Published on 15 June 2020. Downloaded by State Public Scientific Technical Library, Siberian Branch of the RAS on 12/8/2020 12:38:50 PM.

ChemComm

‘ W) Check for updates ‘

Cite this: Chem. Commun., 2020,
56, 8269

Received 6th April 2020,

Accepted 15th June 2020 Alexander Krylov,

Svetlana Krylova,

DOI: 10.1039/d0cc02491k Stefan Kaskel b

rsc.li/chemcomm

Experimental in situ observations of phase coexistence in switch-
able metal-organic frameworks are reported to provide a funda-
mental understanding of dynamic adsorbents that can change their
pore structure in response to external stimuli. A prototypical flex-
ible pillared layer framework DUT-8(Ni) (DUT = Dresden University
of Technology) was studied under hydrostatic pressure by in situ
Raman spectroscopy on single crystals. The closing transition of the
open pore phase (op) containing DMF in the pores in silicon oil as a
pressure transmitting fluid, as well as the closed pore phase (cp) to
op transition under pressure in methanol, were studied. Phase
coexistences during both transitions were observed.

Flexible metal-organic frameworks (MOFs) are capable of pro-
nounced structural changes upon the influence of external
stimuli, such as presence of gases or liquids, temperature,
electromagnetic irradiation or mechanical stress. The dynamic
response of highly porous frameworks is a promising feature
for applications in gas storage, separation, sensing etc."> How-
ever, for establishing flexible MOFs as a widely usable technol-
ogy platform a fundamental understanding of mechanisms and
factors affecting switchability is of paramount importance.
Despite very recent research progress in understanding of
dynamic structural transformations in porous frameworks sup-
ported by DFT, GCMC and hybrid Monte Carlo methods®
numerous open questions remain. In particular, the role of
surface, particle size, defects, nucleation phenomena, coopera-
tivity etc. is important to understand but challenging to deline-
ate both from experimental and theoretical points of view.
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In general, established literature distinguishes first-order
transitions (discontinuous structural transitions) and second-
order transitions (continuous transformations) and this cate-
gorization may also apply to flexible MOFs as long as only the
solid-solid transition is considered.” A first-order phase transition
is characteristic for many switchable MOFs, showing gating or
breathing in adsorption isotherms as evident from the pronounced
hysteresis. A prototypical pillared layer Zn,(1,4-bdc),dabco system
(1,4-bdc = terephthalate, dabco - 1,4-diazabicyclo[2.2.2]octane) was
recently studied by Keupp and Schmid using Molecular Dynamics
simulations under high pressure, postulating a mechanism of first-
order phase transition with an interface between the op and cp
form, travelling rapidly through the crystallite.”

However, the necessity of temporary coexistence of the op
and cp phases inside the crystal upon first-order phase transi-
tion raises several intriguing questions on the propagation rate
of phase transition fronts, the role of cooperativity in this
process, appearance and nature of spatially separated regions
with distinct structures as well as the question, if the transition
can be interrupted, resulting in a coexistence of trapped
metastable states and equilibrium phases. The transformation
mechanism, the role of cooperativity and phase coexistence
questions were previously discussed for MIL-53 (M(OH)(1,4-
bdc), M = Al, Cr, Sc) system, a widely investigated breathable
MOF.%® Recently, Paesani et al. have monitored the breathing
of an individual MIL-53(Cr) crystallite upon water adsorption
and temperature variation in the environmental TEM showing
that under certain conditions the diffraction patterns indicate
two different lattice structures simultaneously, which might be
due to the coexistence of the two phases in a single crystal
domain.*® Rogge et al'® postulated from simulations that
according to the theoretical calculations pillared layer MOF
Zn,(1,4-bdc),dabco (DMOF-1(Zn)) may exhibit metastable cp/op
phase coexistence regions under influence of hydrostatic pres-
sure in the pressure range between 0.1 GPa and 0.14 GPa. At
0.18 GPa, the op state becomes unstable and the material
transforms into cp state. Excellent recent reviews summarize
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the progress in the field of high-pressure studies on MOFs."'™**
Mercury intrusion experiments performed on desolvated open
pore DMOF-1(Zn/Cu) show the starting transition pressure at
0.051 and 0.193 GPa, respectively.'® The transition, however, is
accompanied by amorphisation after 0.42 GPa. In contrast,
solvated DMOF-1(Co) shows a first transition to lower symmetry
at 0.7 GPa in Daphne oil, and the (pre)amorphous state
formation (without breaking of coordination bonds) detected
in the region of 2.19 to 3.46 GPa."” Previous studies revealed,
that the mechanical properties as well as threshold character-
istics in flexible MOFs are often influenced by the metal in the
node and linker functionality."®>*

DMOF-1, however, shows only minor response to most
guests and the cell volume change predicted for contraction
under pressure is expected to be only 40%.'® We investigated
the behaviour of a switchable MOF, namely DUT-8(Ni)
(Niy(ndc),(dabceo) (ndc - 2,6-naphthalene dicarboxylate)),>* cap-
able of reversible phase transitions accompanied by a giant
change of porosity and crystallite volume (up to 240%).>¢ It
transforms into a closed pore phase (cp) upon desolvation and
can be reversibly transformed into the open pore phase (op) by
adsorption of selected fluids (Fig. 1a and b).>*?°

For DUT-8(Ni) the cp-op structural transformation upon
adsorption of many fluids shows a characteristic discontinuous
transformation. It is accompanied by a large hysteresis, typical
for a first-order transition.>® During in situ gas adsorption/X-ray
diffraction experiments performed on powdered DUT-8(Ni)_cp
samples, the simultaneous presence of the op and cp phases is
always observed.>®

This coexistence was interpreted as crystallites switching
consecutively after each other. The gate opening is an activated
process and crystals varying in size, morphology, defect concen-
tration, surface barriers, etc. are expected to show different gate
opening pressures due to differences in the activation barriers.
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Fig. 1 (a) Crystal structure of DUT-8(Ni)_cp (CCDC 1034317); (b) crystal
structure of DUT-8(Ni)_op (CCDC 760964) (the solvent molecules are
omitted). (c) Raman spectra of DUT-8(Ni)_op (green) and DUT-8(Ni)_cp
(yellow) at atmospheric conditions.*?
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The dependence of flexible behaviour on crystal size has been
demonstrated for DUT-8 and other MOFs.>” "

An alternative explanation for the appearance of cp and op
phases is the coexistence in single crystals as recently
postulated.'® Both hypotheses (coexistence in one single crystal
vs. separated crystals switching consecutively) are not mutually
exclusive but have important implications for rational tuning of
switchable adsorbents and their applications.

In the following we analyse the switching mechanism of
DUT-8(Ni) in order to detect supposed coexistence of op and cp
phase in single crystals under hydrostatic conditions using
Raman spectroscopy, since this technique can discriminate
between op and cp phases in the low-frequency Raman region
(<200 cm™ ") unambiguously, as reported previously (Fig. 1c).***>
Moreover, it can be applied for structure monitoring in situ, and
can be easily performed on single crystals, opening the possibility
to address specific questions and rule out the effects associated
with the particle size distribution in a powder.””*>* Raman
spectroscopy is also useful in case diffraction quality of single
crystals suffers due to fracturing,® as amorphisation and bond
breaking can be clearly detected.'”*¢38

The closing behaviour of DUT-8(Ni)_op was investigated on
a single crystal, containing N,N-dimethylformamide (DMF) in
the pores and silicon oil as pressure transmitting medium. At a
minimum pressure of 0.02 GPa applied in the experiment, only
one signal at 23 cm ™" is present, corresponding to the pure op state
of the structure. However, a minimal increase of pressure up to
0.05 GPa leads to the appearance of an additional line at 60 cm™"
and, correspondingly, to the beginning of the closing process
(Fig. 2 and Fig. S5, ESIt). The waiting time after pressure jump
was at least 30 min, ensuring proper equilibration.

Interestingly, both lines, at 23 ecm ™ (characteristic for the op
phase) and 60 cm™ " (characteristic to the cp phase) appear in
the spectra, indicating the presence of cp and op phases
simultaneously within the same crystal. This observation suggests
a coexistence of the op and cp phases as it has been observed
during in situ gas adsorption/X-ray diffraction experiments®® and
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Fig. 2 Raman spectra of DUT-8(Ni)_op under hydrostatic pressure in
silicone oil (region up to 300 cm™, for full spectrum see Fig. S5, ESI%).
The position of the characteristic op and cp signals are marked as green
and orange dashed lines, respectively.
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Fig. 3 Presence of the corresponding phase fractions (for details see ESIt)
in the single crystal depending on the pressure. The green symbols
represent the experiment performed on the open framework (left axis),
the yellow symbols represent the experiment performed on cp phase in
methanol (right axis).
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might indicate that cp and op domains in DUT-8(Ni) are able to
coexist inside one single crystal.

In solvated DUT-8(Ni) crystal under hydrostatic pressure,
both phases coexist up to 0.12 GPa, however the ratio between
the cp to op domains changes with pressure, as evident from the
changes in the peak area ratio of the characteristic signals at 23
and 60 cm ™", respectively (Fig. 3). Taking into consideration that
the measurement spot (ca. 2 pm in diameter or ca. 8 um® in
volume) is much smaller, than the single crystal size (up to 70 pm
in length, Fig. S2, ESIt), one can suppose a wider distribution of
op and cp domains through the whole crystal. However, the
formation of grain boundaries or partially disconnected domains
in a particular crystal habit that still appears visually as an intact
macrocrystal of characteristic shape cannot be fully ruled out at
this point (Fig. S3, ESIt). At 0.32 GPa, the line at 23 cm™*
completely disappears in the spectrum and we assume that the
complete sample is transformed into the closed pore phase state.

To investigate the opening mechanism of DUT-8(Ni)_cp, the
pressure transmitting medium was changed to methanol. From
our previous liquid phase adsorption experiments it is known,
that liquid alcohols, including methanol, are not able to
provoke structural opening of DUT-8(Ni)_cp at room tempera-
ture and atmospheric pressure, although the kinetic diameters
of the molecules are smaller than the pore opening of the
framework (for MeOH 3.8 A).>® Therefore, methanol preserves
the closed pore state at ambient pressure and may potentially
penetrate into the MOF at higher pressure to form the op
phase, making it an ideal pressure-transducing medium for
the in situ studies. Indeed, after the crystal of DUT-8(Ni)_cp was
placed in to the diamond anvil cell in methanol, below 0.06 GPa
the signal characteristic for the cp phase only is present in the
measured spectra (Fig. 4 and Fig. S6, ESIt). However, compres-
sion to 0.16 GPa leads to the appearance of the characteristic op
phase line at 23 cm ™', while the line of the cp phase at 60 cm ™"
is still dominant. At 0.25 GPa, the intensity of the op phase
signal increases and coexistence of both characteristic lines in
the spectrum indicate again the coexistence of open and closed

This journal is © The Royal Society of Chemistry 2020

View Article Online

Communication

. 0.72 GPa
5 |
p \ 0.38 GPa
E l
(o))
<2 ‘J\/\‘;/\\\\
g 1 K.\-_ ) ‘AO.ZS GPa
g Ny . 0.16 GPa
. 0.06 GPa
' 0.00 GPa
1

0 50 100 150 200 250 300
Raman Shift / cm™
Fig. 4 Raman spectra of DUT-8(Ni)_cp under hydrostatic pressure in
methanol (region up to 300 cm™, for full spectrum see Fig. 6, ESI¥).

The position of the characteristic op and cp signals are marked as green
and orange dashed lines, respectively.

pore phases in the same macro-crystal, similar to the observa-
tion made by the compression of the DUT-8(Ni)_op solvated
with DMF (Fig. 2). This experiment is comparable to the gas
phase adsorption process along the metastable regime support-
ing the hypothesis of phase coexistence in one crystal.

The cp phase line at 60 cm ™' disappears completely at the
pressure of 0.38 GPa, where the sample completely transforms into
the op phase. Presumably, the “hydrostatic gate opening pressure”
can be associated with the energetic barrier for the structure
opening, similar to the “gas gate opening pressure” in the gas
adsorption experiments. In the case of methanol, the increased
fluid pressure compensates the dispersion stabilization*® leading to
the phase transition to the op phase, which is not possible at
atmospheric pressure.

Even though the solvates were different in both experiments,
one can conclude that the closing process of the solvated op phase
requires less mechanical pressure than the opening of the cp
phase, representing the different activation barriers for the open-
ing and closing processes in agreement with fluid adsorption
experiments. However, each process is irreversible in the same
experimental run, meaning that the opening of the cp phase
cannot be achieved by the pressure release only. To open the cp
phase, the presence of interpenetrating fluid, such as methanol,
able to stabilize the op phase after opening is indispensable.

Summarising, Raman spectroscopy in situ investigations on DUT-
8(Ni) under hydrostatic pressure provide meaningful insights into
the phase transformation mechanism of dynamic MOFs, due to the
distinct differences in the characteristic lattice vibration frequencies
of the op (23 ecm™ ") and cp (60 cm™ ") phases. The op phase with
DMF in the pores starts to close at 0.05 GPa. The cp phase can be
opened in methanol at 0.16 GPa. No continuous drift of lines from
23 cm ™" (op) to 60 ecm™* (cp) and vice versa was found, and only
continuous redistribution of characteristic line intensities occurs.
Hence, no intermediate lattice structure is present and the transfor-
mation between closed and open phases under pressure occurs as
first-order transition, similar to the observations made by in situ
adsorption/powder diffraction experiments during gas adsorption.

Chem. Commun., 2020, 56, 8269-8272 | 8271


https://doi.org/10.1039/d0cc02491k

Published on 15 June 2020. Downloaded by State Public Scientific Technical Library, Siberian Branch of the RAS on 12/8/2020 12:38:50 PM.

Communication

More importantly, the in situ experiments show that in some
pressure ranges characteristic lines corresponding to the open
and closed pore phases coexist simultaneously in the Raman
spectrum of a crystal, indicating the coexistence of cp and op
domains arrested in a metastable state.
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