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ABSTRACT: We demonstrate a versatile, bottom-up
method of forming metal and semiconducting nanoparticles
by exposing precursor metal-organic frameworks (MOFs) to
an electron beam. Using a transmission electron
microscope to initiate and observe growth, we show that the
composition, size, and morphology of the nanoparticles are
determined by the chemistry and structure of the MOF, as
well as the electron beam properties. Indium, copper, and
zinc oxide particles were produced with narrow and tunable
size distributions comparable to those obtained from state-
of-the-art methods. This method represents a first step
toward fabrication of nanoscale heterostructures using the
highly controlled environment of the MOF pores as a
scaffold or template.

The unique, size-dependent properties of metallic and
semiconducting nanoparticles are generating enormous interest in
using these materials for applications ranging from electronics to
catalysis and bio/medicine.! However, control over size, shape,
and assembly of such small particles, which is essential for both
uniform properties and device fabrication, remains a significant
challenge. Current fabrication routes using solution, templating,
and top-down approaches all have significant limitations,
particularly in the < 10 nm size range where intriguing quantum-
mechanical effects are displayed.?

A recent innovation that produces extremely small particles
was described by Fischer et al, in which metal-organic
frameworks (MOFs) are infiltrated with organometallic
precursors, then “developed” using thermal, photolytic, or
chemical reduction methods.> MOFs are crystalline materials
composed of metal ions or clusters connected by organic ligands
to create a rigid framework. This structure is advantageous as a
template because it provides considerable flexibility to tune both
pore size and chemical environment, and an extensive library of
MOFs now exists. The nanoparticles resulting from MOF
infiltration are on the order of the pore dimensions (typically < 2
nm) and are chemically stabilized by the framework. We and
others* extended this concept by using metal salts to create silver
and gold nanoparticles as small as Ags.> Unfortunately, since very
few MOFs with pore sizes > 2.5 nm exist, a wide range of
potentially interesting particle sizes are inaccessible.

Here, we demonstrate an alternative approach in which the
MOF itself is the precursor to particle formation. Recently, we
showed that exposing silver-infiltrated MOF templates to an
electron beam leads to rapid framework breakdown and
subsequent Ag coalescence. Depending on the MOF structure,
either nanoparticles in the 2 nm — 6 nm size range or arrays of
nanowires can be created.>® Interestingly, the metal ions
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Figure 1. a) IRMOF-1 SBU (IR-Isoreticular; SBU-secondary building
unit). b) MOF-508 SBU ¢) ZIF-8 SBU d) Cu(BTC) SBU e) MIL-68(In)
SBU. Grey: carbon; red: oxygen; aqua: zinc; blue: nitrogen; green: copper;
teal: indium.

composing the framework are captured within the amorphous
decomposition matrix and do not form individual nanoparticles
(for example, no Zn-containing particles are detected following
exposure of Ag@MOF-508 to the electron-beam). In this work we
show that electron-beam (e-beam) decomposition of neat MOFs
can be used to create both metal and metal-oxide nanoparticles.
Although e-beams have been used to form nanoparticles,”®
nanowires,® and modify the electrical properties of materials,*
MOFs as precursors offer several important advantages. First,
particle size can be controlled by beam current, leading to
particles as small as 1.2 nm with very narrow size distributions,
but also larger particles (up to 100 nm). Second, the remaining
carbonaceous linker material from the MOF acts as a matrix to
prevent further coalescence, agglomeration, and oxidation.
Finally, since MOFs can be grown on surfaces,! the extremely
high spatial resolution afforded by electron-beam methods,
coupled with the well-defined MOF unit cell dimensions, creates
potential for bottom-up self assembly with feature sizes in the
single-digit nm range. In this work we explore these concepts,
using a transmission electron microscope (TEM) to both initiate
nanoparticle self assembly and obtain real-time, in-situ
information concerning the nucleation, growth, and diffusion
processes.

The type and morphology of e-beam induced nanoparticles is
determined by at least four factors: (1) the oxidation potential of
the MOF metal centers; (2) the ligands in the coordination sphere
surrounding the metal center and the strength of the bonds; (3) the
coordination sphere geometry; and (4) the e-beam conditions.
Five MOFs were used to systematically determine characterize
the influence of these parameters. The selected MOFs encompass
a range of representative structures and chemistries. Three Zn-



Figure 2. ZnO formation in IRMOF-1. a) Electron diffraction pattern of
the intact MOF. b) Electron diffraction pattern of MOF after electron
beam irradiation. Pattern corresponds to wurtzite ZnO. ¢) HRTEM image
of ZnO nanoparticles embedded in the decomposed framework after
irradiation in the 400 kV microscope.

based MOFs, IRMOF-1, MOF-508 and ZIF-8 (Figure la-c) were
used to investigate the formation of Zn-based materials, such as
ZnO, and to probe the effects of coordination environment.
IRMOF-1 has tetrahedral Zn,O clusters connected by 1,4-
benzenedicarboxylic acid (BDC, terephthalic acid) and enclosed
pores.? MOF-508 has a mixed coordination sphere, in which 2-D
sheets are formed from Zn(Il) ions in a paddlewheel arrangement,
coordinated by BDC linkers in the plane and 4,4'-dipyridyl (bipy)
pillar ligands perpendicular to the plane.™® Finally, ZIF-8 (zeolitic
imidazolate framework) has tetrahedral coordination by the
nitrogens of imidazolate linkers, leading to a sodalite structure
with enclosed pores.** The two remaining MOFs, indium MOF
MIL-68(In) and the copper-containing MOF Cu(BTC) (Figures 1d
and 1e), allow us to probe the dependence of metal center and
oxidation potential on the type of nanoparticles that form, while
maintaining a carboxylate-based coordination sphere. MIL-68(In)
is composed of infinite 1-D chains of In atoms linked with BDC,*
and has open 1-D channels. Cu(BTC), also known as HKUST-1,
has a primitive cubic structure in which Cu(ll) is coordinated to
benzenetricarboxylic acid (BTC, trimesic acid) in a paddlewheel
geometry, forming enclosed pores connected by smaller pore
apertures.’® The oxidation potentials for Cu(ll) and In(l11) are-
0.34 eV and 0.34 eV vs. standard hydrogen electrode (SHE),
respectively, compared with 0.76 eV vs. SHE for Zn(Il). All MOF
materials were synthesized as described in the literature (see
supporting information).

Two TEMs with different current densities and beam energies
were used to initiate nanoparticle growth and observe the resulting
nanoparticle morphology. A JEOL 2010F with a field-emission
source operating at 200 kV and a small beam current (10.3 A m?)
was used to irradiate MOFs, observe degradation in real time, and
perform elemental analysis. The effect of higher current densities
was probed using a JEOL 4000EX with a LaBg source operating
at 400 kV. The current density is much higher in this instrument
(730 A m?), but because of the higher accelerating voltage the
actual energy deposition in the sample is lower by =22 %, as
determined from the Bethe equation.’

The results of exposing the three Zn-based MOFs to the e-beam
demonstrate that ZnO nanoparticles form and their size can be
tuned using the e-beam current density. When IRMOF-1 is
exposed to the 200 kV electron beam, ZnO nanoparticles readily
form. As seen in Figure 2a, the SAED pattern of IRMOF-1
obtained after a few seconds in the beam indicates the MOF
structure is intact for =30 s, due to the lower current density when
the beam is defocused for this measurement. Under normal
imaging conditions, however, the SAED pattern disappears after
roughly 10 s, and after approximately 2 min ZnO nanoparticles
are visible (Figure 2c). These nanoparticles are consistently very

small, on the order of 1 nm™ nm in diameter. A diffraction pattern
could not be obtained for this sample, presumably because these
particles are too small to significantly diffract. In contrast, after 60
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of In can be seen and one is indicated by the green circle. c) Size
distribution histogram of the as formed In nanoparticles.

s in the 400 kV beam, much larger, crystalline ZnO nanoparticles
form, as shown by the SAED pattern corresponding to the
wurtzite structure of ZnO (Figure 2b). Spots in this pattern may
indicate preferential growth directions or large single crystal
particles, but neither are directly observed. The post-exposure
high resolution TEM (HRTEM) image in Figure 2d shows an
array of 3 nm to 7 nm ZnO nanoparticles embedded in an
amorphous matrix.

The IRMOF-1 transformation to ZnO is confirmed with micro
Raman and photoluminescence (PL) spectroscopy, collected
before and after exposure to the 400 kV e-beam. The PL spectra
of the unexposed and exposed IRMOF-1, as well as the neat BDC
linker, are compared in Figure S1. Weak bands visible in the
luminescence spectrum of the exposed MOF correspond to the
unexposed IRMOF-1 and BDC, indicating very little intact MOF
remains. A new band is observed at 507 nm that is consistent with
emission from deep-level traps from oxygen vacancies in
nanocrystalline Zn0.%81% 2 However, an accurate size distribution
is difficult to obtain from the TEM images due to poor contrast.
The composition of the amorphous matrix surrounding the
particles is primarily elemental carbon, as indicated by micro-
Raman spectroscopy (Figure S2). Vibrational modes from the
linker and unexposed MOF spectra are not present in the spectrum
of the exposed sample, but the broad peaks at 1345 cm™ and 1606
cm? are attributed to amorphous and graphite-like carbon,
respectively.?! This carbonaceous material evidently serves as a
stabilizing matrix, preventing further coalescence and
agglomeration of the nanoparticles. Electron dispersive
spectroscopy (EDS) indicates that Zn and O are also present, but
we cannot determine whether these are incorporated into the
carbon matrix or exist as a separate, amorphous ZnO phase.

Comparing the e-beam behavior of IRMOF-1 with the other
two zinc-containing MOFs demonstrates the crucial role of the
metal coordination sphere in determining whether or not
nanoparticles form, showing that nanoparticle growth conditions
can be tuned using different linkers. In contrast to IRMOF-1, no
ZnO is observed when MOF-508 is exposed to the 200 kV
electron beam for any length of time. However, using the higher
current densities available in the 400 kV electron beam, ZnO
nanoparticles can be formed. The energy of the electrons in both
TEM e-beams will initially ionize the materials along the electron
track, after which the local excitation decays through various
thermal and non-thermal routes to the ground state. The behaviors
of the two MOFs indicate that the MOF-508 structure is more
stable with respect to this excitation than IRMOF-1. In both
MOFs Zn(ll) is coordinated to four oxygen ions. The coordination
geometry in IRMOF-1 (tetrahedral) is similar to the wurtzite ZnO
structure. In MOF-508, the Zn(ll) has a square-pyramidal
paddlewheel configuration and is also coordinated to nitrogen



from the bipyridine linker. We therefore speculate that the greater
stability of MOF-508 results from a combination of the additional
energy required to rearrange the coordination sphere to create
ZnO and improved radical stability as a result of thepolycyclic
bipy linker.
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It is conceivable that nanoparticles of other zinc-containing
Figure 4. TEM images and measured and simulated diffraction patterns
of In nanoparticles. a) Larger nanoparticles, up to 100 nm in diameter, of
In (dark contrast spots) form in the 400 kV electron beam. b) HRTEM
image of polycrystalline/amorphous In nanoparticle. c) HRTEM image of
a crystalline nanoparticle. Inset shows an FFT of the nanoparticle. d)
Intensity map of simulated and measured diffraction patterns (shown in
supporting information).

compounds could also form; both zinc nitride (Zn3N,; cubic) and
carbide (ZnC) are known. However, exposing the nitrogen-only
coordination sphere of ZIF-8 to both the 200 kV and 400 kV e-
beams produces no detectable nanoparticles. Although it is
possible these compounds could form in an amorphous state that
is difficult to detect, it is also plausible that the low reactivity of
the imidazole linker and/or the instability of Zn;N, (known to
react violently with water) prevent formation of phases other than
ZnO0.

In addition to the coordination sphere, the oxidation potential
of the MOF metal ions determines whether an oxide or a metal
nanoparticle will form, as illustrated in MIL-68(In) and Cu(BTC).
In these structures, the metal ions are surrounded by oxygen
sufficient to create stoichiometric indium and copper oxides, but
instead these materials decompose to form the corresponding
metal nanoparticles upon e-beam exposure. Traces of indium
oxide are detected in the exposed MIL-68(In), but no copper
oxides are found in the exposed Cu(BTC). This behavior is
straightforwardly explained by the oxidation potentials of the
three metals. Zn has the highest oxidation potential and is also one
of the highest of any transition metal (0.76 V vs. SHE). It is
therefore not surprising that in the presence of oxygen the
nanoparticles derived from this growth method are ZnO. On the
other hand, Cu has a much lower oxidation potential (-0.34 V vs.
SHE), favoring formation of Cu nanoparticles. The structure of
Cu(BTC) may also be advantageous, since two Cu atoms exist in
close proximity in the paddlewheel structure. Indium has an
oxidation potential between Cu and Zn with an oxidation potential
of 0.34 V vs. SHE. This evidently allows In,O3 to form in small
quantities, but EDS indicates this exists only as a surface layer
(Figure S5), in agreement with previous reports.?>Z These results

suggest that a relatively sharp boundary in oxidation potential
separates formation of metallic and oxide nanoparticles.

Cu(BTC) is very unstable in the beam, decomposing after 1 s to
2 s, too short to obtain SAED patterns. Within 3 sto 5 s in the 200
kV e-beam, Cu nanoparticles form with an average size of 2.7 nm
+ 0.5 nm based on analysis of 100 particles (Figure S4). These are
among the smallest Cu nanoparticles with the narrowest size
distribution reported to date.?* Exposure to the 400 kV electron
beam facilitates formation of much larger nanoparticles. A TEM
image following a 30 s exposure reveals particles as large as 60
nm in diameter.

MIL-68(In) is similar to Cu(BTC), breaking down very
quickly and forming In nanoparticles within 3 s to 5 s when
exposed to the 200 kV electron beam. These particles are
extremely small and nearly monodisperse, having an average
diameter of 1.2 nm + 0.3 nm, making them also among the
smallest reported (Fig. 3).

When MIL-68(In) is exposed to the higher current density of
the 400 kV beam, In nanoparticles with diameters as large at 100
nm form (Figure 4a). High resolution TEM indicates that
amorphous (Figure 4b), polycrystalline, and single-crystal (Figure
4c) morphologies are formed, as well as mixtures of these.
Amorphous particles such as the one in Fig. 4b also have an
amorphous shell (indicated by spots and ring pattern in the fast
Fourier transform), which could be either In, as previously
reported,® or carbonaceous material. An unexpected finding is
that these large In nanoparticles, which lack any obvious grain
boundaries, are composed of both face-centered cubic (fcc) and
body-centered tetragonal (bct) phases. It is known that the crystal
structure of In nanoparticles depends on size. Nanoparticles < 10
nm in diameter have an fcc structure,>2% which due to its higher
symmetry is more stable at the nanoscale.?? Nanoparticles > 10
nm diameter have the bulk bct structure. Nanobeam diffraction
(NBD) analysis of individual nanoparticles clearly indicates that
both fcc and bct phases are present in these particles (Figure S6).
The intensities of the diffraction spots in simulated and measured
diffraction patterns (Figure S6) are compared in Figure 4d.
Reflections for fcc and bct phases nearly overlap, but are
distinguishable, along with some In,O;. Unfortunately, NBD
cannot reliably indicate the relative amounts of these phases, but
the fact that the fct phase is detected at all indicates that these
domains are not the result of a minor impurity. As such, to our
knowledge these are the largest fcc-In nanoparticles reported. The
fact that this crystal structure is normally found in nanoparticles at
least 10 times smaller suggests that coalescence is sufficiently
rapid under these conditions for metastable crystal phases to form
(see supporting information for more details).

The e-beam induced breakdown of MOFs very likely proceeds
by a mechanism similar to that in organic materials, which is
attributed to bond scission by means of secondary electron
generation.?” Localized heating plays essentially no role, as the
temperature increase predicted by the Bethe equation is less than
10 K.5 Electron ionization mass spectra of carboxylic acids, a
linker in four of the five MOFs investigated here, show that
decarboxylation and dehydroxylation are the first and most
abundant fragmentation events.?® Decarboxylation will free the
metal center from the rigid framework, presumably releasing CO,
and allowing metal-ion coalescence to occur. The aromatic ring
component of the linker that remains is unlikely to further
fragment, based on extensive literature showing that aromatic
compounds are much more radiation resistant than aliphatic
compounds.?3° However, loss of the carboxyl groups will create
aromatic radicals that can undergo polymerization and H, loss to



form the carbonaceous material that surrounds the nanoparticles,
some of which appears to be graphitic.

We also expect that the ease of decarboxylation is correlated
with the metal-linker bond strength and may influence the type of
nanoparticle that forms. To determine the metal-ligand bond
strengths of the various MOFs, we employed density functional
theory (DFT) to estimate the homolytic bond dissociation energies
in these MOFs. Specifically, we calculated the dissociation of a
single linker within a MOF-like cluster (see supporting
information) according to the reaction (L),~M-L — (L),—M- +
L., where (L),~M-L refers to the cluster, (L),~M- is the
remaining MOF radical fragment, and L is the neutral linker
radical. The calculations indicate that among the zinc-containing
MOFs, the Zn-O bond in IRMOF-1 is the strongest, while the
Zn—N coordination bond in ZIF-8 is the weakest. The Cu—COO
bond energy in the Cu(BTC) cluster is also weak relative to
IRMOF-1, which is consistent with its rapid degradation to form
Cu nanoparticles. The overall order of bond strength is ZIF-8 (2.3
eV) = Cu(BTC) (2.5 eV) << MOF-508 (4.5 eV) < IRMOF-1 (5.4
eV) < MIL-68(In) (6.0 eV). Although these values should not
necessarily be taken at face value, the trend is not fully consistent
with the observed rate and nanoparticle composition, suggesting
that the geometry and composition of the coordination sphere are
the key factors in determining particle composition and rate of
formation. MIL-68(In) is the exception, having both a strong In-O
bond and a rapid rate of e-beam breakdown. As a main-group
element, we expect it’s to oxides to be very stable, so its rapid
decomposition in the electron beam to form metallic In
nanoparticles may be the result of a unique combination of
structural factors. Additional experiments will be needed to
achieve a clear understanding of these effects.

In conclusion, our results demonstrate that metallic and

semiconducting nanoparticles can be synthesized using electron-
beam irradiation of MOFs, using a TEM to monitor nucleation
and growth in real time and with sub-nm resolution. Their type
and morphology are determined by the metal oxidation potential,
coordination sphere, and e-beam current density and energy.
Following MOF decomposition, the residual carbonaceous
material provides a stabilizing matrix that prevents nanoparticle
agglomeration and reoxidation of metallic nanoparticles. This
method can be extended to MOFs with different linkers and metal
centers, providing a versatile route to a variety of nanoparticle
compositions, phases, and morphologies. Although the size of the
exposed area in our proof-of-concept experiments was limited by
the diameter of the TEM beam, high-resolution writing and broad-
area exposure are possible using currently available
instrumentation. When combined with the ability to infiltrate
materials into the MOF pores prior to e-beam exposure, as we
previously demonstrated with silver,>® the potential to fabricate
metallic and semiconducting nanoparticle heterostructures using
MOFs as scaffolds or templates can be envisioned.
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Supporting Information

Electron Beam Synthesis of Metal and Semiconductor Nanoparticles Using MetalOrganic
Frameworks as Ordered Precursors

Benjamin W. Jacobs, Ronald ].T. Houk, Bryan M. Wong, A. Alec Talin, Mark D. Allendorf

Methods

TEM: A JEOL 2010F field emission electron microscope operating at 200 kV was used for creating

nanoparticles and materials characterization. It is equipped with an energy dispersive x-ray spectrometer (EDS,
Oxford Inca X-Sight). The current density in this instrument was 10.3 A/m”+ 0.1 A/m?, measured using a Faraday
cup. Diffraction was done using nanobeam diffraction (NBD) or with selected area electron diffraction (SAED). A
JEOL 4000EX with a LaBs source operating at 400 kV was used to study the effects of higher energy and beam
current on the creation of nanoparticles. The current density could not be directly measured in this instrument.
The phosphor viewing screen in the TEM can be used to measure the current density, and is displayed on the
control panel of the instrument. The

JEOL 2010F beam current was directly measured using a Faraday cup and picoammeter. This current was
compared to the phosphor view screen current density readout on the control panel. There exists a nearly linear
relationship between the phosphor viewing screen readout and the actual measured beam current. This same
ratio was used to estimate the beam current hitting the sample in the 4000EX, =730 Am?.

Sample preparation: For sample preparation, all MOFs were placed in ethanol and sonicated to create a dilute
suspension. They were then deposited on copper TEM grids with a thin lacey carbon film support or on SisNa4
grids with a 50 nm thick window.

Raman Spectroscopy: Raman spectra were collected using a frequencydoubled Nd:YAG 532 nm laser with a
=2 um diameter laser spot and an average power of =0.3 mW, and an Acton SpectraPro model 2750 0.75 m
triple spectrometer.

Photoluminescence: Photoluminescence (PL) spectra were collected using a 325 nm wavelength He/Cd laser
excitation source focused with a UV objective to a spot size of =5 um in diameter with average power of =1 mW
and an Ocean Optics USB-2000 spectrometer with =1 nm spectral resolution.
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Figure S1. Photoluminescence spectra of BDC, neat MOF -5 and MOF-5 exposed to the electron beam.
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Figure S2. Micro Raman spectra of BDC, neat MOF-5 and MOF-5 exposed to the electron beam.

Figure S3. a) TEM image of MOF-508 after minimal exposure to the 200 kV electron beam. An SAED
pattern, upper right inset, shows diffraction spots of the MOF, which corresponds to diffraction from the
MOF crystal lattice and indicates the long range order of the framework. MO§ is s omewhat more
robust in the electron beam than MOE-5, the framework will hold up in the beam for tens of seconds while
MOF-5 holds up for only a few seconds. b) A TEM image of MOF-508 after exposure to the 400 kV electron
beam. The higher current density in this TEM allows for ZnO formation. The polycrystalline SAED pattern
in the upper right inset was solved for the wurtzite crystal structure of ZnO.
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Figure S4. TEM images of Cu(BTC). a) Cu(BTC) after exposure to the 200 kV electron beam. The dark
contrast spots correspond to Cu nanoparticles. b) Size distribution of the Cu nanoparticles.

Their size was 2.7 nm # 0.5 nm. ¢) An SAED pattern of the nanoparticles was solved for fcc Cu. d) High
resolution TEM image showing a single crystal of Cu. e) EDS spectra of Cu(BTC) and the background. Si, P
and S were contaminates from the TEM grid. A small portion of the Cu intensity is from the Cu TEM grid,
but the majority comes from the Cu in the MOF.
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Figure S5. EDS spectrum of a single In nanoparticle. The inset shows the elemental composition of the
nanoparticle. Oxygen is only a trace of the overall composition. Carbon is present due to the carbonaceous
material in the MOF and the lacey carbon support film on the TEM grid. Copper is from the copper TEM grid.
The uncertainty in the composition is +0.1 % as determined using EDS standards.

fcc and A6 fct In nanoparticle formation



Since the formation of an apparently metastable In phase is unusual, we performed a more detailed
structural analysis using nanobeam diffraction (NBD) analysis. NBD indicates that as many as three
different phases can be present within the 100nm particles: two corresponding to metallic In and one to
In203. The metallic phases are bodycentered tetragonal (bct) (equivalently described as A6 face-centered
tetragonal) and fct (a = 0.459 nm and c = 0.496 nm). The reported lattice parameter for the fcc phase vary
from 0.471 nm to 0.5 nm.22 24 [n203 has a cubietype lattice (a = 1.011 nm). These structures are very
similar and therefore difficult to distinguish, so we simulated the diffraction pattern in which all three
crystal components are aligned along the [011] zone axis (Figure $6), assuming an fcc lattice parameter of
0.5 nm. Diffraction spots of the three different crystals can be readily distinguished in the simulated
pattern, even though they are in very close proximity. In the measured diffraction pattern, (Figure 4e), the
spots corresponding to each crystal structure are best visualized using a ommensional intensity map
(Figure 4f) obtained from data in the rectangular dotted areas of Figures 4d and 4e. Comparing the
measured and simulated diffraction shows that the intensity and location of each spot in the simulated and
real diffraction patterns are nearly identical. This suggests that there is a mixture of A6 fct and fcc In and
fcc In2031in this nanoparticle. Some spots are smeared indicating polycrystalline components.
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Figure S6. a) Simulated diffraction pattern of a crystal with all three bct and fcc In and fcc In203 crystal
structures. b) Measured NBD diffraction pattern of an In nanoparticle. c) Intensity maps from the areas
inside the dotted boxes in each diffraction pattern.
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Figure S7. The left image shows a diffraction pattern of an individual In nanoparticle approximately 100
nm in size. All three components of fcc and bct In as well as In203 were observed. The In203 diffraction
spots are weaker than the others indicating that there is less present in the nanoparticle.



MOF-5: Zn4O(CsHs04)e

MOF-508: Zn2(CsHsN)2(CsHs04)a



ZIF-8: Zn(CaHsN2)4**




