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Removal of the guest molecules from the pores of Metal-Organic Frameworks (MOF's) is one of
the critical steps in particular for highly porous frameworks associated with high internal stress.
In case of isostructural mesoporous DUT-49(M) (M — Cu, Ni, Mn, Fe, Co, Zn, Cd) frameworks,
only DUT-49(Cu) and DUT-49(Ni) could be successfully desolvated so far and only by using
supercritical activation. To get a deeper insight into the processes occurring upon the desorption
of the solvent from the pores of DUT-49(M) the desolvation was monitored in situ by synchrotron
PXRD. Analysis of the time-resolved PXRD data shows the full structural pathway of the solid,

which involves continuous and discontinuous phase transitions from open pore (op) to



intermediate pore (ip) phase and from ip to contracted pore (cp) phase for DUT-49(Cu) and DUT-
49(Ni). For DUT-49(Zn), the op to ip transition is directly followed by amorphization of the

framework. All other frameworks show direct amorphization of the op phase.

Introduction

MOFs are 3-dimensional architectures constructed via the coordination of metal ions or cluster
as nodes and organic linkers as struts, resulting in crystallographically well defined porosity.'™
After removing the guest molecules from the pores, record values of surface area and pore volumes
can be reached.”’ The application potential of MOFs is ranging from typical for porous materials
application such as gas storage,’ separation’ and catalysis'’ to a rather specific application for

crystalline porous solids e.g. sensors'' and electronic devices.'> "

One of the unique properties of MOFs is stimuli-induced framework switchability, which is
reflected in the structural response as an answer of chemical and electrochemical stimuli and
associated with the change in porosity and pore accessibility.'*'® This feature of the flexible
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framework can be effectively used for enhancing the gas storage capacity ™~ or gas separation

selectivity”?!

and particular cases outperform their rigid analogues. Due to their specific mechanic
properties, flexible MOFs are also often discussed for applications as shock absorbers or nano

springs.”>* Based on the kinetics of the structural transformations of the framework, these porosity

changes are termed as gating, breathing, swelling or subnetwork displacement."

The gating is usually specified by the threshold activation energy, which must be reached
to induce the phase transition. For guest-induced breathing, the threshold chemical potential should
be reached to induce the transition from usually dense closed pore phase to porous open pore

phases. The archetypical examples of gating are observed in Cu(bipy)2(BF4): also known as ELM-



11** and Niz(ndc)2dabco, also known as DUT-8(Ni).” Multi-step gating behaviour upon adsorption
of nitrogen at 77 K was observed in Co(bdp) framework.*® The prototypical example of breathing
MOF is MIL-53(Al), where two-phase transitions are observed upon adsorption of carbon dioxide
in the broad temperature range.””** In the first step, the cooperative contraction of the framework
from a large pore phase to narrow pore phase is observed upon the adsorption of one CO2 molecule
per unit cell. Further adsorption leads to the reopening of the framework to large pore phase, filled

with CO2 molecules.”

A unique type of breathing has been recently discovered in the hierarchical mesoporous
Cuz(BBCDC) framework, further denoted as DUT-49(Cu).** The MOF is constructed from the
coordination of tetratropic HiBBCDC linker with Cu-Cu paddlewheel, forming three distinct types
of pores: cuboctahedral MOPs with 10 A in diameter, interconnected by edges via biphenyl
moieties and form additional tetrahedral (17 A) and octahedral (24 A) cages.’' The framework can
be desolvated by exchange with supercritical CO2 without losing crystallinity. Adsorption of
subcritical fluids at the temperatures close to the standard boiling point trigger the framework
contraction from op phase to cp phase accompanied by the spontaneous gas release phenomenon
and pressure increase, called NGA.” Further increase of the pressure leads to the framework
reopening to op phase. Desorption of the gas is characterized by the reversible transition to cp
phase showing the broad hysteresis. NGA transitions originate from the flexibility of the biphenyl
spacer of the linker, which undergoes buckling induced by the adsorption stress.’” This directs the
framework to undergo a structural transition from a mesoporous op phase to a microporous cp
phase with significantly reduced specific pore volume. Sequential studies have shown the effect
of spacer rigidity and variation in adsorption stress.” A change in particle size has also been found

to impact the NGA response.** Moreover, host-guest and guest-guest interactions, the influence of



the defects, introduced in a controlled way to the framework was studied by in situ '*’Xe NMR.>
* Most recently, we have studied the role of variation of the metal centres on the flexibility and

NGA in the framework.”’

Variation in the metal centres of M-M paddle-wheel SBU results in the formation of
isostructural DUT-49(M) frameworks. However, the porosity of the framework was found to be
different for each of the structures. While a high and moderate porosity was obtained for DUT-
49(Cu) and DUT-49(Ni), respectively, other members of the series [DUT-49(M); M= Mn, Fe, Co,
Zn, Cd] show very low porosity and shapes of the adsorption isotherms which is not expected for
op phases of these MOFs. Investigation on those MOFs revealed that those frameworks undergo
structural collapse during the solvent removal at the activation step. Thus, herein, we aimed to
study the detailed structural transformations that are possibly occurring during the removal of the

subcritical fluid from the framework.
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Figure 1. Conventional and supercritical pathways of solvent removal from the DUT-49(Cu)
framework, followed by the structural transitions upon adsorption of guests and typical adsorption

1sotherms.

Removal of solvent during activation of MOFs can be achieved by following approaches:
conventional evaporation, freeze-drying and supercritical carbon dioxide activation.® These
methods differ in the amount of internal stress acting on the framework upon removal of the solvent
molecules. Direct removal of the solvent in the subcritical state from the MOF pores creates the
largest stress. If the mechanical stability of the framework is high enough to sustain the stress, the
guest molecules can be removed from the pores in the subcritical state without the framework
collapse. Otherwise, the fluid should be transferred to the supercritical state to minimize the
intermolecular interactions and therefore reduce the capillary forces upon removal from the pores.
Most of the mesoporous MOFs are characterized by a low bulk modulus and supercritical carbon
dioxide activation is the only way to remove the guest molecules from the pores. However, in
some particular cases, even supercritical activation cannot prevent the framework collapse. DUT-
49 is a perfect example for investigation of the guest desorption from the pored because of its
hierarchical pore structure, composed of both micro- and mesopores, but also because of the
variety of the metal centres, from which only two of them remain crystalline after supercritical
drying procedure. Hence, in the following we address two critical questions to achieve a better
understanding of framework desolvation and its impact on structure and porosity of frameworks:
1) Why only DUT-49(Cu) and DUT-49(Ni) retain the crystallinity after the supercritical drying
procedure and what is the difference to other DUT-49(M) frameworks?; 2) What is the pathway
of the structural collapse of the frameworks upon solvent desorption? In order to answer these

questions unambiguously, the supercritical CO:z activation should be followed by PXRD, which is



quite challenging since the cell should be transparent for X-rays, sustain the pressures over 100
bar and temperatures ranging from 283 K to 313 K. Since these conditions are , we monitored the
conventional solvent desorption on a series of DUT-49(M) (M — Cu, Ni, Co, Fe, Zn, Mn, Cd) using
acetone as a working fluid by time-resolved synchrotron PXRD aiming to access the structural

pathways of the framework collapse.

Experimental Section

Synthesis of the ligand and MOFs

The organic linker (HsBBCDC) was synthesized and characterized using the same procedure as
described in the previous report.’’ Suitably sized single crystals of the MOF were obtained through
the post-synthetic metal exchange, starting from DUT-49(Co). DUT-49(Co) was synthesized from
the direct solvothermal reaction of HiBBCDC linker and Co(NO3)2:6H20 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 NMP
solvent as per the previously reported pathway, to get single crystals of DUT-49(M) [M = Mn, Fe,
Ni, Cu, Zn, Cd] MOFs. These newly obtained MOFs were then washed with fresh NMP until free
from any residual metal ion and stored inside 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 fresh solvent for 6 times over a period of 24 h. These crystals were then stored in
the same solvent and directly selected for diffraction measurement experiment. The desolvated
crystal of DUT-49(Cu) was prepared through supercritical CO: treatment to acetone exchanged
crystal, using a Jumbo Critical Point Dryer 13200J 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 for 10 times over a period of 5 days. The temperature and pressure inside the
dryer 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 the
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.

Materials and Methods

PXRD patterns of as made DUT-49(M) powders were obtained at room temperature on STOE
STADI P diffractometer using Cu-Kal radiation (A = 1.54059 A) and a 2D detector (Mythen,
DECTRIS). All measurements were performed in transmission geometry using a rotating flatbed

sample holder, 20 steps of 0.015° and exposition time of 20 s per step.

Time-resolved in situ PXRD during the framework desolvation

Time-resolved in situ PXRD experiments were performed at P23 beamline of PETRA III
synchrotron, operated by DESY (Hamburg, Germany). The powder of DUT-49(M) in acetone
solution was fixed in a borosilicate capillary (d = 0.5 mm). The capillary was inserted in a specially
designed capillary holder, centred in the synchrotron beam. The capillary was connected to the gas
flow setup by 1/8” ultra-torr connector from Swagelok®. The setup is controlled by MFC, allowed
to align the nitrogen flow in the range of 0.1 — 100 ml/hour. Pure nitrogen (99.99 %) purity was
used in experiments (Fig. S2, ESI). Monochromatic radiation with £ =18.7 keV (A = 0.663 A) was
used in all experiments. PXRD patterns were measured with 1 s. intervals in transmission geometry
using PILATUS 1M detector. Silicon powder was used as an external standard for calibration of

the system. DAWN software was used for integration of the diffraction images.’” The flow rates



of 5 ml/min and 2 ml/min were used in experiments. Le Bail fit of the selected patterns was

performed using FullProf.*

Time-resolved optical microscopy

The video recordings were conducted using an Olympus [X70 inverted microscope. The
microscope was equipped with a Sony Alpha 6000 camera. Using a 20x objective and an additional
1.5x objective, the magnification was increased to 30x. To determine the crystal size, the pixels of
the camera were first calibrated using different grids. To determine the edge length of the crystal,
a frame at the beginning of the sequence and a frame at the end was saved individually. From these
images the dimensions were determined using the Software ImagelJ version 1.51f. The crystal was
measured in height and width and the average value was set as edge length. Since the crystals are
cubic, this simplification is valid. The cubic DUT-49(Cu) crystal was placed in
dimethylformamide on a microscope slide. Afterwards, a video with an original length of 21.41
min was recorded and the contraction of the crystal while ambient pressure solvent evaporation
was studied. The resulting video was cut to the relevant part for better clarity. The video was

cropped, and the speed was increased by a factor of 10.

Results and Discussion

All materials were synthesized as described previously. DUT-49(Co) was obtained via
solvothermal reaction and DUT-49(M) frameworks were obtained using a post-synthetic metal
exchange procedure. The phase purity and crystallinity of the frameworks was confirmed by

PXRD (see ESI, Fig. S1). Further, the guest molecules in the pores were exchanged from NMP to



acetone to increase the desorption rate. To answer the above-posted questions, we followed
desorption of acetone from MOF pores in-situ using time-resolved powder X-ray diffraction at

P23 beamline of PETRA-III synchrotron, operated at DESY.

For the case of all DUT-49(M) MOFs, the initial crystalline pattern was in good agreement
with that of the respective calculated pattern (Fig. S1, ESI). The first and most intensive peak in
the pattern at 20 = 1.411° corresponds to the (111) lattice plane and is, therefore, suitable for the
monitoring of the phase transition. It is noteworthy that during the adsorption or desorption
induced transition in DUT-49(Cu), this peak shifted to higher 20 angles as a result of the isotropic
two-fold unit cell contraction, accompanied by lowering of symmetry from Fm3m to Pa3. Since
acetone is a subcritical fluid at experimental conditions, the same pathway as previously observed

upon desorption of methane (111K) or n-butane (273K) is expected.

Indeed, desorption of acetone from DUT-49(Cu) at 298 K shows similar two-step phase
transition: 1) shift of the 111 peak to 1.51° indicates the formation of ip phase with a = 43.58 A;
2) shift of 111 reflection to 1.82°, which corresponds to the cp phase of the MOF with a = 36.16
A (Fig.2a). This phase is observed only in one PXRD pattern (1 s) showing further complete loss
of crystallinity and indicating the structural collapse of the framework, as typically observed upon
conventional activation of DUT-49. The change is accompanied by a characteristic colour change

from blue to green.

To evaluate the macroscopic changes of the material during the desorption, the time-resolved
study of desorption of the DMF from DUT-49(Cu) was monitored by optical microscopy
(supplementary video). Initially, the dark cloudy regions and cracks appear on the four corners of

the cube simultaneously, accompanied by the shrinkage of the crystal. In terms of the crystal size,



the initial size of the crystal edge was determined as 94.8 um. For a perfectly cubic crystal, this

corresponds to a crystal volume of 851971 um’. After the structural transition, the resulting crystal

has an edge length of 68.2 um which results in a crystal volume of 317214 um’. Based on these

values, the crystal volume reduces by 63 % from its initial size. This value is 10% higher in

comparison to the value, calculated from op and cp structures.® However, in situ PXRD data

suggest rapid decomposition of the cp phase to the more dense amorphous phase.
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Figure 2. Time-resolved synchrotron PXRD upon desorption of acetone from the pores of (a)

DUT-49(Cu) and (b) DUT-49(Ni).
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In the next step, we performed in situ desorption of acetone from the pores of DUT-49(Ni),
the second MOF from the series, which can be desolvated by supercritical CO.. Time-resolved
PXRD measurements on DUT-49(Ni) under nitrogen flow show a similar trend as observed for
DUT-49(Cu) (Fig.2b). Analysis of individual PXRD patterns in the range of transition shows the
splitting of 111 peak indicating the phase coexistence in the patterns (165-168). Further desorption

leads to the formation of the cp phase, confirmed by the appearance of the reflection at 26=1.84°.

In further experiments, we subjected DUT-49(M) (M — Fe, Co, Zn, Cd) to time-resolved PXRD

experiments using the same nitrogen flow (Fig.3).
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Figure 3. Time-resolved synchrotron PXRD upon desorption of acetone from the pores of (a)

DUT-49(Co), (b) DUT-49(Zn), (c) DUT-49(Fe) and (d) DUT-49(Cd).

In the cases of DUT-49(Co), DUT-49(Fe) and DUT-49(Cd), completely different behaviour was

observed upon solvent desorption. In all these cases, no shifts in the positions of the reflection
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were observed. The intensity of 111 reflection, belonging to the op phase vanished at some point
indicating the loss of the 3D ordering of the structures. Interestingly, in case of DUT-49(Zn) the
formation of the intermediate phase could be proven by the shift of 111 reflection from 26 = 1.39°

to 20 = 1.46° (Fig.3b).

These results exactly reflect the behaviour of DUT-49(M) solids in the desolvation and in case
of DUT-49(Ni) and DUT-49(Cu) exactly followed the pathway of the structural transitions earlier
observed in the gas desorption experiments, namely moving along the free energy landscape and
reaching the second minima, which is reflected in the cp phase. Interestingly, the cp phase could
be observed only in few PXRDs, namely in the time frame of few seconds, shortly before the
framework loses the ordering. Interestingly, this observation contradicts to in sitfu PXRD data
measured upon desorption of methane at 111K and other gases, indicating the integrity of cp phase
even after complete desorption of the fluid. Refinement of the profile for the patterns close to the
transition shows no changes in the unit cell in DUT-49(Cd), DUT-49(Fe) and DUT-49(Co) until
amorphization (Fig. 4). In the case of DUT-49(Zn), an op to ip transition could be observed before
amorphization, however, no cp phase was detected. For DUT-49(Ni), the full pathway op —ip —
cp could be followed. Due to the low signal-to-noise ratio, the profile data on DUT-49(Cu) could

not be analyzed quantitatively.
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Figure 4. Evolution of the unit cell parameters of DUT-49(M) with time upon desorption of

acetone (only PXRDs measured directly before contraction were analyzed).

In case of DUT-49(M) (M - Co, Fe, Mn, Cd), a gradual loss in crystallinity was observed upon
desorption of acetone from the pores. Taking into account the fact that all frameworks are
isostructural and the same guests and experimental conditions were used in all experiments the
metal centre plays a crucial role in reducing the mechanical stability of entire frameworks
controlling the response on internal stress. In situ experiments can be also considered as direct
proof of the bistability of the framework, which could be confirmed only for DUT-49(Cu) and
DUT-49(Ni). Interestingly, DUT-49(Zn) shows the stable ip phase, which loses crystallinity upon
further desorption of the guests. Although the constant gas flow and identical capillaries were used
in all above experiments, the absolute stability cannot be directly extracted from the data because
of the different powder packing and position of the capillary in the beam. As an example, for DUT-

49(Cu) we studied the influence of the gas flow rate on the pathway of the crystal structure,
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however, even reducing of the gas flow rate from 5 ml/min to 2 ml/min, indicates no formation of

additional phases upon desorption of acetone (Fig. 2a).

Conclusions

Summarizing, we studied the desolvation mechanism in DUT-49(M) (M — Mn, Fe, Co, Ni, Cu,
Zn, Cd) frameworks by time-resolved in situ synchrotron PXRD. Desolvation of DUT-49(Cu) and
DUT-49(Ni), which retain their structures after supercritical activation and show adsorption
induced flexibility, follow a similar pathway, as observed in desorption experiments. For these
cases an op —p transition, triggered by elastic deformation of the ligand, is followed by an ip —ep
transition, caused by inelastic buckling of the linker. The cp phase loses crystallinity within few
seconds, which differs from the observations made by in situ PXRD studies upon
adsorption/desorption of methane at 111 K. DUT-49(Zn) shows the continuous op —ip transition,
but hereafter loss of crystallinity, which is an indicator of the absence of the bistability, required
for flexibility and NGA. The op phases of DUT-49(M) (M — Mn, Fe, Co, Cd) show direct
amorphization without any signs of phase transitions, attributed by the low stability of the
corresponding paddle-wheels. Although in silico calculations can predict the free energy profile in
some particular cases, experimental monitoring of the MOF desolvation can be considered as a
valuable technique for estimating bistability in MOFs. Besides, a detailed analysis of PXRD
patterns by profile matching and even Rietveld refinement could provide meaningful information

for the development of adsorption/desorption driven stress models for MOFs.
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