#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Multiple rotational rates in a guest-loaded,

i") Check for updates‘
amphidynamic zirconia metal—organic frameworkf

Cite this: Chem. Sci.,, 2020, 11, 11579

Aaron Torres-Huerta, ©? Dazaet Galicia-Badillo, ©2 Andrés Aguilar-Granda, © 12
Jacob T. Bryant,@b Fernando J. Uribe-Romo & *° and Braulio Rodriguez-
Molina © *@

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Amphidynamic motion in metal-organic frameworks (MOFs) is an intriguing emergent property,
characterized by high rotational motion of the phenylene rings that are embedded within an open, rigid
framework. Here, we show how the phenylene rings in the organic linkers of the water stable MOF
PEPEP-PIZOF-2 exhibit multiple rotational rates as a result of the electronic structure of the linker, with
and without the presence of highly interacting molecular guests. By selective H enrichment, we
prepared isotopologues PIZOF-2d, and PIZOF-2dg and utilized solid-state *C and ?H NMR to
differentiate the dynamic behavior of specific phenylenes in the linker at room temperature. A difference
of at least one order of magnitude was observed between the rates of rotation of the central and outer
rings at room temperature, with the central phenylene ring, surrounded by ethynyl groups, undergoing

ultrafast 180° jumps with frequencies higher than 10 MHz. Moreover, loading tetracyanoquinodimethane
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Accepted 21st September 2020 (TCNQ) within the pores produced significant changes in the MOF's electronic structure, but very small

changes were observed in the rotational rates, providing an unprecedented insight into the effects that
internal dynamics have on guest diffusion. These findings would help elucidate the in-pore guest
dynamics that affect transport phenomena in these highly used MOFs.
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Amphidynamic crystals are an emerging class of materials
made of molecular components that exhibit fast internal
motion within a rigid lattice."” Metal-organic frameworks
(MOFs) can be considered as intrinsically amphidynamic
materials, because they are formed by the assembly of organic
molecules that carry high degrees of freedom linked to inor-
ganic clusters that form an extended solid matrix.®> This
assembly allows for the organic components to behave like
rotators, while the solid matrix/framework acts as a stator, with
gyroscope-type motion enabled by the open architecture of the
MOF with motion modulated by the molecular structure of the
linker.*® In order to create materials with targeted dynamic
properties for real-life applications, like molecular machines, it
is important to determine whether the chemical environment of
the linkers can produce dynamics at multiple rates and how the
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presence of molecular guests affect such dynamics. To do so, it
is important to use MOFs that are chemically stable to water and
humidity, because this robustness increases the reproducibility
of the results and the applicability of the MOF. The interplay
between guest diffusion, linker dynamics and the overall
framework flexibility has been actively investigated in recent
years.”

Here, we prepared a water-stable MOF, PEPEP-PIZOF-2
(Fig. 1a), strategically labelled with deuterium atoms to probe
the multiple segmental motion in the pristine and guest-loaded
materials. Utilizing solid-state NMR techniques, we elucidated
that this MOF exhibits bimodal rotational rates, with the central
ring of the linker having free rotation above the 10 MHz limit of
quantitation, and with the outer rings having slower rotation.
This double-rate internal dynamics is preserved even in the
presence of a very “sticky,” electron-deficient guest such as
tetracyanoquinodimethane, TCNQ. Studying the molecular
dynamics of this class of MOFs helps in accelerating their use as
applied materials and for the fundamental studies of transfer
phenomena that occur in MOFs such as mass, heat, and
momentum transfer.

Zirconia MOFs have been shown to exhibit unprecedented
chemical stability, of which the family of Porous Inter-
penetrated Zirconia Organic Frameworks (PIZOFs) features
superior stability combined with a unique molecular composi-
tion of their linkers.*® The linkers in PIZOF MOFs are linear and
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Fig. 1 (a) Crystal structure of the double interweaved MOF PIZOF-2,
showing each framework in separate colors. (b) Molecular structure of
the PEPEP link. (c) Deuterium enriched linkers used in this study
emphasizing the deuterium location in the link and the different
chemical environments.

made by a combination of phenylene rings and ethynylene
groups, where multiple chemical environments can be created
around the phenylenes, thus altering their rotational behavior.
Of the series, PEPEP-PIZOF-2 (hereafter PIZOF-2) is a high
symmetry interweaved MOF (interweaved = interpenetrated
with minimally displaced frameworks'>'") made with linkers
that contain three phenylenes (P) and two ethynylenes (E) in an
alternating form (hence PEPEP, Fig. 1b), creating two different
types of chemical and crystallographic environments around
the rotor moieties: the central phenylene ring is surrounded by
two alkyne groups that provide a negligible electronic barrier for
rotation and two outer phenylene rings surrounded by an
alkyne and a carboxylate. So, we expect to observe significant
differences in dynamics for each component of the linker."” To
properly observe the gyroscope-like rotation, protons were
replaced with deuterons either in the inner ring (PIZOF-2d,,
Fig. 1c) or in the outer rings (PIZOF-2dg, Fig. 1c). These two
modes of isotopic labeling allowed the isolation of each ring to
study of their dynamics by ’H NMR.

Samples of the PIZOF-2 MOF containing natural and isoto-
pically enriched PEPEP links were prepared from adapted
published procedures (ESIT)."* The MOFs were prepared via
solvothermal crystallization of the respective linkers in DMF in
the presence of ZrCl, and proline-HCl at 120 °C for 24 h,
resulting in crystalline powder samples of formula ZrsO,(-
OH),[PEPEP];, Zr04(OH),[PEPEP-d,]s, and ZrsO,(OH),[PEPEP-
dgls. Powder X-ray diffraction (PXRD) patterns of all three iso-
topologues exhibited sharp diffraction lines starting at 3.84° 26
(CuKa radiation) characteristic of the cubic PIZOF-2 MOF phase
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(Fd3m space group symmetry) (Fig. 2a).** Phase purity was
assessed using Rietveld refinement of the experimental patterns
using the single crystal unit cell data resulting in phase pure
samples with low residuals (Fig. S1-S47).

The internal structure of the MOFs was analyzed using *C
Cross-Polarization with Magic Angle Spinning (CP MAS) NMR
spectroscopy, where the intensities of *C signals varied
according to the level of deuteration of the linker in each MOF
(Fig. 2b). PIZOF-2 exhibits a *C spectrum with signals at around
92 ppm, corresponding to the internal ethynyl, signals between
120 and 140 ppm corresponding to the phenylene carbons, and
signals at 173 ppm that correspond to carboxylates, consistent
with the expected structure. In PIZOF-2d, the signals that
correspond to the central phenylene ring are attenuated
(Fig. 2b, signal 8) compared to the natural material, whereas in
PIZOF-2ds, the only visible signals are those of the central ring,
due to the absence of vicinal protons required for CP. Peaks
associated with solvents and other reagents were not observed
indicating a successfully evacuated framework, which in addi-
tion to high crystallinity and the magnetic field produces
changes in the spectral line shape that can be associated with
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Fig. 2 (a) Powder X-ray diffraction of the natural and isotopically
enriched PIZOF-2 MOFs demonstrating their isoreticular nature. Miller
indices of the most intense peaks are indicated. (b) *C CPMAS NMR
spectra of natural and isotopically enriched PIZOF-2 MOFs.
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different types of motion."” In the case of the PIZOF MOFs, the
differences in the molecular substructure and porosity ensured
having optimal samples for dynamic studies. Despite being
double interweaved, the distances between centroids of the
aromatic rings of the interpenetrating frameworks have values
in the range of 6.23 A to 8.04 A (Fig. S71). Considering that the
volume of revolution of the phenylene is ca. 6 A, significant
changes in the internal rotational dynamics caused by inter-
penetration were ruled out. Besides, it is expected that the
phenylene rings have sufficient space to undergo fast rotational
displacement, as it has been observed in other MOFs.'® To
determine this, the deuterated samples were studied using
solid-state quadrupolar echo *H NMR spectroscopy. The re-
orientation of the C-"H bond vectors with respect to the external
between outer and inner rings is expected to afford different
rotational rates.

The ?H NMR line shape at room temperature of PIZOF-2dy
displays signals characteristic of motions in the intermediate
exchange regime. A successful fitting of the spectrum using
NMRweblab"” was obtained using a model that assumed two-
fold flip jumps, indicating a rotational rate at room tempera-
ture of the outer rings of &, = 2.10 MHz (Fig. 3 top). The rate of
rotation of the deuterated outer rings is similar to that reported
in Ui0-66(Zr)*® (k.o = 2.3 MHz at rt) and much larger than that
of other simple MOFs like MOF-5(Zn),"> MIL-47(V)," and MIL-
53(Cr)" (kgor < 0.001 MHz at rt). The rotation of the outer rings
could be then regulated by the electronic conjugation of the
phenylene with the carboxylates and/or affected by the inter-
actions with the metal oxide clusters.

Conversely, in the case of PIZOF-2d, (Fig. 3 bottom) the
narrow “H NMR spectrum is characteristic of ultrafast reor-
ientations about the -C=C- axis. A fitting of the spectrum was
carried out assuming fast 180° jumps and large amplitude
vibrations, indicating a rate of rotation of k., > 10 MHz, the
upper limit of the >H NMR sensitivity, so at 295 K the inner rings
are rotating freely. This rate correlates with the minimal elec-
tronic barrier given by the flanking alkynes as has also been

PIZOF-2dg
Experimental Simulation
. 180° jumps Koot = 2.10 MHz
r T T " r T T "
-150 -50 50 150 -150 -50 50 150
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PIZOF-2d,
Experimental Simulation
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180° jumps
(+ 45°)
1 s s 180150 50 5 180
kHz kHz

Fig. 3 Experimental (blue) and calculated (orange) deuterium line
shapes of PIZOF-2 at 295 K: (top) PIZOF-2dg and (bottom) PIZOF-2d,.
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observed in a Zn-pyrazolate MOF that contains the same
diethynyl-phenylene-diethynyl moiety.*® To date, this is the first
time a MOF exhibits multiple rotational rates of their phenylene
rings, which has implications for understanding and improving
guest-diffusion related phenomena such as guest storage,
catalysis, and separations.

As the transport of guests throughout the MOF would be
affected by the interactions between the guest and the static and
dynamic components of the framework, we impregnated
deuterated PIZOF-2 samples with tetracyanoquinodimethane
(TCNQ). Given the electron-rich nature of the linker, electron
deficient TCNQ was selected because it fits into the pores and
has a high propensity to form strong - stacking bonds, often
in the form of charge transfer complexes.” In other words,
TCNQ is a very sticky molecule known to affect the electronic
structure of MOFs and has been used as an additive to enhance
their charge conduction properties for device applications.***

The incorporation of TCNQ into the MOF was performed by
immersing MOF powder samples in CH,Cl, solutions for
a minimum of 6 h at 295 K followed by rinsing, resulting in
aloading capacity of 28.6 & 0.2 TCNQ molecules per unit cell. At
this saturated state, the white crystals changed to a green color
and showed a strong EPR signal with g = 2.0025 (Fig. S8ct),
compared to the pristine MOF. This could be attributed to
a charge transfer event that produces organic radicals which
overshadows the intrinsic paramagnetism of the zirconia
oxoclusters.”> We also observed a quench of the emission, with
a significant change in the quantum yield from ®¢ = 8.5% to @g
< 0.1% (Fig. S8dt). Fluorescence quenching was expected due to
the interaction of electron deficient molecules with the conju-
gated oligo-phenylene-ethynylene linkers that make the MOF
emissive.*

The *C CPMAS spectrum of TCNQ loaded PIZOF-2d,; not
only confirmed the guest within the pores (Fig. S121), but it also
revealed the changes in the chemical environment around the
linkers: the appearance of a second carboxylate signal around
0 =174 ppm and a second quaternary carbon signal around ¢ =
128 ppm, with higher intensities with an increased loading time
(Fig. 4a), attributable to the interaction of TCNQ with the outer
rings of the PEPEP links, closer to the Zr cluster. Surprisingly,
despite the evidence of the diffusion of TCNQ into the MOF, the
solid-state ’H NMR spectrum of PIZOF-2d, loaded with TCNQ
for 6 h remained unaltered (Fig. 4b). Increasing the impregna-
tion time to 72 h or increasing the temperature to 60 °C resulted
in similar line shapes. These results suggest that the guest may
have adsorbed near the outer phenylene rings of the linker. To
demonstrate this, PIZOF-2dg loaded with TCNQ for 6 h (Fig. 4c)
was studied by *’H NMR. Interestingly, the fitting of the *H line
shape indicated slightly faster rotational rates compared to
pristine PIZOF-2dg, changing from ko = 2.1 MHz to0 k;or = 3.3
MHz. Only rising the impregnation temperature to 60 °C for
24 h allowed faster adsorption equilibration, decreasing the
rotational rate to k., = 1.2 MHz. This indicates that the diffu-
sion of TCNQ is slow and may require longer equilibration
times at higher temperature to reach an equilibrium. Further-
more, considering the changes in the chemical shift of the
carboxylate peak observed by *C NMR CP MAS upon the

Chem. Sci., 2020, 1, 1579-11583 | 11581
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Fig. 4 (a) *C CPMAS of PIZOF-2d, at different TCNQ loading times.
(b) Experimental and simulated °H NMR spectra of PIZOF-2d,
revealing that the signal from the central phenylene remains unaf-
fected. (c) Experimental and simulated 2H NMR of PIZOF-2dg under
different TCNQ loading conditions.

diffusion of the guest (Fig. 4a, pink mark), as well as the minor
changes in the rotational dynamics of the aromatic rings, we
postulate that the TCNQ is located closer to the metal cluster,
which agrees well with previously observed guest-loaded Zr-
based MOFs.>>*¢

This work highlights that our approach can tackle one of the
challenges in guest-loaded MOFs, which is the understanding
of the interactions between the guest and the framework,
a problem often exacerbated by the difficulty of acquiring high-
quality single crystals. Furthermore, even after obtaining suit-
able crystals, X-ray diffraction studies provide only averaged
space and time information. Conversely, solid-state NMR, as it
is time-resolved, is ideal to analyze guest loaded MOFs in bulk
samples, providing kinetic information such as transient -
interaction sites,” gas-absorption diffusional rates,*® internal
rotational dynamics,® and other kinetic details.>**°

Conclusions

In summary, we studied for the first time the amphidynamic
behavior of the ultra-stable PIZOF-2 MOF in the absence and
presence of the TCNQ guest through a combined material
characterization and solid-state NMR technique using
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isotopically enriched linkers. We found that the phenylene
rings in the linkers of this MOF exhibit two different rotational
rates and that they are not equally affected by the inclusion of
the guest. This study offers insights into the complex molecular
dynamics within MOFs aiming for tunable properties of
synthetic molecular machines. Further work exploring the
dynamics of the MOF PIZOF-2 at different temperatures and the
effect of the guest on the rotation under those conditions is
currently underway.
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