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Spatiotemporal Design of the Metal-Organic Framework

DUT-8(M)

Hiroki Miura, Volodymyr Bon, Irena Senkovska, Sebastian Ehrling, Nadine Bénisch,
Gerrit Mdder, Stefan Griinzner, Azat Khadiev, Dmitri Novikov, Kartik Maity, Andreas Richter,

and Stefan Kaskel*

Switchable metal-organic frameworks (MOFs) change their structure in time
and selectively open their pores adsorbing guest molecules, leading to highly
selective separation, pressure amplification, sensing, and actuation applications.
The 3D engineering of MOFs has reached a high level of maturity, but spatiotem-
poral evolution opens a new perspective toward engineering materials in the 4th
dimension (time) by t-axis design, in essence exploiting the deliberate tuning of
activation barriers. This work demonstrates the first example in which an explicit
temporal engineering of a switchable MOF (DUT-8, [M;M,(2,6-ndc),dabco],, 2,6-
ndc = 2,6-naphthalene dicarboxylate, dabco = 1,4diazabicyclo[2.2.2]octane, M, =
Ni, M, = Co) is presented. The temporal response is deliberately tuned by varia-
tions in cobalt content. A spectrum of advanced analytical methods is presented
for analyzing the switching kinetics stimulated by vapor adsorption using in situ
time-resolved techniques ranging from ensemble adsorption and advanced
synchrotron X-ray diffraction experiments to individual crystal analysis. A novel
analysis technique based on microscopic observation of individual crystals in a
microfluidic channel reveals the lowest limit for adsorption switching reported
so far. Differences in the spatiotemporal response of crystal ensembles originate
from an induction time that varies statistically and widens characteristically with
increasing cobalt content reflecting increasing activation barriers.

water harvesting,] gas separation,
sensing,’! and environmental applica-
tions.[®l Their industrialization has been
propelled recently by SMEs and larger
companies, and scalability has been
demonstrated.?

A unique feature of some MOFs is
their ability to adapt their pore size as
a response to a chemical stimulus and
open and close their pores reversibly, a
phenomenon termed “switchability,” or
“softness,” or more generally addressed
as “flexibility.””! Switchability implies a
step-wise specific response (solid-state
phase transition) at a well-defined chem-
ical potential (or gas pressure) in contrast
to irregular polymers that more often
tend to absorb gases gradually and swell
continuously. It is exactly this repeatable
and step-wise switching behavior which
leads to outstanding performance in gas
storage,!®! separation,/”) mechanical energy
storage,l'”! sensing, and molecular recog-
nition effects.ltY

Among the early MOFs recognized
to show switchability is ELM-11 (ELM =

1. Introduction

MOFs stand out in terms of specific surface area and modular
design.ll They find emerging applications in CO, capture,?

elastic layered metal-organic framework), a pillared-layer struc-
ture showing prototypical gating behavior,!? while MIL-53
(MIL = Matérial de I'Institut Lavoisier) was the first breathing
structure.® A key feature of such frameworks is bistability,
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that is, contracted and open pore phases (cp, op) represent
local or global minima on a free energy surface.' Gating and
breathing can be distinguished as a response of cp or op phase,
respectively, representing the global minimum in the absence
of guests.!!

While numerous studies have addressed the function of
switchable MOFs under quasi-equilibrium conditions, only a
few studies have addressed their dynamic response and spati-
otemporal evolution experimentally.l'l The energetic landscape
and transition paths characterizing the switching process of
dynamic MOFs, are virtually unexplored.

Activation barriers, controlling the recognition of molecules
and their transformation, play a crucial role in the physics of
life, catalysis, recognition, etc.''l The deliberate design of acti-
vation barriers controlling the spatiotemporal evolution of
MOFs will elevate responsive frameworks to a higher level of
exploration. The implications for applications in gas separa-
tion, sensing, bio-interfaces, and information encoding have
been highlighted recently.>"] The ability of switchable MOFs
to simultaneously detect and abate toxic vapors combined with
a temporal actuation response is a unique feature. Functional
frameworks with a more complex energetic landscape involving
hydrogen bonding interactions show selective molecular rec-
ognition effects.'!. However, kinetic recognition coupled to
structural reorganization, a key feature of enzyme key-lock
interactions, and the corresponding understanding of the spa-
tiotemporal evolution of frameworks is in its infancy. Main
challenges arise from the theoretical side to include real time
axis in simulations covering finite size effects of relevant crystal
dimensions. Schmid et al. have simulated the spatiotemporal
evolution of dynamic nanocrystals under external pressure.!'®!
Speybroeck et al.'”l have proposed phase coexistence in MIL-53
and Co(1,4-benzenedipyrazolate) (CoBDP)®2% to play an impor-
tant role in the transformation mechanism and have analyzed
the size-dependent grain boundary formation in individual
crystals.

Energetic barriers controlling kinetics may not only arise
from the framework bistability but are coupled to the physics
of the guest molecules with characteristic barriers of fluid
nucleation, diffusion, and adsorption processes. So far, an
accurate assessment of switchable MOF transformation time
has not been achieved. The pioneering work by Tanaka et al.
has assessed for the first time the transformation kinetics of
ELM-11 via time-resolved synchrotron X-ray diffraction studies
revealing macroscopic timescales of the order of seconds.!1%4]

However, these measurements represent an ensemble of
crystals and give only limited insights into individual crystal
transformation rates. Moreover, the kinetics of ELM-11 can only
be varied by adjusting the externally controlled variables such as
guest activity and temperature. Li and co-workers investigated
the rate of adsorption coupled with the structural transition in a
flexible MOF (RPM3_Zn) by pressure drop experiments.?!! Kit-
agawa and co-workers recently reported on the direct observa-
tion of the guest response of the surface on a single-crystalline
pillared-layer MOF, by in situ liquid-phase AFM upon biphenyl
adsorption.??!

Our vision is to tune the spatiotemporal response of metal—
organic frameworks by synthesis and design and to engineer
materials along a time-axis("/! (t-axis design). In the following,
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we demonstrate for the first time experimentally the deliberate
tuning of activation barriers in a switchable, gate pressure MOF
model system DUT-8(M) (DUT = Dresden University of Tech-
nology, M = Ni/Co) leading to a temporally controlled response.
The stiffness of the metal node is used to deliberately tune the
gate opening rate. We analyze the different ensemble switching
rates by physisorption methods, advanced in situ synchrotron
XRD analysis and for the first time provide an insight into indi-
vidual crystal response rates using a new microfluidic break-
through-apparatus that allows us to optically record the spati-
otemporal evolution in situ under a dynamic gas flow.

2. Results and Discussion

DUT-8(Ni) is a gating MOF that stands out in terms of huge
volume expansion upon exposure to fluids such as N, (77 K), CO,
(196 K, 298 K), CH,Cl, (298 K), n-butane (298 K), Ar (87 K), or
Xe (165 K).2%l High selectivity of DUT-8(Ni) for CO,/CH, separa-
tion has been reported to rely on the almost exclusive adsorption
of CO, in the presence of methane as analyzed by in situ NMR
spectroscopy.2!l The framework is assembled from paddle wheels
and 2,6-naphthalene dicarboxlyate linkers to form 4,4-nets, which
are stacked perpendicular to the layer by coordination of dabco
(1,4-diazabicyclo[2.2.2]octane) on the axial coordination site of the
paddle wheel (Figure 1a). The framework is variable in compo-
sition and the substitution of various metals (M = Co, Ni, Zn,
Cu) has been reported elsewhere.?32>42] [n particular, the par-
tial substitution of Ni by Co leads to mixed metal frameworks
showing a systematic variation in the gate-opening pressure
(Figure 1b).?%) Theoretical studies proposed the gate opening
pressure to be controlled by the activation barrier while the
gate closing pressure is closer to the expected equilibrium pres-
sure of the phase transition.”/l The unsubstituted DUT-8(Ni)
undergoes a structural opening transition at an average relative
adsorption pressure of papp/po = 0.12 for N, (77 K) and 0.20 for
dichloromethane (DCM, 298 K) (papuy = adsorption pressure at
half maximum,?® Figure 1b,c; Figure S3, Table S1, Supporting
Information). With increasing cobalt content, papim/po reaches
0.40 for N, at 50% substitution and higher Co content leads to
an incomplete opening of the ensemble. For DCM the APHM
varies more gradually and even pure DUT-8(Co) responds well
with about 68% uptake compared to DUT-8(Ni) (Figure 1b,c;
Figure S3, Table S1, Supporting Information). These features
demonstrate efficient tailoring of the gate opening pressure
under quasi-equilibrium conditions. The branches for DCM des-
orption superimpose (Figure 1c), indicating that the closing upon
desorption occurs in equilibrium while the opening process is
the critical switching step, kinetically controlled by a tunable acti-
vation barrier.

Others and we have hypothesized that this gate opening
pressure reflects an activation barrier and directly translates
into the macroscopic and microscopic temporal evolution of
MOF crystals.'a To gain deeper insights into the interplay of
gate opening pressure and the phase transformation rate, we
first analyzed macroscopic crystal ensembles. The framework
powders were subjected to a defined DCM vapor pressure and
the pressure drop was monitored to analyze the adsorption
kinetics.
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Figure 1. a) Structural transition of DUT-8(Ni) between op and cp phases. Nickel—in green, carbon—in gray, oxygen in red, nitrogen—in blue, chlorine
in orange, and hydrogen—in yellow. The hydrogen atoms of the framework are omitted for clarity. b) N, physisorption isotherms at 77 K and c¢) DCM
physisorption isotherm at 298 K on DUT-8(Ni) (black) DUT-8(Nig75Coq 25) (orange), DUT-8(Nig 50Cog50) (green), DUT-8(Nig,5Coq75) (blue), and DUT-
8(Co) (purple). The adsorption branch is represented by solid symbols and the desorption branch—by empty symbols. A red circle indicates APHM.

The cell with about 10 mg of DUT-8(Ni)_cp, connected to the
volumetric instrument, was evacuated and the dosing pressure
(P, Mani) in the manifold was set to 95 kPa. After the introduc-
tion of DCM vapor, the pressure in the sample cell increased
quickly to 574 kPa (pya) at 298 K and further gradually
decreased due to the adsorption. Then the pressure was equili-
brated to reach 50.4 kPa (pg;,) after 100 s. As a reference, the
pressure drop in the empty cell, as well as in the cell containing
a rigid version of DUT-8(Ni)i?’l were measured (Figure S17,
Supporting Information), showing the slowest kinetic for the
flexible DUT-8(Ni) sample.

We also investigated the adsorption rate of DUT-8(Ni) with
different dosing pressures of 85, 75, 65, and 55 kPa at 298 K
(Figure 2a). By decreasing dosing DCM pressure, the adsorption
rate became evidently slower. In this experiment, the overpres-
sure Ap (AP = Pmax — Parum) Plays the essential role driving the
nucleation of phase transition, similar to the undercooling (AT) for
temperature-driven transitions or supersaturation in precipitation
reactions.] The pressure profile data were analyzed based on the
Kolmogorov—Johnson—-Mehl-Avrami (KJMA) Equation (1).3!

azl—exp(—kt") (1)
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where a is the fraction of pressure drop at time ¢, k is the rate
constant, and n is the dimension of the phase transition (the
Avrami exponent). For a channel-like porosity of DUT-8, the n
is expected to be close to 1. For better comparison of the rate
constants, the pressure drop curves were fitted to Equation (1),
where n was fixed to 0.93. The obtained parameters are sum-
marized in Table 1.

The k values were estimated as 0.034, 0.030, 0.027, 0.023, and
0.019 at 95, 85, 75, 65, and 55 kPa of dosing pressure, respec-
tively. A linear relationship is characteristic for the correlation
of rate constant k and the pressure difference, p — paprm,"*?
where p is the DCM pressure introduced into the sample cell
with DUT-8(Ni) and papyy is the gate-opening pressure.

Our main target is to demonstrate the deliberate tuning of
the activation barriers and its implications for the temporal
response rate by chemical design. Hence, we investigated the
impact of cobalt doping in DUT-8(Ni;_,Co,) on the adsorption
rate in the pressure drop experiment (Figure 3). The typical
half-time for a 50% pressure drop was 25, 27, 46, 54, and 89 s
for 0%, 25%, 50%, 75%, and 100% Co content, respectively,
confirming a direct relation of papyym and the adsorption
kinetics. The pressure drop kinetics follow the KJMA equation
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Figure 2. a) Normalized pressure drop curves obtained at different dosing pressures (pini mani): 95 kPa in black, 85 kPa in red, 75 kPa in orange, 65 kPa
in green, and 55 kPa in blue; b) Relationship between the rate constants and the pressure difference between the initial DCM vapor pressure p, and
the gate opening pressure papuy (When pya, OF Pini mani Were used as p the points shown in orange or blue were obtained, respectively).

(Equation (1)) and the rate constants k are summarized in
Table 2. A monotonic dependence of k on p—papuy Was found
but a discontinuity is observed between 50% and 75% Co for
the samples that did not achieve the full expected uptake. This
nonlinear relationship indicates a critical cobalt concentration
at which the clustering of Co,-paddle wheels leads to a pro-
nounced deviation from a purely statistical distribution of Co?*
and Ni?" ions. This finding is also supported by EPR studies.[2¢!

The rate of DCM adsorption was also investigated in break-
through experiments at 302 K (Figure S12, Supporting Infor-
mation). The structural transition of DUT-8(Co) does not take
place under the conditions of the experiment; therefore, this
measurement can be seen as a reference for an immediate
breakthrough. The dynamic experiments confirm the results
of the pressure drop experiments, showing that DUT-8(Ni)
responds and reaches the full uptake much faster compared to
the cobalt-containing frameworks.

As the adsorption kinetics indicate a rather slow switching
(50-300 s) of the MOF materials, we were curious if the struc-
tural opening transformation could be observed on the same
time scale. In situ PXRD investigations were carried out at
the DESY synchrotron (Hamburg) to directly observe the pore
opening with a high time resolution after imposing a pressure
pulse on the crystal ensemble (Figure 4; Figure S19, Supporting
Information). The phase transition is clearly detected after a
few seconds (DUT-8(Ni)) by the rise of the (110) peak at 0.49 A~!
of the DUT-8(Ni)_op phase. The peak intensities of the op

phase were analyzed on the basis of the KJMA equation (where
o is the fraction of op phase at time #) but the index n varied for
the different samples, which made it difficult to compare the k
parameters directly (Table 3).

As expected, DUT-8(Ni) shows the fastest phase transforma-
tion while the Co substituted samples are much slower. The
in situ time-resolved PXRD data are in good agreement with
the adsorption rate experiments. However, it is interesting to
see that the structural transformation rates are generally much
faster than the rates derived from volumetric adsorption data.
One of the reasons for that could be the difference in the Ap =
Pmax—Parum 10 the two different experimental setups since the
amount of sample used is an order of magnitude less than the
sample amount used in the pressure drop experiments at com-
parable dead volume of the system. Another aspect is the differ-
ences in mass transport constants in the two systems.

2.1. Individual Crystal Analysis

A key open question not addressed in any previous work is:
What is the actual transformation rate of individual switchable
MOF crystals? Do individual crystals require several ten sec-
onds to open?

To shine a light on these questions, we designed a novel
microfluidic breakthrough apparatus adapted to a gas-dosing
unit and a high-quality optical microscope (Scheme 1). The

Table 1. Summary of experimental and calculated parameters for DCM pressure drop profile analysis on DUT-8(Ni) applying different dosing pres-

sure at 298 K (py = 56.9 kPa).

Sample Weight [mg] k [x1072] R? Pinimani [kPa] Pmax [kPa] Prn [kPa] Ap [kPa]

DUT-8(Ni)?) 10.3 3.420 0.9991 95.0 57.4 50.4 46.2
10.4 3.016 0.9987 85.0 50.9 4.0 39.7
10.1 2.707 0.9986 75.0 451 376 339
10.0 2331 0.9981 65.0 384 317 27.2
10.1 1.883 0.9969 55.0 333 26.0 221

Appprm for the sample is 11.2 kPa (p/py = 0.20).
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Figure 3. a) Normalized DCM pressure drop curves obtained for DUT-8(Ni) (black) DUT-8(Nig75C0g,5) (orange), DUT-8(Nig 50Cog.50) (green), DUT-
8(Nig5C0075) (blue), and DUT-8(Co) (purple) at 298 K; b) Relationship between the rate constants and the pressure difference between the DCM

vapor pressure and APHM.

chamber for sample observation is 0.5 X 0.5 mm in cross sec-
tion and 40 mm long and consists of a polydimethylsiloxane
channel closed by a glass slide on which the crystals are placed
(Figures S10,S11, Supporting Information). The DCM vapor
is fed from a saturator operated with mass flow controllers to
adjust the total flow to 10 mL min™' and a saturation pressure
of 56.9 kPa. To achieve a rapid switch from N, to DCM vapor,
a three-way valve with minimized dead volume is used. Com-
putational fluid dynamics (CFD) simulations demonstrate that
the concentration change in the channel is achieved within
100 ms (Section S7, Supporting Information). This setup allows
an individual observation of crystals and their switching rate.
Placing crystals differing in composition in the same channel
allows a direct comparison of switching rates (Figure S20, Video
S1, Supporting Information). For a statistical evaluation of indi-
vidual crystals, we placed several crystals of the same batch into
a channel and analyzed the transformation process. The struc-
tural expansion is recognized from the volume change, shape
change, and partially also from the color change (Figure S21,
Supporting Information).

Initially, the structural transition of DUT-8(Ni) crystals
was observed directly through microscopy by using different
concentrations of DCM vapor (simulating different Ap =
Pmax—Papum)- The dosing DCM vapor was diluted to 80%, 70%,
60%, and 50% by mixing with pure N, gas (Videos S2-S5, Sup-
porting Information).

This novel technique reveals important new findings evident
from the videos and their statistical analysis: The individual
transformation time for a single crystal is only 3—4 frames
(camera 9 fps) and, in some cases, only one frame. Hence, the
actual timescale of transformation for an individual crystal is

typically below 1 s. This observation is quite astonishing and
not accessible from bulk analysis techniques that reveal much
slower switching processes, as discussed above. In some cases,
a beginning transformation can be discerned on one end of
the crystal and the transition front propagates rapidly through
the crystal. This is even true for crystals that are broken into
smaller fractions before the gas is introduced. The propagation
wave moves rapidly over the fracture (Video S6, Supporting
Information).

Despite the fact, that the switching of individual crystals pro-
ceeds with apparently the same, very fast rate for all crystals,
the crystals do not switch all at the same time after introducing
the vapor. A significant delay is observed after the vapor reaches
the cell and some crystals switch earlier and some later with a
characteristic statistical distribution. In the following, this time
delay is termed induction time.

By using the time () of the first switching crystal as an
indicator that the gas has filled the channel, we can directly
compare the induction time for the following crystals (t,) by
defining the normalized switching time £,:

b=t —t (2)

Decreasing the concentration of DCM vapor from 100% to
60%, the distribution of normalized induction times broadens.
For 50% DCM vapor the distribution appears narrower than
that for 70% and 60% DCM vapor (Figure 5), however, the
number of crystals remaining as cp phase increased for such
low DCM concentrations (Figure S25, Supporting Information).

In order to demonstrate the engineering of the frame-
work’s temporal response by chemical design, DUT-8(Ni),

Table 2. Summary of experimental and calculated parameters for DCM pressure drop profile analysis on DUT-8(Ni), DUT-8(Nig75C0q.2s),
DUT-8(Nig 50C00.50), DUT-8(Nig 25C0g75), and DUT-8(Co) at 298 K (py = 56.9 kPa). Avrami exponent n = 0.87.

Sample Weight [mg] k [x1077] R2 Pini,mani [kPa] Pmax [kPa] Prn [kPa] Paprim [kPa]
DUT-8(Ni) 106 4434 0.9972 95.1 56.1 50.0 N4
Nig 75C00.25 10.5 3.996 0.9979 94.9 55.9 49.4 156
Nig.50C00.50 10.4 2.538 0.9993 95.0 57.8 51.0 212
Nig 5C0075 10.3 1973 0.9942 94.9 576 50.3 37.1
DUT-8(Co) 10.4 1.383 0.9988 95.0 57.8 51.0 40.8
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Figure 4. a) Fractions of the open pore phase for DUT-8(Ni) (black), DUT-8(Nig;5Cog5) (orange), DUT-8(Nig50Cog.50) (green), DUT-8(Nig,5C0oqg 75)
(blue), and DUT-8(Co) (purple) at room temperature based on in situ synchrotron PXRD measurements. Each pale color jagged symbols correspond
to the change in the normalized peaks intensity and the lines with dark color were obtained by fitting the experimental data to the KJMA equation;
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b) Color map of in situ PXRD patterns collected upon DCM adsorption on DUT-8(Ni) at 298 K.

DUT-8(Nig75C0gzs), ~ DUT-8(Nig50Cops0),  DUT-8(Nig25C0q75),
and DUT-8(Co) crystals were directly analyzed through micro-
scope by dosing DCM vapor. In the case of DUT-8(Ni) and DUT-
8(Nig75Coy ,5) crystals, all of the crystals showed the start of struc-
tural transition within a few seconds. On the other hand, few
crystals showed the start of structural transition only after 2.5 h.
Statistical analysis is provided in Figure 6: For pure DUT-8(Ni) the
induction time is below 2 s for all crystals. A similar observation
is made for DUT-8(Nij75Cog,s), but a few crystals have a longer
induction time of up to 9 s. For 50% Co substitution this tendency
is pronounced: While the majority of crystals switches after a few
seconds, a considerable amount of crystals has induction periods
of 5-20 s. Moreover, 15% of DUT-8(Ni 59Coy 5) crystals remained
in the cp phase (Figure S24, Supporting Information). Most of
DUT-8(Nij ,5Coq75) and DUT-8(Co) crystals remained in the con-
tracted pore phase which is in accordance with the reduced total
uptake observed in the DCM isotherms (Figure 1c).

These observations are important as they give unprecedented
insights into the real spatiotemporal evolution of individual
MOF crystals.

1) The individual transformation rate is extremely fast and can
reach fractions of seconds. The differences in the individual
transformation rate are insignificant compared to the tempo-
ral resolution of the instruments used. Individual transfor-
mations are orders of magnitude faster than the transforma-
tion time measured for an ensemble (10-300 s).

Table 3. Summary of experimental and calculated parameters for in situ
synchrotron PXRD measurements on DUT-8(Ni), DUT-8(Nig75C0q ;s),
DUT'S(NiO,SOCOO,SO)V DUT-8(Ni0v25C00475), and DUT-S(CO) at 298 K.

Sample n k R2 PiniMani [kPa]  Prmax [kPa]?)
DUT-8(Ni) 1.31 0.238 0.9995 97 46
Nig75C00.25 1.51 0.104 0.9919 97 46
Nio.56C%%.50 136 0.103 0.9992 97 52
Nio25C007s 1.20 0.018 0.9983 97 52
DUT-8(Co) 0.64 0.05 0.9988 97 50

n the in situ experiment py,, approximately represents also pg;p, since the amount
of the sample in the capillary is small (=1 mg) and the pressure drop due to the
adsorption in the system is not measured. Time resolution is 0.1 fps in all cases.
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2) Samples differing in ensemble transformation rate (based on
X-ray and volumetric adsorption data) show pronounced dif-
ferences regarding the individual induction time. With high-
er gate opening pressure (papyy) measured in the isotherm
of an ensemble, the distribution of individual induction
times (induction time variation) broadens significantly and
individual crystals switch only after 17 s (DUT-8(Niy 5Coq 50))
while some crystals remain closed.

Volumetric pressure drop data show an order of magni-
tude slower rates for DUT-8(Nig 50Cog50) and the material is
not entirely transformed even after 200 s. This discrepancy
between uptake rate and individual switching rates indicates
that mass transport phenomena in the large cell volume of a
volumetric instrument are superimposed on the actual trans-
formation rate of individual crystals. Synchrotron studies
reveal a much faster and direct analysis of the transformation
rate, indicating an almost complete transformation of DUT-
8(Ni) after 15-20 s. However, even in the small volume of the
synchrotron capillary, after applying a pressure jump, diffu-
sion limitation in the capillary may be superimposed on the
actual crystal transition rates. Only the microscopic analysis
discloses the fastest response time accessible so far, providing
a lower limit for the individual transformation rate of crystals
(below 1 s) and giving for the first time insights into delay
phenomena revealing characteristic induction periods for the
switching of individual crystals.

Frameworks differing in gate opening pressure are dis-
tinguished by characteristic induction time distribution
differing in width. This width in induction time is directly
related to pappy and strongly affected by a “smearing” of
the adsorption branch (gate opening pressure distribution),
a transition from a very steep uptake to a more broadened
uptake.?®l The broadened distribution of induction time
reflects the transition barrier of individual crystals as the
underlying reason for differences in macroscopic ensem-
bles. The same is true if pappy is constant (DUT-8(Ni)) and
the activity of the stimulus (ppcy) is varied. With decreasing
Ap = ppcm — Papuy, the induction time distribution is wid-
ened and a larger number of individual crystals remain
closed.

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Scheme 1. Schematic drawing of microfluidic breakthrough apparatus.

3. Conclusion

Engineering materials along a time axis represents a new
paradigm in materials science. Such frameworks may be also
termed 4D materials, as not only their spatial arrangement of
atoms is precisely controlled but also their temporal response.
Switchable Metal-Organic Frameworks are tailorable along a
time axis by chemical design. Their spatiotemporal response is
governed by an activation barrier, reflected in the gate opening
pressure (pappym) and the activity of the pore opening stimu-
lating guest molecule (pg;m). The ensemble-based switching
rate constant k increases with Ap = pgim — papum. [ndividual

crystal transformation rates are orders of magnitude faster than
rates estimated based on ensemble methods. However, slow-
transforming ensembles show a delayed induction of individual
crystal transformations. Ensembles differing in gate opening
pressure exhibit significant differences in the distribution of
induction times and a wider distribution is characteristic for
decreasing Ap.

Engineering 4D materials is equivalent to a deliberate con-
trol of activation barriers in materials science, a hitherto rarely
explored scientific field. In nature, the recognition of molecules
is controlled by kinetic barriers regulating catalytic activity, key-
lock interactions and the response of enzymes. We expect the
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Figure 5. a) Normalized induction time histograms for different DCM vapor concentrations investigated (black = 100%, orange = 80%, red = 70%,
blue = 60%, and green = 50%) for DUT-8(Ni) fitted by an exponential density probability function. The A value (the mean number of events in an
interval of time) is 2.46 for 100%, 0.82 for 80%, 0.09 for 70%, 0.025 for 60%, 0.26 for 50%.
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exponential density probability function (The A value is 2.46 for DUT-8(Ni), 3.89 for DUT-8(Ni 75C0y ,s5), and 0.17 for DUT-8(Nig 50Coqg 50))-

deliberate control of activation barriers in dynamic frameworks
to play a decisive role in selective recognition in molecular sep-
aration, catalysis, sensing, and actuation. A t-axis design will
enable the production of actuators with controlled response
time performing fast or slow dynamic movements depending
on requirements. For predictive simulations, nucleation and
propagation of phonons through a MOF crystal are essen-
tial phenomena to be addressed in the future. Patterning and
positioning of dynamic materials in devices may create more
complex machines with time-controlled active hinges, artificial
pumps, or microfluidic valves. In the future, we expect frame-
works to perform more complex motions such as periodic oscil-
lations, acceleration, damping, or folding transformations. The
installation of an “internal clock” controlling the spatiotemporal
design of individual crystals is a long-term vision. Advanced
time resolved methods and control over microstructure, defects
and crystal interfaces will be decisive in achieving a deep
understanding of individual crystal transformation rates in the
future.

4. Experimental Section

Synthesis: The materials were synthesized according to the slightly
modified synthetic procedures reported in ref. [26]. For more details see
Section S1, Supporting Information. The phase purity of the compounds
was verified by powder X-ray diffraction (Figure S1, Supporting
Information). The samples were washed with N,N-dimethylformamide
several times and afterward, the samples were washed with DCM several
times by decantation. The resulting solids were filtered in an argon flow
and desolvated applying dynamic vacuum at room temperature overnight
to form the closed pore phases (Figure S2, Supporting Information).

Physisorption Isotherms: Volumetric low-pressure nitrogen and DCM
physisorption isotherms were measured on a BEL-Max instrument
(Microtrac MRB). Helium gas of 99.999% purity was used for the
determination of the dead volume and nitrogen gas of 99.999% purity
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was used as adsorptive. DCM with a purity of 99.9% was used for vapor
adsorption experiment. The samples were degassed at 393 K in dynamic
vacuum for at least 6 h before the measurement.

Pressure Drop DCM Adsorption Experiments: The experiments were
performed on a BEL-Max instrument (Microtrac MRB). The sample
cell was shortened to reduce the dead volume. The DCM-containing
vessel was held at 313 K and the sample cell was set at the respective
temperature of interest using a Julabo circulation thermostat. The
dosing of the vapor to the sample cell was performed in manual mode.
The time interval between the data points was 1s.

Time-Resolved In Situ PXRD Experiments: Time-resolved in situ PXRD
experiments were conducted at P23 in situ diffraction and imaging
beamline of PETRA 11l synchrotron (DESY). Monochromated irradiation
with E = 20.0 keV (1 = 0.619921 A) was used in all experiments.
Reflection intensities were measured using PILATUS 1 M (DECTRIS)
detector. The distance between the sample and the detector was 45 cm.
In a typical experiment, PXRD patterns were collected at a 10 Hz rate
during the 300-3600 s. The experimental setup consisted of a volumetric
adsorption instrument BELSORP-max (Microtrac MRB), used as a gas
handling system, which was connected to the customized home-built
in situ glass capillary serving as an adsorption cell (for more details see
Section S9, Supporting Information).

Microscopy Experimental Setup: Samples containing DCM in the
pores were filtered under Ar flow and desolvated under vacuum at room
temperature using Schlenk technique. Subsequently, desolvated samples
were transferred to a glovebox. The individual crystals were selected using
an optical microscope and transferred into the channel of the microfluidic
cell made from PDMS (Figure S10, Supporting Information). The cell was
transferred under argon and connected to a dosing system, which allowed
to switch between the nitrogen gas flow and the DCM vapor (Scheme 1;
Figure S11, Supporting Information). An Olympus GX53 microscope and
a camera with frame rates of 9 fps were used for monitoring the switching
process. Recording of crystal transition and the statistical analysis were
performed using OLYMPUS Stream Essentials 2.4.3 software.

Statistical Analysis: The pressure drop curves and the fraction of the op
phase calculated from the in situ PXRD patterns were normalized as follows:

Ynormalized = ﬁ (3)
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In the microscopy experiments, the time of the first switching event
(t1) was set to zero. The induction time for all the following crystals (%)
was the normalized switching time t, defined as:

b=t -1 4

The relative frequency in the induction time histograms (Figures 5
and 6) was the frequency in a particular class divided by the total
number of observations. The total number of observations was given in
each graph. The exponential density probability function used for data
fitting by OriginPro 2021b software was:

y=Ff(x|A)=2e~ )

The mean parameter, standard deviation parameter, or scale
parameter for the exponential density probability function were:

=y ©)

The A values for each analysis are given in the figure captions.

Supporting Information

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