepared in the glass capillaries with d = 0.5 mm with
small amount of the mother liquid to avoid the desorption of

This journal is © the Partner Organisations 2023

View Article Online

Research Article

guests upon the experiment. The diffraction images were col-
lected at 100 K using a Bruker KAPPA APEX2 diffractometer,
equipped with a long focus X-ray tube with Mo-anode and
graphite monochromator (4 = 0.71073 A) and an APEX2 CCD-
detector. The unit cell parameters were determined based on
three short scans, performed on different crystal orientations.
The data collection strategy was optimized using the APEX3
software and collected images were integrated using the SAINT
software. Further instrument- and sample-related intensity cor-
rections were applied using the SADABS software. The crystal
structures were solved by direct methods implemented in the
SHELXS-2018/3 program.*? The obtained model was refined by
full matrix least-squares on F> using SHELXL-2018/3.*> All
non-hydrogen atoms were refined in the anisotropic approxi-
mation. Hydrogen atoms were refined in geometrically calcu-
lated positions using a “riding model” with Uio(H) =
1.2Ujs0(C). Anisotropic displacement parameters of the carbon
atoms of the dabco molecule were treated by using SIMU and
DELU instructions in the refinement. The positions of dis-
ordered solvent molecules in the pores could not be deter-
mined from the Fourier electron density maps, and therefore,
the SQUEEZE routine was applied to reduce the contribution
of the solvent molecules on the structure factors.*® As a result,
3587 and 21003 electrons were removed from 14 873 A® of
solvent accessible void in DUT-180 and 67905 A® of solvent
accessible void in DUT-190 correspondingly. CCDC 2247742,
2247743 and 2247744 contain the supplementary crystallo-
graphic data for DUT-180cp, DUT-1800p and DUT-1900p.

Crystal data for DUT-1800p. C46HpsN,010Zn,, M =
449.72 gmol™, orthorhombic, Imma, a = 23.369(12) A, b =
44.49(2) A, ¢ = 17.204(9) A, V = 17888(16) A%, z = 4, d =
0.334 gem ™, g = 0.282 mm™", F(000) = 1832, 2 Oqax = 25.07°,
47 731/8195/150 reflections collected/unique/parameter, R, =
0.1557, Ry(I>26) = 0.0485, wR,(all) = 0.1530, S = 1.001.

Crystal data for DUT-1900p. CgoHypN3043Zn,, M =
1382.53 gmol™", rhombohedral, R3c, a = 25.7659(7) A, ¢ =
141.344(4) A, V = 81264(5) A’, z = 12, d = 0.339 gem™>, y =
0.365 mm™', F(000) = 8412, 2 O, = 25.12°, 392 276/16 126/286
reflections collected/unique/parameter, R;,, = 0.228, R,(I>20) =
0.0768, wR,(all) = 0.3450, S = 1.014.

Crystal structure determination of the contracted phases of
DUT-180 and DUT-190

The crystal structure of the contracted phase of DUT-180cp
was determined from PXRD patterns using the Reflex tool of
the Materials Studio 5.0 software.** Indexing of PXRD patterns
using suggested orthorhombic crystal symmetry and analysis
of intensities resulted in Imma space group, which is the same
space group as was determined for DUT-180op phase. The
structural model was obtained using geometric optimization
of the DUT-1800p structure using UFF force field and unit cell
parameters, obtained in the indexing. The PXRD profile was
refined using a Pawley fit, followed by a Rietveld refinement of
the crystal structure. Zn atoms, carboxylate groups and phenyl
groups of the ligand molecules were handled as rigid bodies
in the refinement in order to reduce the number of para-
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meters. The Rietveld plot is given in Fig. S21 (ESI}). The PXRD
pattern of DUT-190cp was measured in situ in parallel to nitro-
gen physisorption at 77 K. Since the number of observed
reflections was not sufficient for ab initio indexing of the PXRD
pattern, we hypothesized a similar stimuli-induced behavior of
the DUT-13 and DUT-190 structures considering the similarity
of the op structures and adsorption properties. We constructed
the corresponding structural model and performed a Pawley fit
of the PXRD showing good matching of the simulated unit cell
(Fig. S22, ESI).

Structural data for DUT-180cp. C,¢H,3N,O4¢Zn,, M
899.78 gmol ™", orthorhombic, Imma (no. 74), a = 25.625(7) A,
= 46.937(6) A, ¢ = 7.173(5) A, V = 8627.8(7) A*, Z = 4, A
1.54059 A, T = 296 K, 2 Orange = 3-50°, profile function
Thompson-Cox-Hastings, U = 0.462, V = 0.242, W = 0.002, X =
0.753, Y = 0.101, refined motion groups/degree of freedom 20/
20, R, = 0.0824, R, = 0.1023.

Profile parameters for DUT-190cp. Monoclinic, C2/c (no. 15),
a=50.576(4) A, b = 14.932(1) A, ¢ = 58.972(4) A, § = 123.909(4)°,
V =36960.7(8) A’, Z = 4, 1 = 1.54059 A, T = 77 K, 2 0range =
3-30°, profile function Thompson-Cox-Hastings, U = 0.01, V =
—0.001, W = 0.002, X = 0.000, Y = 0.155(2), R, = 0.0361, Ry, =
0.0491.

S

In situ PXRD in parallel to gas physisorption

In situ PXRD on DUT-190 in parallel to adsorption and desorp-
tion of N, at 77 K and CO, at 195 K was measured using a cus-
tomized setup, based on laboratory powder X-ray diffract-
ometer Empyrean-2 (PANALYTICAL GmbH), equipped with a
closed-cycle helium cryostat (ARS DE-102) and a home-built
in situ adsorption chamber, connected to a volumetric adsorp-
tion instrument BELSORP-max (Microtrac MRB). A TTL trigger
was used for establishing the communication between
BELSORP-max and Empyrean software and ensure the
measurement of the adsorption isotherm and PXRD pattern
data collection in a fully automated mode in the pre-defined
points of the isotherm. A parallel linear Cu K-a1 X-ray beam (4
=1.54059 A), gained after passing the hybrid 2xGe(220) mono-
chromator, 4 mm mask, and primary divergence and second-
ary antiscatter slits with 1/4° opening was used for data collec-
tion. Receiving slits with 1/4° opening and a Pixcel-3D detector
in 1D scanning mode (255 active channels) were used as diffr-
acted beam optics. The diffraction experiments were per-
formed using w-20 scans in transmission geometry in the
range of 2 0 = 3-50°.

Synthesis procedures

Synthesis of Etstpdatb. 1.50 g (98%, 5.65 mmol, 1.00 eq.)
4,4"-diamino-p-terphenyl, 12,25 g (99%, 37.27 mmol, 6.60 eq.)
Caesium carbonate, 53.8 mg (98%, 226 pmol, 0.04 eq.)
Palladium acetate and 298.6 mg (98%, 452 pmol, 0.08 eq.) rac-
BINAP were put into a Schlenk flask under Argon. After
addition of 75 mL degassed 1,4-dioxane 5.2 mL (7.26 g, 98%,
31.06 mmol, 5.50 eq.) Ethyl 4-bromobenzoate were added via
syringe. The reaction mixture was refluxed for one week and
finally filtered using Celite. The filtrate was then dried by
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MgSO, and evaporated. After that one can either perform
column chromatography using a 1:1 mixture of pentane and
diethyl ether or wash the crude product using diethyl ether
until only a colorless filtrate is obtained. A dark yellow powder
with a yield of 87.5% can be gained. R (TLC) = 0.76 in
pentane/diethyl ether 1:1. 'H NMR (500 MHz, CDCly): &
(ppm) = 7.95 (d, J = 8.8 Hz, 8H), 7.68 (s, 4H), 7.61 (d, J = 8.6
Hz, 4H), 7.21 (d, J = 8.6 Hz, 4H), 7.15 (d, J = 8.8 Hz, 8H), 4.37
(q, J = 7.1 Hz, 8H), 1.39 (t, J = 7.1 Hz, 12H). *C NMR
(126 MHz, CDCl;) 6 (ppm) = 166.30, 150.99, 145.64, 139.23,
137.36, 131.17, 128.36, 127.40, 126.56, 124.91, 122.84, 67.24,
60.95, 14.55. NMR Spectra and assignments of all atoms can
be seen in Fig. S2, ESL{ Elemental Analysis for
Cs54H,4gN,04:0.5CH,Cl,, calculated: C 72.68%, H 5.49%, N
3.10%; found: C 72.85%, H 5.50%, N 3.31%. IR v/cm™" = 3396
(w), 3066 (W), 3033 (w), 2978 (w), 2958 (W), 2933 (W), 2904 (w),
2871 (w), 1709 (s), 1613 (w), 1595 (s), 1528 (w), 1506 (m), 1488
(m), 1462 (w), 1446 (w), 1428 (w), 1415 (w), 1389 (w), 1365 (w),
1321 (m), 1265 (s), 1174 (m), 1101 (m), 1016 (W), 1004 (W), 971
(w), 924 (w), 874 (w), 847 (w), 816 (w), 782 (W), 766 (m), 735 (W),
709 (w), 696 (w), 683 (W), 671 (W), 640 (W), 632 (W).

Synthesis of Hytpdatb. 4.46 g (94.4%, 4.94 mmol, 1.00 eq.)
Et,tpdatb and 6.37 g (87%, 98.83 mol, 20 eq.) Potassium
hydroxide were refluxed with 28.25 mL H,O and 90 mL THF
for four days. After evaporation of the solvents 60 mL water
were added and the solution was filtered. Then a 1 M HCI solu-
tion was added until a yellow suspension occurred. The pre-
cipitate was filtered off and washed until the filtrate had
around pH = 6. The yellow solid was dried in an oven at 80 °C
and then washed with small amounts of DCM. A yield of 98%
could be obtained. "H NMR (500 MHz, DMSO-d¢) § (ppm) =
12.75 (s, 4H), 7.89 (d, J = 8.8 Hz, 8H), 7.79 (s, 4H), 7.78 (d, J =
8.5 Hz, 4H), 7.23 (d, J = 8.5 Hz, 4H), 7.13 (d, J = 8.7 Hz, 8H).
BC NMR (126 MHz, DMSO-d¢) § (ppm) = 166.79, 150.23,
145.13, 138.11, 136.15, 131.07, 128.08, 126.97, 126.44, 124.91,
122.49. NMR Spectra and assignments of all atoms can be
seen in Fig. S4, ESL{ Elemental Analysis for
C46H3,N,04-1.8HC, calculated: C 68.52%, H 4.22%, N 3.47%;
found: C 68.62%, H 3.97%, N 3.29%. IR y/em™ = 3062 (m),
3032 (m), 2885 (m), 2652 (m), 2599 (W), 2538 (m), 2528 (m),
1682 (m), 1613 (w), 1592 (s), 1530 (w), 1507 (m), 1488 (m), 1415
(m), 1316 (m), 1268 (m), 1172 (m), 1102 (m), 1015 (w), 1005
(w), 960 (w), 921 (w), 848 (w), 814 (w), 769 (m), 726 (W), 698 (W),
670 (W), 652 (W), 630 (W).

General procedure for the synthesis of DUT-180. 565.0 mg
(2.16 mmol, 13.5 eq.) zinc nitrate tetrahydrate were dissolved
in 96 mL N,N-dimethylformamide (DMF) while 118.3 mg
(0.16 mmol, 1.0 eq.) Hytpdatb were dissolved in 64 mL
N-methyl-2-pyrollidone (NMP). The zinc salt solution was
equally distributed among 16 pyrex tubes before the linker
solution was added. After closing the tubes, the reaction was
carried out in a drying oven at 80 °C for one week. The
obtained yellow needles were washed with DMF and then
dried and activated using supercritical carbon dioxide in a
Jumbo Critical Point Dryer 13200] AB after solvent exchange
from DMF to Acetone. IR v/em™* = 3072 (w), 3032 (w), 1718
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(w), 1685 (w), 1600 (s), 1587 (s), 1571 (m), 1522 (s), 1506 (s),
1489 (s), 1390 (s), 1318 (s), 1298 (m), 1270 (s), 1181 (s), 1153
(w), 1113 (w), 1046 (w), 1014 (w), 1005 (w), 973 (w), 960 (w), 921
(w), 857 (w), 839 (w), 811 (m), 783 (m), 743 (w), 731 (w), 707
(w), 674 (W), 640 (W), 633 (W).

General procedure for the synthesis of DUT-190. 1.19 ¢
(5.40 mmol, 13.5 eq.) Zinc acetate dihydrate were dissolved in
60 mL NMP and 160 pL acetic acid were added, while
296.2 mg (0.40 mmol, 1.0 eq.) Hytpdatb were dissolved in
40 mL NMP. The Zinc solution was equally distributed among
10 pyrex tubes before the linker solution was added. After
closing the tubes, the reaction was carried out in a drying oven
at 80 °C for one week. The yellow rhombohedral crystals were
washed with NMP thrice and then dried and activated using
supercritical carbon dioxide in a jumbo Critical Point Dryer
13200] AB after solvent exchange from NMP to Acetone. IR v/
cm™! = 3065 (w), 3033 (w), 1728 (w), 1685 (w), 1596 (s), 1550
(m), 1533 (m), 1507 (m), 1489 (m), 1407 (s), 1317 (m), 1284
(m), 1179 (m), 1149 (w), 1106 (w), 1016 (w), 1005 (W), 857 (W),
842 (w), 815 (m), 783 (m), 746 (w), 713 (W), 678 (W), 631 (w).

Conclusions

We successfully applied the isoreticular approach to design the
new flexible frameworks DUT-180 (lil-a) and DUT-190 (ttu-a)
based on zinc paddle-wheel and Zn,0%" metal nodes, respect-
ively. Similar to DUT-10, the isoreticular framework irreversibly
contracts upon desolvation to a less porous, but more thermo-
dynamically stable DUT-180cp phase. In DUT-190, elongation
of the backbone of the organic ligand does not influence the
pore size. By showing a broad hysteresis, indicating high
framework flexibility in the form of a breathing mechanism, a
similar behavior to DUT-13 upon physisorption of subcritical
fluids is observed. In situ PXRD, measured in parallel to nitro-
gen physisorption at 77 K, does not show significant changes
in reflection positions indicating either complete amorphiza-
tion of the contracted phase or overlapping of the patterns. In
situ *Xe NMR shows a hysteresis between signals measured
in adsorption and desorption branches and confirms the
framework flexibility. Physisorption of methane on DUT-190 in
a broad temperature range indicates that elongation of the
ligand backbone strongly influences the micromechanics of
the breathing transition. This approach can be further used
for the targeted design of breathing frameworks with similar
flexibility mechanisms. Further systematic alteration of the
micromechanical properties of the tetracarboxylate ligands
may result in flexible frameworks with desired stress/strain
response, required for specific applications.
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