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ABSTRACT: Colloidal suspensions of Zn-based ZIF-8 metal−organic
framework (MOF) particles were synthesized (both micrometer μ-ZIF-8-
and nanometer n-ZIF-8-sized, respectively). Postsynthetic modification was
carried using 2-amino-ethanethiol (cysteamine or Cys), a thiol-bearing
monodentate ligand, and particles obtained were employed for the assembly
of films on gold-coated electrode surfaces. The results obtained show that,
aside from conferring chemical affinity toward Au, when suitable molar ratios
are employed, cysteamine modification causes partial coordinative chemical
etching of inherently microporous ZIF-8 units, thus giving rise to additional
mesoporosity. Cysteamine concentration and exposure time were found to
act as control parameters ultimately determining the transport properties of
porous films obtained, which can then feature, e.g., size-exclusion effects. The colloidal modification strategies like the one hereby
described can be employed for the preparation of robust nano-organized MOF thin films with hierarchical porosity, which bear great
potential for its application in separation technologies.

KEYWORDS: MOFs, ZIF-8, cysteamine, microporosity, mesoporosity, colloidal synthesis, separations

■ INTRODUCTION

Microporous coordination polymers or metal−organic frame-
works (MOFs) can be best described as crystalline porous
organic−inorganic solids built from the coordination of metal
ions or metal-containing clusters with multidentate organic
linkers.1−6 This relatively novel family of materials feature high
thermal and chemical stabilities, tailored porosity, and among
the highest Brunauer−Emmett−Teller (BET) surface areas
ever reported (7000 m2/g).7 Such interesting characteristics
have rendered them promising candidates for use in diverse
fields, e.g., separations,8,9 biomedicine,10 hybrid materials,11,12

catalysis,13 sensing,14,15 electrocatalysis,16−18 energy conver-
sion/storage,19 and capture of greenhouse effect gases,20,21 just
to name a few. The quest for new MOFs suitable for emerging
applications, and moreover, the research oriented to discover
suitable synthetic paths and modification strategies allowing
further control on key features such as size, chemical
functionalization, and morphology, has gained increasing
importance in the last few years.22−24 For example, the widely
used post- and presynthetic MOF modification strategies,
oriented to the introduction of particular chemical moieties,
have brought new perspectives for the creation of porous
materials with tailored structure functionality.12,25−28 Because
of the above-described features, MOFs are appealing for their
use in the fabrication of porous films, and are extensively
employed for applications concerning energy storage and
conversion or sensor-related technologies.29,30 Many of the
general strategies described in the abundantly available

literature dealing with pore modification in bulk MOFs
(although not extensively explored) are in principle valid for
MOF films, e.g., the creation of hierarchical porosity with
template31,32 and template-free synthesis methods,33 postsyn-
thesis chemical etching,34−37 linker labilization,13 use of mixed
ligands,38,39 and chemical modulators.40−42 The application of
such approaches renders films with tailored affinity, pore size,
or stimuli responsivity, thus opening the path for the design of
“smart” materials.43,44

Particularly interesting examples of the versatility of MOFs
make use of ZIF-8, a prominent member of the zeolitic
imidazolate frameworks (ZIFs) subclass. ZIF-8 can be
straightforwardly synthesized, features relatively high thermal
and chemical stabilities toward hydrolysis in aqueous environ-
ments, and received a great deal of attention in the last few
years due to its exciting applications in diverse fields such as
colloidal chemistry,45 heterogeneous catalysis,46 separation
technologies,47,48 sensors,49 biomedicine,50 and drug deliv-
ery.51 The ZIF-8 structure can be described as an infinite
ordered framework of tetrahedrally N-coordinated Zn2+ ions
with 2-methylimidazolate, featuring intrinsic permanent micro-
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porosity (11.6 Å diameter hydrophobic micropores).52,53 It
was recently shown that control on thickness, morphology, and
chemical structure of films can be achieved using the liquid-
phase epitaxy method and yields remarkable features like
superprotonic conductivity.54,55 An alternative approach for
the construction of such porous films is by assembling
predesigned MOF units,56,57 which can be thus conveniently
manipulated using colloidal chemistry toolbox (e.g., for
conferring tailored affinity for a given substrate surface or
analyte).58 Further characterization of interesting properties of
such films (e.g., transport properties) can be conveniently
assessed with the cyclic voltammetry (CV) technique using
suitable redox probes.59,60

In this work, we discuss the possibility of constructing nano-
organized MOF thin films capable of tailoring and tuning the
molecular transport across interfaces using predesigned,
assemblable building blocks. Our nanoarchitectonic ap-
proach61−63 takes advantage of the versatility of colloidal
chemistry for surface functionalization of nano-objects, and
exploits the effect of cysteamine postsynthetic modification of
ZIF-8 units to create nanostructured, self-assembled films on
gold substrates.64−66 Aside from surface positioning of −SH
moieties, as previously reported,58 we observed that cyste-
amine molar ratios and exposure times used for ZIF-8 colloidal
units modification can yield partial coordinative chemical
etching, as evidenced by particle surface roughening. More-
over, such partial etching causes the appearance of additional
(tunable) superimposed mesoporosity of ZIF-8 units, which
can effectively modulate transport through the assembled
porous media, a key feature for the design of novel materials
for separation technologies.

■ EXPERIMENTAL SECTION
Reactants. Methanol (CH3OH, Anedra, RA-ACS), zinc nitrate

hexahydrate (Zn(NO3)2·6H2O, Sigma-Aldrich, 98%), 2-methylimida-
zole (C4H6N2, Aldrich, 99%), cysteamine (C2H7NS, Acros Organics,
98%), 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid
(HEPES, C8H18N2O4S, Sigma, 99.5%), sodium formate (HCO2Na,
Sigma-Aldrich, >99%), potassium hexacyanoferrate(II) trihydrate
(K4Fe(CN)6·3H2O, Biopack, 99.3%), potassium hexacyanoferrate-
(III) (K3Fe(CN)6·3H2O, Anedra, 99.3%), and potassium chloride
(KCl, Anedra, 99.8%) were used for the experiments hereby
described.
Synthesis Methods. Synthesis of Micrometer-Sized ZIF-8 (μ-

ZIF-8). ZIF-8 microcrystals (μ-ZIF-8) were synthesized via a
solvothermal method by adding 750 mg of zinc nitrate (4 mmol),
648 mg of 2-methylimidazole (8 mmol), and 200 mg of sodium
formate (3 mmol) in 60 mL of dry methanol, for final concentrations
of 67, 133, and 50 mM, respectively (ZIF-8 stoichiometric (metal/
linker) ratio, 1:2). The synthesis mixture was immersed for 1 min in
an ultrasonic bath and then transferred to a stainless steel Teflon-lined
autoclave for 24 h at 100 °C. The obtained product was separated
from solution by repeated cycles of centrifugation (15 min and 6000
rpm) and redispersion in fresh solvent. After separation, the final
powdered product was vacuum-dried.
Synthesis of Nanometer-Sized ZIF-8 (n-ZIF-8). ZIF-8 nanocrystals

(n-ZIF-8) were obtained by mixing appropriate volumes of 50 mM
zinc nitrate and 100 mM 2-methylimidazole methanolic stock
solutions to yield 2-methylimidazole excess ((metal/linker) molar
ratio, 1:5). The nanocrystals obtained after 1 h reaction period at
room temperature were separated from the synthesis solution via
centrifugation and redispersion in methanol. The gravimetric
concentration of n-ZIF-8 in the final dispersion was approximately
1.5 mg/mL.
Postsynthetic Modification. Depending on whether cysteamine

modification was carried out in micrometer-sized or nanometer-sized

ZIF-8 colloidal suspensions, different conditions were applied. For μ-
ZIF-8 suspensions, (linker/modulator) (Hmim/Cys) ratios of
(1500:1), (150:1), (15:1), and (5:1) were used with a constant
agitation exposure time of 7 days at room temperature. For n-ZIF-8,
the suspensions obtained were exposed to a fixed (Hmim/Cys) molar
ratio of 150:1, corresponding to the highest Cys content that still
yields stable colloidal n-ZIF-8 suspensions. Exposure periods explored
were 6, 9, 48, and 168 h, and the modification process was stopped in
all cases by separation using centrifugation and redispersion with fresh
solvent cycles.

n-ZIF-8 + Cys Film Assembly of Nanometer-Sized Units on Gold-
Coated Conductive Substrates. The modified n-ZIF-8 + Cys
nanocrystals colloidal suspension (1.5 mg/mL) was employed for
film assembly via simple room-temperature dip-coating over clean Au
conductive substrates. After a 5 h contact time, the substrates were
repeatedly washed by immersion in fresh methanol to remove excess
MOF nanocrystals noncovalently attached via thiol moieties exposed.

■ RESULTS AND DISCUSSION

Both nano- and micrometer-sized ZIF-8 units were post-
synthetically modified using different (Hmim/Cys) molar
ratios and contact times. Micrometer-sized ZIF-8 units
featuring low area/volume ratios were employed to explore
the effect of high cysteamine molar ratios on cysteamine
modification (i.e., to overcome the already discussed limitation
imposed by the stability range of nanometer-sized ZIF-8
units).58 Micrometer-sized ZIF-8 units were modified with
increasingly higher cysteamine molar proportions using a fixed
7-day contact time. The microcrystals obtained following such
a procedure will be hereafter referred to as μ-ZIF-8 + Cys-r,
where r stands for Hmim in the (Hmim/Cys) molar ratio of 1.
The insight gained from a thorough analysis of the effect of

cysteamine modification on ZIF-8 micrometer-sized units was
then used for understanding the materials obtained when
applying such a modification procedure on nanometer-sized
MOF units (n-ZIF-8) for a fixed (Hmim/Cys) molar ratio of
150:1 and incremental exposure times (hereafter referred to as
n-ZIF-8 + Cys-t, with t representing the exposure time in
hours). Modified n-ZIF-8 + Cys-t units were then used for the
assembly of films over gold conductive substrates (Scheme 1),
and the effect of cysteamine modification on film porosity was
gauged in terms of film transport properties (via CV
experiments with suitable redox probes) and N2 adsorption
experiments.

Wide-Angle X-ray Scattering (WAXS) and Trans-
mission Electron Microscopy (TEM) Experiments. The

Scheme 1. Schematic Illustration of the Sequential Steps
Leading to the Formation of ZIF-8 MOF Thin Films with
Hierarchical Porosity
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crystalline structure of materials obtained (both before and
after exposure to different cysteamine molar ratios) was
determined using powder wide-angle X-ray scattering
(WAXS). The results obtained are presented in Figure 1,

together with the expected diffractogram for ZIF-8 reported
crystal structure. The evident agreement allows us to ensure
the presence of the ZIF-8 phase both in the as-prepared sample
and after modification using the highest cysteamine molar ratio
explored, that is, μ-ZIF-8 + Cys-5 (with a Hmim/Cys ratio of
5:1). It should be expected then that such a molar proportion
would yield a material with the nominal ZIF-8 microporosity
(see N2 adsorption experiments below). Additional WAXS
experiments for the remaining synthesized materials can be
found in the Supporting Information, together with TEM and
Raman vibrational spectroscopy experiments, which provide
further evidence on the conservation of MOF crystalline
structure after cysteamine modification (see Figures S1−S3 in
the Supporting Information).
Nitrogen Adsorption Isotherms. The surface area and

porosity of the obtained materials were assessed with N2
adsorption experiments performed before and after cysteamine
modification. Figure 2 shows the isotherms corresponding to

nonmodified μ-ZIF-8, μ-ZIF-8 + Cys-150, and μ-ZIF-8 + Cys-
5. Aside from the typical shape of Type I isotherms
corresponding to a microporous material such as ZIF-8
MOF, a subtle hysteresis loop ascribable to the presence of
mesopores appears only for the highest cysteamine molar ratio
used (i.e., μ-ZIF-8 + Cys-5). The existence of such added
porosity can cause dramatic changes in transport properties
(see below), but it does not significantly affect the BET surface
areas obtained, which depend mostly on the preserved intrinsic
microporosity (in line with the WAXS experiments presented

above, which suggest the preservation of ZIF-8 crystalline
structure); see Table 1.

Figure S4a shows the calculations of Barrett−Joyner−
Halenda (BJH)67 pore volume distributions (VP), which are
also in line with the suggested additional porosity appearing
after modification for μ-ZIF-8+Cys-5. Calculations using the
Dubinin−Radushkevich model for micropore capacities are
presented in Figure S4b, with no significant differences with
the above BET surface area calculations.

Nanometer-Sized ZIF-8 Units. Given that nanometer-
sized objects are to be used as building units for film assembly,
the effect of different exposure times for fixed (150:1) molar
ratios (upper stability limit) on n-ZIF-8 units was explored.
The BET surface area derived from N2 isotherms for n-ZIF-8 +
Cys-168 (maximum cysteamine exposure time explored, 168
h) is comparable to the corresponding value for cysteamine-
modified micrometer-sized ZIF-8 units (1211 m2/g), although
the calculated pore size distribution shows some subtle
differences (see Figure S5 in the Supporting Information).
Additional evidence of the proposed cysteamine etching as
responsible for the appearance of mesopores can be observed
in the surface roughening of the otherwise smooth n-ZIF-8
units shown in TEM (Figure 3). From infrared spectra of
modified particles,58 the absence of stretching modes arising
from free amine groups of cysteamine upon combination with
ZIF-8 units suggests the occurrence of coordination with Zn2+

moieties as responsible for the mentioned etching.
Characterization of Films and Evaluation of Trans-

port Properties. Chemical and Morphological Character-
ization of Films Assembled via Thiolate−Gold Interactions.
Having established the effect of cysteamine modification on
the porosity and structure of n-ZIF-8 units, films were
assembled using such building units over conductive gold
surfaces taking advantage of the proverbial thiol-Au affinity.
CV experiments to characterize the role played by such
interaction were carried out for different Au surfaces acting as
working electrodes, namely: (i) covered by a chemisorbed
cysteamine self-assembled monolayer (SAM), (ii) covered by a
physisorbed bare n-ZIF-8 monolayer, and (iii) covered by a
thiol-directed n-ZIF-8 + Cys-168 monolayer (i.e., molar ratio,
150:1; contact time, 168 h) (see Supporting Information,
Figure S6). CV peaks ascribable to thiol-reductive electro-
desorption, positioned ≈ −900 mV vs Ag/AgCl reference
potential electrode, are present only when thiolate (−SH)
moieties mediate adsorption. This fact strongly suggests
chemisorption of cysteamine-modified nanocrystals over Au
surfaces. Such a hypothesis was further confirmed by AFM
experiments carried out on films assembled with cysteamine-
modified nanocrystals (see Figure 4, films corresponding to n-
ZIF-8 + Cys-168). It can be clearly observed that the presence
of n-ZIF-8 bundles completely covers the substrate surface, in
line with observations made via CV experiments (see below).
The film thickness can be estimated to be approximately 80

Figure 1. WAXS experimental results obtained for μ-ZIF-8 compared
to the calculated diffractogram (black). μ-ZIF-8 (as-prepared material,
red), and μ-ZIF-8 + Cys-5 (blue, obtained after modification with the
highest Hmim/Cys molar ratio used, 5:1).

Figure 2. Nitrogen adsorption isotherms of μ-ZIF-8 (black line), μ-
ZIF-8 + Cys-150 (red line), and μ-ZIF-8 + Cys-5 (blue line).

Table 1. Calculated BET Surface Areas from the Nitrogen
Adsorption Isotherms Presented in Figure 2 for the As-
Prepared Micrometer-Sized ZIF-8 Units, and after
Modification with 150:1 and 5:1 Molar Ratios of Hmim/
Cys

μ-ZIF-8 μ-ZIF-8+Cys-150 μ-ZIF-8+Cys-5

BET area (m2/g) 1210 1181 1158
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nm, based on the AFM height profile (see Figure S7 in the
Supporting Information), which correlates nicely with what
could be expected for a monolayer built from such thiolate-
anchored MOF units, and dynamic light scattering (DLS)
experiments (see Figure S8 in the Supporting Information).
Additionally, both surface modification and concentration
dependence of −SH moieties on cysteamine exposure time
were demonstrated by following S and Zn signals in X-ray
photoelectron spectroscopy, where an increase in the S/Zn
signal ratio for 168 vs 48 h is observed (see XPS in Figures S9,
S10, and Table S1).
Transport Properties of Films. Having established the effect

of cysteamine modification regarding both decoration with
−SH moieties enabling chemically directed film assembly and
generation of additional mesoporosity, experiments oriented to
determine the influence of such modifications on the transport
properties of films were carried. A straightforward way for the
evaluation of transport properties in films is by measuring the
variation of apparent diffusion coefficients of suitable redox
probes in CV experiments, e.g., Fe(CN)6

3−/4−.
Figure 5 shows the temporal evolution of the anodic peak

current registered for films assembled using n-ZIF-8 + Cys-48
and n-ZIF-8 + Cys-168 units. The observed behavior can be
understood considering that the diffusion path for redox
probes through the film becomes increasingly intricate, as the
exposure time to cysteamine (and thus chemical etching) of
the units employed for the assembly increases from 48 to 168
h. This result is in line with the above-discussed experiments
regarding both preservation of ZIF-8 crystal structure and the

appearance of additional porosity caused by cysteamine (see
the additional N2 adsorption experiments presented in Figure
S5 corresponding to n-ZIF-8 + Cys-168, as well as WAXS
patterns in Figure S11 of the Supporting Information). It is
important to note that ZIF-8 microporosity is not accessible to
Fe(CN)6

3−/4− due to its molecular dimensions (6 × 6 × 6 Å3 vs
ZIF-8 nominal pore window size 3.4 Å).68 Peak current plots
allow us to clearly distinguish two stages in time evolution. An
initial stage is characterized by a local minimum peak current (t
≈ 10 min), in which probe diffusion is restricted due to
hindered solvent permeation through the mesoscopic channels
constituted by interparticle space shaped by cysteamine etched
nanocrystals. Summarizing, cysteamine exposure can be used
to modulate chemical etching of film building units, and thus
ultimately providing an increasingly tortuous diffusion path.
The second stage of the observed time evolution starts once

the solvent has already wetted the mesoporous space available,
and thus redox probe diffusion becomes less restricted,
reaching a maximum asymptotic current density limit value
(t ≈ 15−20 min). In this regard, such a complex interaction
between (intrinsically hydrophobic) ZIF-8 porous environ-
ments and aqueous media and the possibility of modulation via
postsynthesis modification were recently demonstrated by
means of nuclear magnetic resonance experiments.69

Apparent diffusion coefficients of Fe(CN)6
3−/4− on the

assembled films can be obtained applying the Randles−Sevcik
analysis to the anodic peak current densities determined.
Figure 6a shows the results obtained for the n-ZIF-8 + Cys-t
films as cysteamine contact time t for nanoparticle

Figure 3. TEM images evidencing surface roughening caused by exposure of n-ZIF-8 to (150:1) cysteamine molar ratios for 168 h (n-ZIF-8 + Cys-
168): (a) n-ZIF-8 and (b) n-ZIF-8 + Cys-168.

Figure 4. AFM micrograph (10 × 10 μm2) of n-ZIF-8 + Cys-168 film
assembled on gold-coated substrate.

Figure 5. Temporal evolution of the anodic peak current density from
CV experiments using n-ZIF-8 + Cys-48 (black) and n-ZIF-8 + Cys-
168 (red) films assembled over gold substrates.
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modification prior to film assembly increases. The following
expression was used

j nFC nF RT D0.4463 ( / )P
1/2 1/2 1/2ν= (1)

where n is the number of electrons transferred in the
considered electrochemical process, F is the Faraday constant,
C is the bulk concentration of redox probe, R is the ideal gas
molar constant, and T is the absolute temperature. Apparent
diffusion coefficients (D) can be derived from linear fits, as
presented in Figure 6b, and the values obtained follow a
pseudoexponential decay as modification exposure time
increases. Again, such a decrease can be understood in terms
of the effect of chemical etching, as discussed above (see the
XPS experiments presented in Figures S9, S10, and Table S1 in
the Supporting Information). The numerical values of apparent
diffusion coefficients are also presented in Table S2 (see the
Supporting Information).
The upper dotted line in Figure 6b corresponds to the

diffusion coefficient value of the probe when using bare gold
substrate (5.9 × 10−6 cm2/s) that agrees well with the values
reported in previous related studies.70 The lowest apparent
diffusion coefficient value obtained is compatible with the
values reported for the experiments using the same redox
probe in heterogeneously nucleated continuous ZIF-8 films
grown over modified ITO conductive substrates (lower dotted
line in Figure 6b).60 The above-discussed similarities with
limit-case scenarios suggest that the observed behavior for
cysteamine-modified ZIF-8 building blocks (i.e., a pseudoex-
ponentially decaying apparent diffusion coefficient) is compat-
ible with an increasingly higher tortuous path for the diffusing
redox probe through the film, highly dependent in turn on the
chemical etching caused by cysteamine exposure of preformed
nano-ZIF-8 film units.

■ CONCLUSIONS
The above-described experiments demonstrate that, exposure
of both micrometer-sized and nanometer-sized colloidal
suspensions of metal−organic framework ZIF-8 units to
monodentate linker cysteamine is a valid strategy for
introducing additional controlled mesoporosity on an
eminently microporous material such as ZIF-8 MOF, as
further confirmed through CV and N2 adsorption experiments.
Direct evidence of the presence of surface-positioned thiol
moieties on nanosized n-ZIF-8 + Cys units and the
dependence of surface concentration on exposure time was
obtained by XPS measurements.

Apparent diffusion coefficients of redox probes through the
films were calculated using Randles−Sevcik equation. Results
obtained can be rationalized having in mind the effects of
cysteamine modification, i.e., to add a superimposed
mesoporosity via coordinative etching and to modulate the
hydrophobic character of ZIF-8 porous matrix due to surface
decoration. The observed control on apparent diffusion in the
synthesized films resembles the principle behind size-exclusion
chromatography extensively used in polymer science, with the
interesting added feature of possible further chemical tuning of
selectivity via surface chemistry. The hereby described strategy
for controlling porosity (and thus tortuosity) of synthesized
films bears great interest for diverse applications related to
separation technologies, and with minor modifications can be
adapted for different MOFs, thus allowing great control over
porosity and chemistry of the pore walls.
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R.; Couvreur, P.; Serre, C. BioMOFs: Metal-Organic Frameworks for
Biological and Medical Applications. Angew. Chem., Int. Ed. 2010, 49,
6260−6266.
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(20) Feŕey, G.; Serre, C.; Devic, T.; Maurin, G.; Jobic, H.; Llewellyn,
P. L.; De Weireld, G.; Vimont, A.; Daturi, M.; Chang, J.-S. Why
Hybrid Porous Solids Capture Greenhouse Gases? Chem. Soc. Rev.
2011, 40, 550−562.
(21) Sumida, K.; Rogow, D. L.; Mason, J. A.; McDonald, T. M.;
Bloch, E. D.; Herm, Z. R.; Bae, T. H.; Long, J. R. Carbon Dioxide
Capture in Metal-Organic Frameworks. Chem. Rev. 2012, 112, 724−
781.
(22) Sumida, K.; Liang, K.; Reboul, J.; Ibarra, I. A.; Furukawa, S.;
Falcaro, P. Sol-Gel Processing of Metal-Organic Frameworks. Chem.
Mater. 2017, 29, 2626−2645.
(23) Sindoro, M.; Jee, A. Y.; Granick, S. Shape-Selected Colloidal
MOF Crystals for Aqueous Use. Chem. Commun. 2013, 49, 9576−
9578.
(24) Jeong, U.; Dogan, N. A.; Garai, M.; Nguyen, T.; Stoddart, J. F.;
Yavuz, C. T. Inversion of Dispersion: Colloidal Stability of Calixarene
Modified Metal-Organic Framework Nanoparticles in Non-Polar
Media. J. Am. Chem. Soc. 2019, 141, 12182−12186.
(25) Tuninetti, J. S.; Rafti, M.; Azzaroni, O. Early Stages of ZIF-8
Film Growth: The Enhancement Effect of Primers Exposing Sulfonate
Groups as Surface-Confined Nucleation Agents. RSC Adv. 2015, 5,
73958−73962.
(26) Rafti, M.; Allegretto, J. A.; Segovia, G. M.; Tuninetti, J. S.;
Giussi, J. M.; Bindini, E.; Azzaroni, O. Metal−Organic Frameworks
Meet Polymer Brushes: Enhanced Crystalline Film Growth Induced
by Macromolecular Primers.Mater. Chem. Front. 2017, 1, 2256−2260.
(27) Allegretto, J. A.; Tuninetti, J. S.; Lorenzo, A.; Ceolín, M.;
Azzaroni, O.; Rafti, M. Polyelectrolyte Capping As Straightforward
Approach toward Manipulation of Diffusive Transport in MOF Films.
Langmuir 2018, 34, 425−431.
(28) Allegretto, J. A.; Dostalek, J.; Rafti, M.; Menges, B.; Azzaroni,
O.; Knoll, W. Shedding Light on the Dark Corners of Metal-Organic
Framework Thin Films: Growth and Structural Stability of ZIF-8
Layers Probed by Optical Waveguide Spectroscopy. J. Phys. Chem. A
2019, 123, 1100−1109.
(29) Bet́ard, A.; Fischer, R. A. Metal-Organic Framework Thin
Films: From Fundamentals to Applications. Chem. Rev. 2012, 112,
1055−1083.
(30) Shekhah, O.; Liu, J.; Fischer, R. A.; Wöll, C. MOF Thin Films:
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Puebla, E.; Monge, M. Á.; Cong, H.; Aldossary, A.; Deng, H.; Yaghi,
O. M. Principles of Designing Extra-Large Pore Openings and Cages
in Zeolitic Imidazolate Frameworks. J. Am. Chem. Soc. 2017, 139,
6448−6455.
(40) Shearer, G. C.; Chavan, S.; Bordiga, S.; Svelle, S.; Olsbye, U.;
Lillerud, K. P. Defect Engineering: Tuning the Porosity and
Composition of the Metal-Organic Framework UiO-66 via Modulated
Synthesis. Chem. Mater. 2016, 28, 3749−3761.
(41) Cai, G.; Jiang, H. L. A Modulator-Induced Defect-Formation
Strategy to Hierarchically Porous Metal−Organic Frameworks with
High Stability. Angew. Chem., Int. Ed. 2017, 56, 563−567.
(42) Abdelhamid, H. N. Salts Induced Formation of Hierarchical
Porous ZIF-8 and Their Applications for CO2 Sorption and
Hydrogen Generation via NaBH4 Hydrolysis. Macromol. Chem.
Phys. 2020, 221, No. 2000031.
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