13656  Wiley Online Library

Angewandte

Zuschriften

Noncovalent Porous Materials

DOI: 10.1002/ange.201306785

Permanent Porosity Derived From the Self-Assembly of Highly
Luminescent Molecular Zinc Carbonate Nanoclusters™*

Kamil Sokotowski, Wojciech Bury, Iwona Justyniak, David Fairen-Jimenez, Katarzyna Sottys,
Daniel Prochowicz, Sihai Yang, Martin Schroder, and Janusz Lewinski*

Over the past two decades, crystalline microporous materials
have attracted major interest, owing to their applications in
gas sorption, separation, catalysis, and sensing.!'! Microporous
crystalline materials can be constructed from coordinatively
or covalently linked building blocks where rigid or semi-rigid
molecular scaffolds separate void spaces of different size and
geometry. Prominent examples of porous materials showing
polymeric structures include zeolites,”! hybrid metal-organic
frameworks (MOFs) or porous coordination polymers
(PCPs),! covalent organic frameworks (COFs), and H-
bonded supramolecular organic frameworks (SOFs).”! The
formation of bonding interactions between building units is
an important factor that defines and controls the stability and
robustness of these porous polymeric materials. However,
discrete molecules may also pack in the solid state to form 3D
assemblies that exhibit high permanent porosity.!”! The
resulting noncovalent porous materials (NPMs) are distinct
from the above polymeric systems, as they are held together
by weak noncovalent crystal-packing forces. Modifications of
structure by cocrystallization of different building blocks!”!
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can tune the microcavities in the solid state, and the material
can thus conform to the shape or functionality of guest
molecules. Moreover, these materials can be highly solubile,
an important advantage in their processing to form porous
thin films."*%

NPMs can exhibit extrinsic and/or intrinsic porosity.
Intrinsic porosity is associated with the structure of the
single-molecule-containing voids, clefts, or cavities, as has
been demonstrated for calixarenes,” cucurbiturils,"” cyclo-
dextrins,'"! organic cage compounds,®’* or discrete small
organic molecules.™ In contrast, materials with extrinsic
porosity are those where individual molecules pack in the
solid-state to form structures with empty spaces between the
individual molecules. As discrete molecules tend to form
close-packed solids with minimal void volume, extrinsic
porosity in NPMs remains a rare phenomenon.'”* The
rational design and preparation of NPMs showing extrinsic
porosity based on molecular metal complexes is highly
challenging and few examples have been reported.!”

We have demonstrated previously that alkylzinc hydrox-
ides RZnOH can be efficiently transformed into multinuclear
alkyzinc carbonate nanoclusters'™™ or nanomaterials, such as
discrete nanoparticulate zinc carbonate aerogels™ and ZnO
nanoparticles."® As shown in Scheme 1a, the reactivity of the
RZnOH species can be rationalized in terms of the presence
of both a proton-reactive Zn—C bond and CO,-reactive Zn—
OH groups. We argued that introduction of an additional
auxiliary ligand L to the RZnOH system, followed by CO,
fixation, could lead to the formation of novel molecular
building blocks for new extrinsic NPMs. Herein, we report
such a strategy in which the construction of a nanosized
cluster [Zn;y(u-CO3)4(L)1,] (WUT-1; WUT = Warsaw Uni-
versity of Technology) is achieved by fixation of CO, by the
tetranuclear hydroxo precursor [Zn,(1s;-OH),(L),(1Bu),] (1;
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Scheme 1. a) Multifunctional character of R(L)ZnOH moieties. b) The
synthesis of WUT-1 from 1 and CO,.
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L = deprotonated 8-hydroxyquinoline)."” Packing of single
molecules of WUT-1 leads to the formation of an unprece-
dented microporous fluorescent NPM within a diamondoid
crystal lattice. The permanent porosity in WUT-1 was con-
firmed by successful sorption of N,, H,, CO,, and CH, at
ambient and higher pressures, which can be modeled by grand
canonical Monte Carlo (GCMC) simulations.

Reaction of [Zn,(13-OH),(L),(rBu),] (1), a well-charac-
terized complex supported by the luminescent 8-hydroxyqui-
nolinate ligand, in toluene with oxygen-free CO, at room
temperature resulted in an immediate color change of the
solution from yellow to fluorescent green (Scheme 1b). After
24 h, yellow octahedral crystals of the decanuclear zinc
carbonate cluster [Zn;y(us-CO;)4(L),,]-n(PhMe)!'® (WUT-1)
were isolated in 89% yield (Supporting Information, Fig-
ure S4). WUT-1 is stable in the solid state and in solution at
ambient temperature under N, or dry air. Thermogravimetric
analysis (TGA; Figure S10) showed that WUT-1 quantita-
tively releases toluene at 90°C to give desolvated WUT-1a.1*"
The presence of the carbonate group in WUT-1 was con-
firmed by a resonance at 165.3 ppm in the CP-MAS *C NMR
spectrum as well as by a strong band at 1510 cm ™!, which is
characteristic for a carbonate ligand in the IR spectrum (see
the Supporting Information).!'”]

The X-ray data for the as-synthesized single crystals of
WUT-1 show residual peaks derived from disordered PhMe
molecules (see the Supporting Information). However, this
residual amount of solvent can be removed under vacuum
(see below) providing desolvated single crystals of WUT-1a
with the preserved crystal structure (Table S2). The crystal
structure of both materials belongs to the cubic space group
Fd3 and contains nanosized (ca. 16 A) decanuclear core—shell
type clusters [Zny(ug-CO3)4(L)1,]. The revealed cluster
represents a unique example of the zinc carbonate aggregate
of fused networks of four- and six-membered heterocyclic
rings. The molecular structure of WUT-1 can be viewed as
a tetrahedral zinc carbonate core [{Zn(u,-CO;)}s] encapsu-
lated in an octahedral hexazinc quinolinate shell [{Zn(L),}]
(Figure 1a).””) Each carbonate anion acts as a bridging ligand
between six zinc centers, adopting an 1>m?>m?:pe-binding (C—
O distance =1.285 A). Four carbonate ions and four Zn
centers occupy alternate locations above the facets of the
octahedral [{Zn(L),}s] core. Interestingly, every three quino-
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linate ligands are oriented perpendicularly to the planes of
carbonate ions to form four triangular pockets (ca. 3.5 Ain
diameter) to give intrinsic pores in the solid state structure of
WUT-1. A detailed analysis of the crystal structure of WUT-
1 revealed that the spherical nanoclusters self-assemble
through C—H,,m cooperative interactions to produce an
extended 3D network with interconnected voids. Based on
PLATON calculations, the accessible void fraction in WUT-
1 was estimated to be 0.46 of the unit cell volume, with
a solvent-accessible pore volume of 0.50 cm®g P The
geometrical pore-size distribution obtained through molec-
ular simulations for WUT-1 shows three main pore diameters
(Figure S27): 1) ca. 3.5 A for two types of “ultramicropock-
ets”, one surrounded by quinolinate ligands (Figure 1a, right)
and another one on the outer surface of the nodes; 2) cavities
of 6.2 A diameter surrounded by six molecular clusters; 3) the
main tetrahedral cavities of 10.4 A (Figure 1c). Molecules in
WUT-1 pack to form a diamondoid lattice (Figure 1b).

WUT-1 was desolvated under a dynamic vacuum
(10 mbar) at 25°C for 12 h, as confirmed by single-crystal
X-ray analysis, '"HNMR, and TGA measurements (Figur-
es S8 and S10), and does not require any additional activation
before gas sorption measurements. At 77 K, the N, sorption of
the resulting WUT-1a exhibits a type I isotherm, which is
typical for microporous materials, with a maximum uptake of
308 cm®g ™! (39.0 wt %) at standard temperature and pressure
(STP) (Figures2a and S12). The Brunauer-Emmett-Teller
(BET) surface area and the total pore volume for WUT-1a
calculated from the N, adsorption isotherm are 1225 m®g~!
and 0.48 cm®g~!, respectively. This is the highest value for
NPMs based on metal clusters, and is among the highest
values for all NPMs (Table S5).°*) For a better analysis of
the adsorption data at low pressures, the isotherm was plotted
using a semi-logarithmic scale. The isotherm presents a com-
plex shape with an initial step around 3.5 mmol g ' (Figure 2a,
bottom). The presence of steps in the adsorption isotherms is
generally explained by the existence of structural changes in
flexible materials®!! or by stepwise filling of different pores
and adsorption sites.!*?

To investigate the step in the isotherm and to relate it to
a potential structural change of WUT-1a, we conducted
GCMC simulations of N, sorption at 77 K following an
approach that is routinely applied to studies of flexible

Figure 1. a) Ball and stick (left) and space-filled (right) views of the molecular structure of WUT-1. Yellow spheres represent 3.5 A diameter
ultramicropockets resulting from the arrangement of quinolinate ligands. b) The diamondoid lattice of WUT-1. c) Projection of the unit cell in
WUT-1 along (110) with yellow spheres representing cavities.
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Figure 2. a) Experimental (m) and simulated (@) N, isotherms of WUT-
1a obtained at 77 K using standard (top) and semi-logarithmic scale
(bottom). Circled data points indicate the isotherm points for the
snapshots. Inset shows the geometrical (—) and DFT (—) pore-
size distribution. b) The adsorption mechanism of N, on WUT-Ta at
77 K using snapshots at three different loadings, as indicated on the
semi-logarithmic-scaled isotherm.

MOFs.2-31 In the present case, the simulated isotherm
reproduces the experimental shape very well, with a BET
area and a total pore volume (1205 m’g~" and 0.49 cm’*g~!,
respectively) that match the experimental values. The GCMC

simulation shows that N, molecules first occupy the ultra-
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micropockets formed by three quinolinate ligands, (four
ultramicropockets in each cluster) followed by adsorption
between clusters, and finally by saturation in the main cavities
(Figure 2a,b and Figure S32). The ability of a rigid structural
model to predict the experimental gas adsorption isotherm
suggests that the existence of steps in the N, isotherm is
related to the presence of different adsorption sites with
strong interactions in WUT-1a rather than a framework
flexibility phenomenon.?!! This was confirmed by PXRD
measurements with increasing CO, loadings, which show no
major structural changes upon gas loading or desolvation
(Figure S5 and Table S3).

Evaluation of the H, adsorption in WUT-1a at 77 K
(Figure 3a and Figure S15) revealed an uptake of 1.0 wt%
(116 cm*g™! STP, 1.1bar) and 1.9wt% (216 cm’®g™' STP,
20 bar). GCMC simulations match the experimental data and
predict a maximum capacity of 2.1 wt% (77 K, 20 bar).
Analysis of the isosteric heat of adsorption (Qy) plot shows
the presence of two distinct regimes with a very high initial
value of 12.2 kJmol™" (Figures 3d and S18), which gradually
decreases to reach 5.7 kJmol™' at a 3 mmolg~' loading of H,.
The high initial value of O can be rationalized in terms of the
adsorption of H, molecules in ultramicropockets, as con-
firmed by GCMC simulations (Figure S34). Importantly, high
Q,, values of up to 15.1 kI mol ! have been observed in MOFs
with coordinatively unsaturated metal sites, whereas values of
3.8-9.5kJmol™! are typically reported for MOFs without
open metal sites.'® Both the significant H, capacity and the
very high initial O, make WUT-1a an interesting model
system for discussing the fundamental phenomena of H,
adsorption in porous materials.
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Figure 3. Experimental and simulated data for WUT-1a. a) H, isotherms at 77 K. (b) CO, isotherms at 273, 293, and 303 K. c¢) CH, isotherms at
273 and 293 K. d) Isosteric heat of adsorption plots for H,, CO,, and CH,. Adsorption and desorption branches are shown with closed and open

symbols, respectively.
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Figure 4. a) "H NMR spectra for the CO, activation by 1 in [Dg]THF. b) Absorbance (max. at 370 nm) and photoluminescence (max. at 480 nm;
excitation at 370 nm) spectra of WUT-1 (—) in THF; color curves indicate changes in photoluminescence spectra during CO, fixation.

The adsorption properties of WUT-1a are further exem-
plified by significant CO, uptakes (Figures 3b, S19, and S20)
at 195 K and 273 K at up to 1 bar, as well as 20 bar at three
temperatures (273,293, and 303 K). The total uptakes for CO,
at 1 bar (195K), 1 bar (273 K) and 20 bar (273 K) reached
46.2 wt% (235 cm®g™' STP), 4.8 wt% (24.4 cm*g™! STP), and
353wt% (182cm’g™' STP), respectively. The Q, plots
calculated for CO, (Figures 3d and S23) show similar features
to the one observed for H,, with a value of 24.5 kJmol™' at
zero coverage, which gradually decreases to 23.5 kJmol ™' at
a 2-3 mmol g 'loading of CO,. GCMC simulations for CO,
adsorption on a rigid model slightly surpass the experimental
results, and predict capacities of 47 wt % (195 K) and 38 wt %
(273 K) (Figures 3b and $35).%! More in-depth analysis of
CO, uptake snapshots for different temperatures shows that
the ultramicropockets are accessible to the CO, molecules.
However, this takes place predominately at low temperatures
such as 195 K and only to a minor extent at higher temper-
atures such as 273 K (Figure S36 and S37). Notably, the in situ
PXRD data collected for a WUT-1a sample at increasing CO,
loadings (Figure S5 and Table S4) demonstrate that the there
is no significant change in the unit cell parameters. This
observation further confirms that the origin of the steps
observed in the isotherms can be assigned to the stepwise
filling mechanism discussed above.

The high porosity in WUT-1 also enables high methane
storage capacity (Figure 3c). At 20 bar, the CH, capacity of
WUT-1a reaches 5.8 wt% (90cm’g™ STP) and 4.5 wt%
(70 cm®g~"' STP) at 273 and 293 K, respectively. Notably, the
volumetric uptakes® of CH, equal 63 gL' at 273 K and
49 gL at 293 K, and are moderate compared with state-of-
the-art MOFs such as PCN-14, NOTT-122, and NU-125.""
However, to our knowledge, these values are the highest
reported for NPMs. Importantly, none of the CH, isotherms
reach saturation at 20 bar, so higher uptakes might be
expected at higher pressures. Again, the Q, profile for CH,
is complex (Figures3d and S26), with a Q, value of
14.8 kJmol™! at zero coverage.

To obtain a better understanding of the reaction mecha-
nism of the organozinc precursor 1 with CO, and the
formation of WUT-1, we performed more detailed spectro-
scopic studies. The insitu 'HNMR spectral analysis in
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[Dg]THF indicated that the formation of WUT-1 proceeds
through a bicarbonate intermediate and was complete after
3 h (Figure 4a). The gradual disappearance of ZnOH signals
(3.22 ppm) and the formation of transient Zn(HCO;) species
(9.90 ppm) with a concomitant formation of isobutane
(0.89 ppm) strongly supports the hypothesis of stepwise
proton transfer between functional groups in the trifunctional
precursor 1. Additionally, the course of the reaction of 1 with
CO, was monitored by photoluminescence (PL) spectroscopy.
When a toluene solution of 1 in a quartz cuvette was exposed
to CO,, a rapid increase in intensity of the PL band was
observed with a gradual shift of the peak maximum from
555 nm (characteristic for 1) to 480 nm (WUT-1) (Figure 4b).
This observation is in good agreement with the very high
value of the quantum yield (QY) measured for WUT-1 (QY =
65%), as compared to the parent compound 1 (QY =5%)!""
and the well-studied complex [Zn(L),] (QY =3 %).¥

In conclusion, we have demonstrated a novel synthetic
approach to functional materials involving CO, fixation by
a well-defined organozinc hydroxide precursor. This
approach afforded the unique and permanently porous
fluorescent NPM WUT-1 based on discrete zinc carbonate
hydroxyquinolinate nanoclusters. WUT-1 exhibits a noncova-
lent diamondoid 3D microporous structure with one of the
highest BET surface area for NPM materials. The experi-
mental gas adsorption isotherms and GCMC simulations
confirm the strong binding of H, to WUT-1 clusters with
a heat of adsorption of 12.2 kJmol™" at zero coverage. This
can be rationalized in terms of occupation of the strong
binding sites in the ultramicropockets on the surface of WUT-
1, involving discrete clusters in the first step of H, sorption.
We believe that the reported synthetic approach utilizing the
unique reactivity of well-defined organozinc precursors will
provide new perspectives on the preparation of metallosu-
pramolecular architectures with desired functionalities.
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