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CO, and Temperature Induced Switching of a Flexible
Metal-Organic Framework with Surface-Mounted

Nanoparticles

Jan Berger, Stephanie Terruzzi, Hana Bunzen, Filippo Ballerini, Marco Vandone,
Marcello Marelli, Luca Braglia, Roland A. Fischer, Valentina Colombo,*

and Gregor Kieslich*

Within the material family of metal-organic frameworks (MOFs) the subclass
of flexible MOFs (flexMOFs) has attracted great attention, showing structural
flexibility as a response to external stimuli such as guest adsorption,
temperature, and pressure. Hybrid composites like nanoparticle (NP) loaded
flexible MOFs, which stand to potentially combine advantageous properties of
both are yet largely unexplored. Here the synthesis of flexMOFs with surface
mounted nanoparticles, e. g. NP@Zn,(BME-bdc),dabco composites (NP = Pt
and SiO, nanoparticles, BME-bdc?~ =
2,5-bismethoxyethoxy-1,4-benzenedicarboxylate, dabco =
1,4-diazabicyclo[2.2.2]octane) is reported, studying the impact of
nanoparticles on the stimulus-responsiveness of a flexMOF. It is shown that
CO, physisorption triggered flexibility of the MOF is retained and reversible
for all NP@flexMOF composites. Additionally, it is observed that NPs stabilize
the large pore state of the MOF, slightly increasing and shifting the switching
pressure window. This effect is also observed during temperature-induced
switching but Pt@flexMOF composites partially lose long-range order during
the reversion to their narrow pore state, while attached SiO, NPs allow for a
fully reversible transition. These findings suggest that the total exerted
material strain triggering the switching is heavily dependent on NP size and
the applied stimulus and that guest-induced switchability can be fully realized

1. Introduction

The study of a materials’ stimuli respon-
siveness and its synthetic control is of
great importance across a diverse range
of research fields in material science.
Metal-organic frameworks (MOFs) are
well-known for their chemical versatility,
featuring an intriguing platform for mate-
rial design via targeted, chemical changes
on the linker or metal node.['l A subclass
of MOFs, so-called flexible MOFs, exhibit
both a variety of modes of response and
activating stimuli.>?] Their most typical
response is a change in accessible porosity
by a phase transition from a contracted
state (narrow/closed pore, np/cp) to an
expanded state (large/open pore, lp/op),
see Figure 1. Flexible MOFs are considered
promising candidates for applications
where dynamic guest capacity is ex-
ploited, i.e., gas storage and separation,!*°]
sensing,®’] drug release,®”) and switchable
catalysis,[') or where the phase transition
is used as energetic sink, ie., as shock

in NP@flexMOF hybrid materials.

absorber or damping materials.[111213]
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Figure 1. a—c) Visualization of Zn, (BME-bdc),dabco and directions of unit cell parameters. The MOF exhibits a switchable phase transition from its
narrow pore (np) phase lozenge-lattice to its large pore (Ip) phase square-lattice. View along the stacked dabco pillars in c direction. C, gray; O, red; N,
green; Zn coordination polyhedron, purple; hydrogen atoms and BME functionalization of the bdc linker is not shown for clarity.

Focusing on switching behavior of flexible MOFs, guest ad-
sorption and adsorbate concentration have been in the focus
of many studies, including what are now considered prototyp-
ical flexible MOFs such as ELM-11,* MIL-53,*51 SNU-9,1¢]
or pillared-layered MOFs DUT-8 and Zn, (fu-bdc),dabco, 78] to
name just a few. Today, the use of adsorbate controlled switch-
ing has been demonstrated in, for example, high-throughput
separation in pressure vacuum swing adsorption of methane
and CO,,I"! ternary sieving of ethane, ethylene, and CO,,!?!
variable-aperture porous organic cage membranes for graded
molecular sieving,!?!] isotope-responsive breathing,!??! or solvent-
induced control over separation selectivity.?3] Additionally, other
external stimuli have been explored such as temperature, me-
chanical pressure, and electric fields. For electric-field induced
phase transitions only a few reports exists,[2*?°! while tempera-
ture and mechanical pressure have been shown to be suitable
stimuli for switching between the np and lp form in materials
such as ZIF-4, MIL-53 and its derivates, and members of the
series [M(fu-bdc),dabco].>%0?7] Additionally, studies on systems
such as linker-functionalized MOF-5 derivates!?®! and [Cu(DB-
bdc),dabco]l?! have highlighted the complex interplay between
enthalpic and entropic interactions that cause trigger-induced
structural flexibility. Here, we would like to highlight the con-
tribution of several theoretical studies on this topic, which, in
synergy with experimental works, helped to step-wise carve out
a clearer picture of the structure-chemical factors that determine
flexibility in MOFs.12730-32]

Apart from switchable phase transitions, almost all con-
ceivable stimuli can be applied to induce changes in linker
conformation,[?*33-351 redox states,*38] optical properties,[3**1]
or conductivity.[*”] Therefore, it is surprising that understanding
of the impact of nanoparticles (NP) on MOF flexibility — whether
they are incorporated into the bulk or mounted on the surface —
is yet a largely unexplored area. It has been found that linker ro-
tation can influence conversion and selectivity for Pt@ZIF-8 ma-
terials used in catalysis;[**l however, to the best of our knowledge
the inverse question of how flexibility in MOFs is affected by NPs
has not been investigated outside of a recent study from us where
we focused on the thermal expansion properties of Pt@MOF
composites.[*]

The research areas of NP loaded MOF materials and switch-
able, flexible MOFs are yet not interlinked while scenarios in
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which network switching regulates catalysis conditions at the
NPs, and in which NPs direct framework switching behavior
can easily be envisioned. Therefore, we see great potential in
forming this link. In this pursuit, we here explore how NPs im-
pact framework switchability and investigate the influence of
surface-mounted Pt and SiO, NPs and type of stimulus (guest,
temperature) on the phase transition of the functionalized, flex-
ible pillared-layered model system Zn,(BME-bdc),dabco, see
Figures 1 and S1.5 (Supporting Information) for details of the
parent MOF structure. We compare an isoreticular series of
Pt@Zn,(BME-bdc),dabco composites with different Pt loading,
a SiO, @Zn,(BME-bdc),dabco composite, and a well-studied NP-
free reference. The results suggest that guest-induced switching
is maintained and facilitated in NP@MOF composites while the
reversibility of temperature-induced phase transitions is heavily
affected by smaller metal NPs.

2. Results and Discussion

2.1. NP@MOF Composite Synthesis

The NP@MOF composites investigated in this study involve ei-
ther Pt or SiO, NPs. Pt NPs were chosen due to known ex-
perimental accessibility of small Pt NPs (< 5 nm) by reduc-
tion of Pt** precursors, while SiO, NPs were chosen because
of commercial availability of SiO, NPs in the desired regime
of ~30 nm. Pt@Zn,(BME-bdc),dabco composites were syn-
thesized using a co-crystallization approach which is a one-
step, one-pot crystallization of MOF and formation of surface
mounted Pt NPs. In a typical reaction, all precursor materi-
als, e. g. Zn(NO,),, dabco, H,BMEbdc (2,5-bismethoxyethoxy-
1,4-benzene dicarboxylic acid), and K,PtCl, are suspended in
dimethylformamide (DMF). During solvothermal reaction, DMF
is oxidized to its carbamic acid derivative in the presence of
water which comes from trace amounts in the DMF and the
hydrated metal salt. In parallel, Pt** is reduced to Pt° which
facilitates NP formation.l*”] Following this strategy, the MOF
compound precipitates with the nanoparticles in the form of a
composite. We would like to highlight that this synthetic route
avoids the use of capping agents during NP formation, which
facilities reproducibility of the obtained composite materials.*®]
More generally, this approach can be applied to create Pt@MOF
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Table 1. Overview of the synthetized NP@Zn, (BME-bdc),dabco materials
used in this work along with the main compositional features of the five
samples.

Material NP wt.% size [nm] surface funct.
BO none - - -

B1 Pt 1.1 <3 none

B2 Pt 2.09 <3 none

B3 Pt 2.8 <3 none

B4 Sio, 1b) 30 none

. b
2 per atom absorption spectroscopy and photometry; ) calculated from added col-
loidal suspension.

composites in which Pt NPs are integrated into the bulk of a MOF
by forming Pt in situ inside its pores.[*’] In this work, we discov-
ered that the functionalization of the MOF Zn, (BME-bdc),dabco
presumably inhibits sufficient reagent diffusion and therefore
spatial proximity of oxidizing and reducing species within the
pores, which prevents NP formation within the pore space. In-
stead, MOF particles crystallize, and Pt precursor reduction takes
place predominantly outside the pores. Formed Pt NPs are then
attached to the external surface of the MOF particles to yield
Pt@ Zn,(BME-bdc),dabco composites. The series of isoreticu-
lar functionalized Pt@MOF comprises of four materials based
on Zn,(BME-bdc),dabco with differing amounts of Pt NPs at-
tached to the MOF surface (0, 1.1, 2.0, 2.8 wt.%, see Table 1). We
found that the loading amount of Pt nanoparticles is sensitive
to changes in precursor concentration and reaction temperature.
For instance, B2 and B3 were obtained using the same amount
of K,PtCl, but at different reaction temperatures, see Table S1
(Supporting Information); however, it shall be pointed out that
the individual reactions and loadings were reproducible.

Besides these, we further synthesized a SiO,@Zn,(BME-
bdc),dabco composite with the aim of comparing the most pro-
nounced differences occurring in the composites when changing
the NP size and type (see Table 1). This composite was prepared,
similar to the bottle-around-a-ship method,[*®! by adding a com-
mercially available, stable colloidal aqueous dispersion of SiO,
nanoparticles (30 nm, see Table S2, Supporting Information for
specifications) to the educt mixture during solvothermal MOF
synthesis. This allows the NPs to stick to the growing MOF crys-
tal external surfaces.

All composites were washed, solvent exchanged, and activated
which was verified with respect to MOF composition and sol-
vent removal by '"H NMR spectroscopy and TGA (see Section
S1, Supporting Information). Pt content in samples B1-3 was
determined by atom adsorption spectroscopy and photometry.
SiO, loading was calculated based on educt concentrations and
marks the maximum wt.% value expected. More direct deter-
mination of the very low SiO, concentration in the compos-
ite was outside reliable and reproducible analytical capabilities.
The parent Zn,(BME-bdc),dabco is known to exhibit guest in-
duced flexibility triggered by polar solvents/adsorbates such as
DMF or CO,.*) The material is built from a 2D sql network
spanned by the linker molecules and metal nodes which are
stacked along the third dimension by dabco pillars, see Figure 1
and Figure S1.5 (Supporting Information). The phase transition
of this MOF is related to the contraction of the 2D square-network
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Figure 2. PXRD patterns of B0-4 acquired in the range of 26 = 7-22 °.
Transition from Ip in the as form to np in the dry form is observable by
the shift of the 110 reflection from 260 = 8.0-8.4 ° (highlighted in grey) to
9.5-9.7 ° and intensity increase of the 0071 reflection at 20 = 9.2 ° (both
highlighted in orange). Black trace, as (Ip form); red trace, dry (np form);
blue trace, same sample measured after all gas adsorption experiments.
PXRD pattern of the as samples have been collected in reflection geometry,
which is prone to displacement errors and therefore peak shifts, see also
Supporting Information.

to alozenge-network which comes with the change of pore space,
i.e., switches between a large pore (lp) and narrow pore (np)
state as shown in Figure 1. This structural deformation is gen-
erally referred to as wine-rack motion or breathing and often
found in flexible MOFs with this topology.2! PXRD confirms that
all materials BO — B4 are isostructural, independent of the NPs
(Pt or SiO,) content. Differences in peak intensities widths be-
tween BO — B3 and B4 in their dry form are ascribed to differ-
ent synthetic conditions which may lead to diffraction domain
sizes with different morphologies within the nanometer regime.
Importantly, this observation holds for the as-synthesized (as) Ip
state, which refers to the composites directly after synthesis, and
the activated (dry), np state, which refers to the composites after
solvent removal, see Figure 2. We note that Pt NPs are not ob-
served in diffraction patterns due to the very low NP loading and
significant peak broadening coming from diffraction domains in
the nano regime (see Figure S1, Supporting Information).

2.2. Nanoparticle Allocation

The size, distribution and location of Pt nanoparticles were inves-
tigated by scanning transmission electron microscopy (STEM).
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Figure 3. a) samples B1-3 with Pt NPs. Top row: ADF-STEM images with heavier elements in brighter white, showing Pt visible as bright dots distributed
across the sample. Bottom row: EDS-STEM image overlays (red, Zn; green, Pt; contrast adjusted for visibility) of the same crystals showing Pt predomi-
nantly on top of the MOF. All samples show heavy electron beam related degradation. Scale bars are 100 nm. b). TEM micrographs of sample B4 -SiO,
NPs onto MOF crystals support. Magenta arrows highlight the spherical SiO, NPs. Scale bars are 100 nm.

The presence of Pt could be detected in samples B1-3 by an-
nular dark-field (ADF) STEM. Due to the difference in electron
density between Pt nanoparticles and MOF, the Pt nanoparticles
could be localized by contrast differences, see Figure 3. To fur-
ther validate the presence of the Pt nanoparticles and to study
their distribution, elemental mapping based on energy disper-
sive X-ray spectroscopy (EDS) was carried out. Both results are
shown in Figure 3a and section S7 (Supporting Information).
In all three samples we detected Pt nanoparticles of ~#1-3 nm
with relatively homogenous particle distribution on the MOFs
surface and only limited aggregation. During the measurement
we observed strong degradation of the samples in the electron
beam which is a known challenge for electron microscopy of
MOFs. Therefore, Electron tomography (ET) which would pro-
vide depth-resolution was not successful. Previous work on the
related composite system Pt@Zn,(DP-bdc),dabco (DP-bdc?~ =
2,5-dipropoxy-1,4-benzene dicarboxylate), which allowed for ET
to locate Pt NPs, show clearly that Pt NPs anchor on the outer
MOF particle surface exclusively.[**] Together with the STEM and
EDS results this indicates NPs of B1-3 are predominantly at-
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tached to the surface of the MOF. Dispersion of the SiO, nanopar-
ticles of composite B4 were investigated using transmission elec-
tron microscopy (TEM). The preformed nanoparticles are bigger
and thus easier to detect despite the decrease in contrast, see
Figure 3b. The size-ratio of MOF particles (~300-500 nm) to SiO,
NPs (30 nm) practically excludes NP incorporation in the MOF’s
pores. The SiO, NPs tend to aggregate and attach onto the MOF
surface, assembling into a stable nanocomposite system. Notably,
all STEM and TEM micrographs have been performed on sam-
ples subjected to extensive washing and activation (see ESI for de-
tails) confirming that both types of NPs are properly attached to
their MOF supports. We further note that changes in NP concen-
tration do not notably affect MOF particle size which otherwise
could have an impact on MOF flexibility.[>"]

2.3. Guest-Induced Switching
Zn,(BME-bdc),dabco is known to be non-porous toward nitro-

gen and exhibits a reversible CO, adsorption-induced phase
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Figure 4. a) CO, physisorption isotherms of B0-4. Steps in the isotherms correspond to framework opening during adsorption (np to Ip, light orange)
and closing during desorption (Ip to np, green). b) Highlighted pressure range of the low-pressure region, where the phase transitions occurs. Adsorption
and desorption depicted in full and open symbols, respectively; lines have been added as visual aid only.

transition from the np to the lp phase.*”) Physisorption experi-
ments performed on our reference sample (B0) and the NPs com-
posites show that this behavior is fully retained in all NP@MOF
(B1-4) composites as evidenced by their stepped CO, physisorp-
tion isotherms, see Figure 4a. Furthermore, all materials are non-
porous towards nitrogen, see Figure S2 (Supporting Informa-
tion). Additionally, we have collected PXRD pattern of all com-
pounds after CO, desorption, see Figure 2 blue pattern, con-
firming that reversibility is related to maintaining framework in-
tegrity.

Composites B1, B2, and B3 show a Pt content dependent lin-
ear decrease of total absolute uptake of 15-25% when compared
to the reference material B0. A small part of the uptake reduc-
tion can be attributed to the composites’ mass increase due to
Pt NPs without contributing to porosity, therefore decreasing the
uptake to mass ratio. In light of the low mass percentage of the
Pt NPs, most of the capacity decrease presumably results from
NP-induced porosity changes to the underlying MOF phase. The
phase transition pressure for framework opening and closing,
see Figure 4D, is shifted to lower pressures in B1-3 compared to
BO. This is rationalized by Pt NPs interacting with the MOF par-
ticles during their initial crystallization, which occurs in the lp
phase. Presumably, this results in a stabilizing contribution for
the lp form and therefore a lower gas pressure for triggering the
np-to-lp phase transition. The same trend but more pronounced
we observe for the lp-to-np phase transition during desorption.
The bigger, surface-mounted SiO, nanoparticles in B4 also lead
to a minor total uptake decrease and shifting of both phase tran-
sitions during adsorption and desorption to slightly lower pres-
sures; however, the effect is less pronounced compared to the
Pt NPs and indicates the SiO, NPs exert a less rigidifying and
pore-blocking effect on the MOF support. We correlate this to
the intuitive factors of NP size and absolute amount, where a
larger number of smaller NPs exhibits more strain on the sup-
port than a lower number of bigger NPs. Intriguingly, parallels
can be drawn to flexible MOFs anchored to surfaces where this
effect is put to the extreme: a decreased thin film thickness, and
therefore a larger ratio of anchored external surface area, which
here translates to a larger NP coverage, leads to significantly re-
duced adsorbate-induced flexibility, i.e., a stabilization of the Ip
phase.P!]
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Overall, porous and guest-switchable NP@MOF composites
with low loadings of small Pt NPs and bigger SiO, NPs can
be realized. The change in bulk material property directed by
surface-grafted NPs is conceptually similar to surface-defect al-
tered flexibility in MOFs.’253] This can be rationalized espe-
cially in light of a recent study by Thompson et al.l’®! Therein,
they investigate the particle size-dependent flexibility of DUT-8
(Zn,ndc,dabco, ndc?~ = 2,6-naphthalene dicarboxylate, Dresden
University of Technology) also concluding that it is the concen-
tration and amount of surface defects and related nucleation bar-
riers of the phase transition that govern material flexibility, rather
than the particle size. In our NP@flexMOF composites, the NPs
can be seen as defect-generating agents, and it can be assumed
that their absolute amount is more influential than their size,
thus making this the main reason for the observed differences
between sample B1-3 and B4.

2.4. Thermal Responsiveness

In addition to flexibility toward CO, adsorption, Zn,(BME-
bdc),dabco is known to exhibit a reversible, temperature-
triggered np to lp phase transition at ~T = 210 °C.** Before
analyzing the impact of Pt and SiO, NPs on the temperature re-
sponsiveness, all composites were analyzed by thermogravimet-
ric analysis coupled with differential scanning calorimetry (TGA-
DSC), see Section S4 (Supporting Information). TGA under inert
gas flow shows that all Pt containing composites decompose ~50
°C earlier than the NP free reference B0, T;..(B0) = 269 °C com-
pared to Ty, (B1) = 225 °C, Ty (B2) = 219 °C and T, (B3) = 223
°C. In contrast, B4 is thermally as stable as B0, Ty (B4) = 271
°C. The DSC traces also show that all composites materials ex-
hibit phase transitions at 210 °C (B1-3) or 215 °C (B4). This is in
good agreement with literature, but 10 °C and 5 °C below our ref-
erence material B0, see Figure S3 (Supporting Information).>*
Qualitatively, this already indicates that NP@MOF composites
with both Pt and Si NP still exhibit a temperature-driven np-
to-Ip phase transition, while Pt nanoparticles are anticipated to
have bigger impact on the temperature responsive behavior com-
pared to Si. In order to investigate structural changes and the
reversibility of these phase transitions in more detail, variable
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Figure 5. a) VT-PXRD pattern series collected during the heating/cooling cycle experiment comparing the reference material (B0, left), the composite with
the highest Pt nanoparticle loading (B3, middle), and the SiO, @ MOF composite (B4, right) in the range of 26 = 7-25°. Patterns at highest temperature
are highlighted in black. b) Relative percentage variation of the unit cell parameters (p, unit cell parameter) with respect to the values at 30 °C (py), before

heating. For samples B1 and B2 see Figure S4 (Supporting Information).

temperature powder X-ray diffraction (VI-PXRD) experiments
were conducted for all composites. Samples were subjected to
an in situ heating and cooling cycle from 30 to 290 °C and back
to 30 °C at ambient air, with diffraction patterns collected every
20 °C. The results are shown in Figures 5a and S4 (Supporting In-
formation). Moreover, unit cell parameters derived from Le Bail
refinements have been determined for the heating ramp and are
reported in Figure 5b and in Figure S4 (Supporting Information).
Additional details of the fitting procedures are given in the (see
Section S6, Supporting Information).

The expected and characteristic structural response of the ref-
erence material BO can directly be observed from Figure 5a. Start-
ing from room temperature, a temperature increase triggers the
np-to-lp phase transition at /T = 290 °C where the strong in-
tensity reflection of the first peak between 20 = 8 — 8.4° is in-
dicative. The differences in absolute temperature of the transi-
tion temperature compared to TGA-DSC data and literaturel®* is
attributed to the different experimental conditions of VI-PXRD
experiments, where the impact of atmosphere (air compared to
inert atmosphere) presumably leads to the largest difference, see
Supporting Information for details. The onset temperatures of
the phase transition for B1-4 show a similar trend as results from
DSC, i.e., an earlier framework opening to the lp phase during
heating. Again, the intensity of the first reflection is indicative for
a qualitative analysis, while extracted lattice parameters confirm
this trend quantitatively, see Figure 5b. The thermally induced
np-to-lp transition occurs in all composites, irrespective of NP
type or loading.

For all of them, the wine-rack opening motion which transi-
tions the np lozange-structure into the lp square-tye structure is
quite gradual up to #250-270 °C and is refined with a unit cell
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belonging to the space group C2/m (see Section S6 in the Sup-
porting Information).[***%] It is accompanied by a progressive ex-
pansion of the cell volume as a consequence of an anisotropic
unit cell parameter changes, i.e., the increase of the b axis, de-
crease of the a axis, and only little changes in the ¢ axis (with the
exception of an appreciable increase in samples B3 and B4). At
~270 °C there is an abrupt change in the diffraction patterns, with
the growth of the intense characteristic reflection of the lp phase,
described by symmetry-related P2 unit cell, indicating complete-
ness of the phase change process. The results of the Le Bail refine-
ments are reported in Figure S5 (Supporting Information) and
Tables S3-S7 (Supporting Information). Interestingly, the clos-
ing lp-to-np transition during cooling is slightly delayed for all
NP@MOF composites, when compared to the parent BO pure
MOF. Indeed, B4 turns back to the np phase at ca. 210 °C, that
is 210 °C after B0, while the Pt@MOF materials largely revert to
their np phase at 190 °C (B1), 170 °C (B2), and 130 °C (B3).

The broadened hysteresis in the temperature-induced switch-
ing indicates that the surface-attached NPs stabilize the lp form
of the MOF once it is in this phase. This effect is similar to
what has been observed for CO, as a stimulus and it is slightly
stronger for Pt than for SiO, nanoparticles. A key difference re-
lates to the reversibility of the phase transition. Full reversibil-
ity is only observed for SiO,-based composites, while composites
with Pt NPs show a significantly peak broadening related to the
main reflections of the np phase, see Figure 5a. Raw pattern of
all the compounds after heating show a residual (100) reflection
of the Ip phase at 30 °C. Therefore, a loss of long-range order
after the first heating cycle is observed for Pt@MOF compos-
ites, which is pronounced for composites with larger Pt content,
see Figure S4 (Supporting Information). This behavior during

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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temperature-induced framework closing is in contrast to the fully
reversible CO,-induced phase transition of these Pt@MOF com-
posites where the crystallinity of the phase transition is retained.
This difference suggests a combined influence of the platinum
nanoparticles and high temperatures on the MOFs’ switchabil-
ity. To test if Pt NPs could be oxidized under measurement con-
ditions (in air) and then react with the MOF support to facilitate
its degradation and to confirm the oxidation state of the Pt NPs
prior and after the thermal treatments, X-ray photoelectron spec-
troscopy (XPS) measurements on the B3 sample prior and after
VT-PXRD experiments. The results of the XPS measurements
are shown in Figure S9 (Supporting Information) and confirms
identical oxidation state of the Pt NPs for both as synthesized
and thermally treated sample. Interestingly, the intensity of Pt 4f
core level diminishes after the thermal treatment, while the over-
all spectrum shape remains unchanged (see Figure S9, Support-
ing Information, comparison with unaltered Zn 2p core level).
This behavior can be explained by migration of Pt NPs from the
surface to the pores or to some aggregation effect of the Pt NPs,
resulting in a minor registered intensity of the Pt 4f. Overall, this
suggests that size and amount of surface-mounted nanoparticles
dominate rather than chemical identity, and the effect of NPs on
the temperature reduced switching behavior is mechanical in na-
ture rather than related to its chemical identity, similar to what
has been observed for CO, as stimuli.

3. Conclusion

Motivated by the scope that NP offer in altering switchabil-
ity of flexible MOFs and adding potential catalytic functional-
ity, we successfully synthesized such composites consisting of
mesoscopic platinum or silicon dioxide nanoparticles surface-
mounted to the flexible MOF Zn,(BME-bdc),dabco. We com-
pared CO,-adsorption and thermally induced switching for three
Pt@MOF composites (1, 2, and 3 wt.% Pt) and one SiO, @MOF
composite to the pure, flexible MOF. For both stimuli we ob-
serve that Pt NPs stabilize the lp form. Physisorption experi-
ments show that CO,-switchability is retained and fully reversible
for all composites. Full reversibility related to structural stabil-
ity is only given for CO,-induced switching, while temperature-
induced switching leads to significant reduction of crystallinity
during the first cycling for Pt@MOF composites. In contrast,
fewer, bigger NPs in the SiO,@MOF composite displays re-
versible switching with fully retained framework crystallinity. We
primarily connect this to the absolute NP amount attached to
the surface, which is higher for smaller NPs at comparable load-
ings, and therefore results in higher strain exerted onto the MOF
support in addition to the thermal stress at higher temperatures.
Moreover, migration of the small Pt NPs to the MOFs’ pores dur-
ing thermal treatment can be also considered as explanation of
such effect, potentially indicating that small metal NPs can acts
as defect-directing agents in NP@MOFs composites.
Fundamentally, it is highly encouraging for future research in
this direction that low loadings of surface-mounted nanoparti-
cles do not necessarily compromise flexibility (and porosity) of
MOFs. Nanoparticle type, size and loading do affect the strain
exerted on the MOF, as we indirectly observed in physisorption
and VT-PXRD experiments, but moreover the type of stimulus
(or strain) used to switch the framework state plays an equally
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important role. The apparent common ground is the stabiliza-
tion of the lp phase by NPs which could be of more general use
for widening the pressure or temperature windows open/large
pore phases of flexible MOFs are favored in, as well as changing
the point of framework opening to lower pressures or temper-
atures. Within this proof-of-principle study we aimed to probe
for and highlight this correlation, and we envision future stud-
ies expanding on both sets of nanoparticle-related and stimuli-
specific contributions to switchability behavior. Based on these
results, there is a series of exciting follow-up questions related to
the kinetics of Pt NP formation, the question after the synthetic
control over their distribution and their impact on the stimuli-
responsiveness properties at stimuli closer to application. Under-
standing this will stepwise allow the transfer and combination of
the extensive knowledge on flexible MOFs and NP @ MOF com-
posites for both design versatility of each material class and new
hybrid materials.

4. Experimental Section

Material Synthesis: Chemicals were purchased from commercial sup-
pliers (Sigma-Aldrich, Alfa Aesar, ABCR and others) and used without fur-
ther purification. SiO, NPs were purchased from Micromod GmbH (Ger-
many). Ethanol for solvent exchange was purchased as technical grade
and redistilled prior to use. The linker was synthesized via etherification
according to optimized literature known procedures (see Figure S1.2, Sup-
porting Information).[l Pt@Zn, (BME-bdc),dabco composites were syn-
thesized via a concerted one-pot crystallization of MOF and formation
of Pt NPs without any capping agents.[*’” This method combines the
solvothermal MOF synthesis in dimethylformamide (DMF),[>4! with a sol-
vent mediated Pt?* reduction. SiO, @Zn, (BME-bdc),dabco composites
were synthesized by adding a stable colloidal dispersion of pre-formed
NPs to the reaction mixture during solvothermal MOF synthesis. See
Figure S1.3 (Supporting Information) for full details.

Analytical Methods: Liquid state NMR spectra were measured on a
Bruker Ultrashield DRX400 at ambient temperature, for details see Figure
S1.1 (Supporting Information). For the measurements, MOF samples
were digested and subsequently measured in DMSO-d; with DCI, organic
linkers were dissolved and measured in DMSO-d;. CHNS contents were
determined via combustion analysis. Powder X-ray diffraction (PXRD) pat-
terns of the as-synthesized (as) samples were measured on a Rigaku
Benchtop MiniFlex 600-C (X-ray Cu Ka radiation, 4 = 1.5418 A). Samples
were measured in activated (dry) state and after physisorption measure-
ments in sealed capillaries with Debeye-Scherrer geometry on a PANalyt-
ical Empyrean (X-ray Cu Ka radiation, 4 = 1.5418 A), for further details
see Figure S2 (Supporting Information). Adsorption measurements were
carried out on a 3Flex Physisorption Instrument by Micromeritics Instru-
ment Corp. Samples were activated at 80 °C for 5 h under dynamic vac-
uum using a SmartVacPrep by Micromeritics Instrument Corp. to ensure
absence of unwanted adsorbates. The adsorbent mass was then recorded,
generally in the range of 50-70 mg, for more method details see Figure S3
(Supporting Information). All adsorption isotherms are accessible online
free of charge as adsorption information files to counter issues with post-
publishing adsorption data extraction and facilitate machine learning, see
Supporting Information.[>¢] Thermogravimetric analysis coupled with dif-
ferential scanning calorimetry (TGA-DSC) was conducted on a Netzsch
TG-DSC STA 449 F5 in a temperature range from 25 to 800 °C under ar-
gon flow, for details see Supporting Information S4. Variable temperature
PXRD (VT-PXRD) measurements were performed using a custom-made
sample heater plugged in a Bruker AXS D8 Advance diffractometer (X-ray
Cu Ka radiation, A = 1.5418 A) with Bragg-Brentano geometry (see Figure
S5, Supporting Information). ~10 mg of sample were deposited in a back-
ground free sample-holder (a properly misoriented quartz single crystal)
and heated in air from 30 °C up to 290 °C with steps of 20 °C. Scan-
ning transmission electron microscopy (STEM) with energy dispersive
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X-ray spectroscopy (EDS) elemental mappings of B1-3 were recorded with
a JEM-ARM200F “NEOARM” microscope from JEOL (Germany) GmbH
with a cold FEG electron source operated at 200 kV. Transmission elec-
tron microscopy (TEM) micrographs of sample B4 were recorded on a
ZEISS LIBRA200FE equipped with a Schottky FEG electron source op-
erated at 200 kV. Samples were prepared by depositing a drop of the
solid dispersed in 2-propanol onto lacey carbon copper grids (300 mesh)
and dried in air, see Figure S7 (Supporting Information). X-ray photoe-
mission spectra (XPS) of sample B3 were recorded using a conventional
non-monochromatized X-ray source (Al Ka radiation, 4 = 8.3896 A) with
a hemispherical electron energy analyzer in a dedicated chamber of the
NFFA UHV MBE-cluster system.[>”] The Pt 4f and Zn 2p spectra have been
acquired using a pass energy of 50, a dwell time of 500 ms and a channel
width of 1.1 mm, see Figure S8 (Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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