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| Abstract

Abstract

This dissertation deals in seven publications with size- and shape-controlled
syntheses of the microporous metal-organic framework (MOF) ZIF-8 (zeolitic
imidazolate framework 8) as well as with investigations of the nucleation and growth
processes using various in-situ and ex-situ experiments. The knowledge obtained was
adopted to synthesize gas separating supported ZIF-8 membranes.

It could be shown that the size of ZIF-8 crystals can be controlled between 10 and
1000 nm by using an excess of the bridging bidentate ligand 2-methylimidazole and
various monodentate ligands (modulators). The function of the monodentate ligands
in the size-controlled syntheses can be understood as a modulation of complex
formation and deprotonation equilibria in the reaction solutions.

The fast nucleation and early growth of ZIF-8 nanocrystals was monitored by
time-resolved in-situ synchrotron small-angle and wide-angle X-ray scattering
(SAXS/WAXS) with a time resolution of one second. Very small particles (clusters)
with a diameter of about 2 nm formed instantaneously upon mixing the component
solutions of metal salt and bridging ligand. The formation of ZIF-8 particles started
after 15 seconds. The particles grew rapidly to a size of about 25 nm. In addition, the
synthesis of much larger ZIF-8 crystals (up to 200 pum in size) by a formate-
modulated solvothermal reaction was possible. This reaction was monitored by in-
situ energy-dispersive X-ray diffraction (EDXRD) measurements. Analyses of
crystallization curves gave insights into the kinetics and mechanism of crystal
growth. It could be shown that formate acts as a base to deprotonate the bridging
ligand. In contrast, in room-temperature syntheses formate acts as a competitive
ligand in complex formation equilibria, as could be shown by in-situ static light
scattering experiments.

Another achievement was the synthesis of supported ZIF-8 membranes by using
in-situ crystallization as well as the method of seeding and secondary growth. The
latter method allowed the synthesis of oriented ZIF-8 membranes. All membranes
exhibited excellent selectivities for the separation of H, from other gas molecules.

Moreover, polymer-ZIF-8 nanofibers could be produced by electrospinning which
have possible applications in gas adsorption. The micropores of the embedded ZIF-8

nanocrystals were easily accessible for gas.
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11T Kurzzusammenfassung

Kurzzusammenfassung

Diese Dissertation befasst sich in sieben Publikationen mit gezielten groBen- und
formkontrollierenden Synthesen der metall-organischen Geriistverbindung (MOF)
ZIF-8 (zeolitic imidazolate framework 8) und Untersuchungen der Nukleations- und
Wachstumsprozesse mittels verschiedener in-situ und ex-situ Methoden. Das erlangte
Verstindnis wurde eingesetzt, um gastrennende ZIF-8-Membranen zu synthetisieren.

Es zeigte sich, dass die GroBe der ZIF-8 Kristallite zwischen 10 und 1000 nm
eingestellt werden kann, indem ein Uberschuss des zweizihnigen Briickenliganden
2-Methylimidazol und verschiedene einzdhnige Liganden (Modulatoren) ver-wendet
werden. Die Funktion dieser Modulatoren in den Synthesen kann als Modulation der
Komplexbildungs- und Deprotonierungsgleichgewichte der Reaktionslosungen
verstanden werden.

Die schnelle Nukleation und das friihe Wachstum von ZIF-8-Nanokristallen
konnte  mittels in-situ  Kleinwinkel- und  Weitwinkel-Rontgenstreuung
(SAXS/WAXS) mit einer Zeitauflosung von einer Sekunde beobachtet werden. Sehr
kleine Partikel (Cluster) mit einem Durchmesser von 2 nm bildeten sich augen-
blicklich nach dem Mischen der beiden Eduktlésungen. ZIF-8-Partikel entstanden
nach 15 Sekunden und wuchsen schnell auf eine Grofle von 25 nm. Auch grofere
ZIF-8-Kristalle (bis zu 200 um) konnten durch Formiat-modulierte solvothermale
Reaktionen erhalten werden, welche mittels in-situ energie-dispersiver
Rontgenbeugung verfolgt wurden. Analysen der Kristallisationskurven ermdéglichten
Einblicke in Kinetik und Mechanismen des Kristallwachstums. Auflerdem wurde
gezeigt, dass Formiat als Base fungiert, um 2-Methylimidazol zu deprotonieren. Im
Gegenteil hierzu wirkt Formiat in Raumtemperatursynthesen modulierend auf die
Komplexbildungsgleichgewichte, was durch in-situ-Untersuchungen mittels
statischer Lichtstreuung gezeigt werden konnte.

Ein weiterer Erfolg war die Synthese von getridgerten ZIF-8-Membranen. Diese
wurden sowohl durch in-situ-Kristallisation, als auch durch Anheftung von Keim-
kristallen an die Trdgeroberfliche und anschlieBendes Wachstum hergestellt. Die
letztere Methode erlaubte die Synthese von orientierten ZIF-8-Membranen. Alle
Membranen zeigten exzellente Selektivititen fiir die Trennung von H, von anderen
Gasmolekiilen.

Ferner konnten Polymer-ZIF-8-Fasern durch Elektrospinnen hergestellt werden,
welche mogliche Anwendungen in der Gasadsorption haben, da die Mikroporen der

eingebetteten ZIF-8 Nanokristalle gute Zugénglichkeit fiir Gase zeigten.




Kurzzusammenfassung IV

Schlagworter: metall-organische Gertststrukturen, MOFs, zeolitische Imidazolat-
Gertiststrukturen, ZIFs, Nanomaterialien, modulierte Synthese, Keimbildung,

Kristallwachstum, in-situ-Streumethoden




\Y Danksagung

Danksagung

Diese Arbeit wire ohne die Hilfe von vielen Menschen nicht im Entferntesten

moglich gewesen.

Zu Beginn mochte ich mich natiirlich bei Prof. Dr. Peter Behrens fiir die
Aufnahme in seinen Arbeitskreis und die Moglichkeit, meine Dissertation bei ihm

anfertigen zu diirfen, bedanken.

Auch Herrn Prof. Dr. Jiirgen Caro gilt Dank auszusprechen fiir die Ubernahme
des Koreferates, die vielen wissenschaftlichen Diskussionen und die Unterstiitzung

wihrend meiner Arbeit.

Bei einem Menschen will ich mich ganz besonders bedanken: Herrn Dr. Michael
Wiebcke, der mich mit all seinen Moglichkeiten (und das manchmal bis an die
Grenzen) unermiidlich unterstiitzt hat. Das Arbeitsklima war stets ein freundliches,
kollegiales, wodurch viele interessante fachliche und auch weniger fachliche

Diskussionen entstanden sind, an die ich mich immer gerne zuriickerinnern werde.

Des Weiteren mochte ich Christian A. Schroder heraus heben, der ein halbes Jahr
nachdem ich bei Dr. Wiebcke meine Arbeit begann, die Arbeitsgruppe erweiterte.
Viele Tage und Néchte verbrachten wir zusammen vor Messungetiimen, an diversen
Synchrotron-Laboratorien oder an statischen Lichtstreuanlagen. Er war immer fiir
mich da, wenn ich ihn gebraucht hab. Die Unterstiitzung die er flir meine

Dissertation geleistet hat, ist kaum aufzuwiegen.

Bedanken mdochte ich mich auch beim gesamten Arbeitskreis Behrens flir die
bisher wohl tollste Zeit im meinem Leben. Die fachlichen und privaten Diskussionen
fiihrten tlber ein kollegiales Verhéltnis weit hinaus, so dass ich weniger in einem
Arbeitskreis als in einem Freundeskreis gearbeitet habe. Die langen Film- oder
feucht-frohlichen Musik-Diskussions-Abende werde ich wohl nicht so bald

vergessen.




Danksagung VI

Natiirlich mochte ich mich auch fiir die wissenschaftliche Hilfe bedanken. Sei es
bei Roman Nayuk und Todor Hikov fiir die groBartige Unterstiitzung bei den SLS-
und Synchrotron-Messungen oder bei Georg Platz fiir seinen unermiidlichen Kampf
gegen Windmiihlen wihrend der Sorptionsmessungen, aber auch bei Andreas
Schaate, Birgit Beifle und Christian Schroder fiir die vielen TG/DTA-Messungen.

Auch Dr. Rainer Ostermann und dem Arbeitskreis von Prof. Dr. Bernd Smarsly
ist fiir die produktiven Kooperationen und wissenschaftlichen Diskussionen Dank

auszusprechen.

Auch Florian Waltz, Imke Bremer, Sebastian Liliental, Anne Christel und Marc
Kieke bin ich zu Dank verpflichtet, die immer ein paar Minuten fiir eine

Raucherpause {ibrig hatten.

Bei meinen Eltern will ich mich fiir die groBe Unterstiitzung im Studium, sei es
durch Finanzspritzen oder ein leckeres Mittagessen, bedanken. Ohne sie wére ich gar

nicht bis ins Chemie Studium gekommen.

Auch bei Caroline Behrens will ich mich bedanken, fiir die Unterstiitzung die sie
mir in der Doktorarbeit aber auch wihrend meiner Krankheit hat zukommen lassen.

Gerade zu dieser Zeit war sie fiir mich das Rettungsboot auf stiirmischer See.




VII Preface

Preface

The results which are presented in this dissertation were achieved in the last three
years during my work as scientific assistant in the Institute of Inorganic Chemistry of
the Gottfried Wilhelm Leibniz University of Hannover in the group of Prof. Dr. Peter
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already been part of my diploma thesis “Synthese und Charakterisierung von
Nanokristallen ionischer Verbindungen”.”

The two articles in chapter 4 present in-situ synchrotron X-ray diffraction studies,
which provided significant insights into the nucleation and growth of ZIF-8
nanocrystals at room-temperature and ZIF-8 macrocrystals under solvothermal
conditions. The X-ray scattering experiments and data reduction reported in the
article Fast Nucleation and Growth of ZIF-8 Nanocrystals Monitored by Time-
Resolved In Situ Small-Angle and Wide-Angle X-Ray Scattering were performed by
myself, Christian A. Schroder, Roman Nayuk and Dr. Michael Wiebcke at beamline

" 1. Cravillon, Synthese und Charakterisierung von Nanokristallen ionischer Verbindungen, diploma
thesis, Leibniz University Hannover, 2009.
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1 1. Introduction

1. Introduction

This thesis deals with size- and shape-controlled syntheses as well as with in-situ
and ex-situ scattering and microscopy experiments on the mechanisms of formation
and with possible applications of a prototypical metal-organic framework (MOF)
material called zeolitic imidazolate framework 8 (ZIF-8). First, in this chapter, a brief
description of the structures, properties and main potential applications of MOFs and
ZIFs is given. Further methods of size- and shape-controlled synthesis, in-situ
investigations of the mechanisms of crystallization and membranes synthesis are

briefly introduced.

1.1 Metal-Organic Frameworks (MOFs)

MOFs are a novel class of crystalline porous materials.."* Approximately 10% of
all MOF materials exhibit a permanent porosity.” These materials are also called
“porous coordination polymers”.

They are coordination compounds, in which a discrete metal ion or cluster (so-
called connector) is coordinated by multidentate (at minimum bidentate) ligands (so-
called linkers) to form a three-dimensional coordination polymer (see Figure 1). The

clusters are also called (SBUs for secondary building units).

Figure 1: Structure of MOF-5 (Metal Organic Framework 5). A central us-oxygen is tetrahedrally
surrounded by four zinc cations which in turn are pairwise bridged by the carboxylate groups of six
terephthalate anions forming the SBU (secondary building unit). The 3D framework structure is formally
generated by connecting these SBUs via the benzene rings of the terephthalate anions (linker). The final
framework generates a 3D pore system consisting of two alternating cavities with diameters of 15.2 A and
11.0 A respectively.®

A promising class of MOFs are carboxylate-based MOFs, which often contain
metal oxygen clusters like MOF-5 (ZnysO(BDC)3;, H,BDC = terephthalic acid), UiO-
66 (Zrs04(OH)4BDCg), MIL-53 (Al(OH)BDC) or HKUST-1 (Cus(BTC),), BTC =

benzene-1,3,5-tricarboxylate). Another class are the pillar-layer MOFs, constructed
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by paddle-wheel SBUs made of copper or zinc ions, which are connected via
dicarboxylates like terephthalate into 2D layers that in turn are pillared by diamines
like 4,4’-bipyridine to generate 3D frameworks. A younger distinct class of MOFs
are the zeolitic imidazolate frameworks. They consist of discrete divalent metal
cations like Zn*" or C02+, that are linked via substituted imidazolate anions and
typically possess zeolite-related topologies.

The pore networks in MOFs are wide-ranged and tunable compared to purely
inorganic porous compounds like zeolites or mesoporous silica. The organic-
inorganic MOF hybrid materials offer much more variability in pore diameter and
functionality than these materials due to the nearly infinite pool of different organic
linkers and inorganic connectors. For example, the pore walls can be made
hydrophobic or hydrophilic. Open metal sites for catalytic reactions or functionalized
linkers for post-synthetic modifications can be introduced. Also the pore sizes can be
tuned without changing framework topology by using linkers of different length
(isoreticular MOFs, IRMOFs).) MOFs can exhibit large intra-crystalline surface
areas of up to 6240 m?*g calculated with the Brunauer-Emmett-Teller equation and
10400 m?/g calculated using the Langmuir model. These are significantly larger than
those of classical adsorbents likes zeolites or activated carbon.!”

The choice of the metal ion (connector) in MOFs is hardly restricted. Often used
connectors are Fe?/Fe’”, Co®", Ni*" or Zn®", but also Mg, Al*", Ti*', Zr*" or Pd*
are suitable.[””! Some popular MOFs are already commercially available like MIL-53
(Basolite® A100), HKUST-1 (Basolite® C300) and ZIF-8 (Basolite® Z1200).
Another special feature of some MOFs, differentiating them from zeolites or
activated carbons, is their ability to “breath”, which means that the framework
expands or shrinks considerably upon guest uptake or release (so-called breathing
effect). Some MOFs exhibit a gate-opening effect, which means that the pore system

only becomes accessible at a critical pressure threshold."!
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1.2 Zeolitic Imidazolate Frameworks (ZIFs)

As mentioned before, ZIFs are a younger and distinct class of MOFs. Due to the
similarity of the metal-imidazolate-metal (M-Im-M) and silicon-oxygen-silicon (Si-
O-Si) angles of approximately 145° in ZIFs and zeolites, respectively (see Figure 2),

the tetrahedral frameworks exhibit analogous topologies (see Figure 3).1*!

N

Si Si

M-IM-M Si-0-Si

Figure 2: Illustration of the angles at the linkers in ZIFs and zeolites.!""!

An important advantage of ZIFs over zeolites is the larger cages, due to the longer
imidazolate linkers compared to the bridging oxygen atoms in zeolites. This can be
seen by comparing the metal-to-metal distances. In ZIFs, zinc centers typically
exhibit a distance of ca. 6 A, as compared to the distance of only ca. 3.2 A between
neighboring silicon atoms in zeolites. In spite of this, the pore openings in ZIFs are
comparable in size to those of zeolites. This is caused by the bulkiness of the
imidazole linkers. Therefore, the adsorption of guest molecules into ZIF cages is
similarly size- and shape-specific as in zeolites, but the larger ZIF cages allow
molecules to pass each other and hence blocking effects are avoided, which may
limit the diffusion in zeolites. As other MOFs, ZIFs show some framework
flexibility, which is caused by twisting of the linker molecules. This was very
recently demonstrated for the prototypical ZIF-8.!""! Due to this flexibility, molecules
larger than the crystallographically estimated pore diameters can pass the pore
openings and a sharp cut off for gas separation is usually not observed. This was
proven for a number of ZIF membranes by Caro and coworkers (see also chapter
5)">1 and bulk ZIF materials!'®.

The choice of the imidazolate derivative has an influence on the framework
topology and allows the control of the pore diameters as well as the chemical nature
of the pore walls (hydrophilic or hydrophobic character). All C,-substituted

imidazolates typically generate a sodalite topology if zinc is the metal center as is the
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case for ZIF-8 (linker = 2-methylimidazolate) or ZIF-90 (linker = 2-
carbaldehydeimidazolate).

ZIF-8
C d alkanes

C,H,
CH,

TTT T[T T T T[T T I T[T TT[TTTT]
0 1 2 3 4 5
kinetic diameter / A

Figure 3: a) Truncated octahedral cage (f-cage) of the ZIF-8 framework structure. The zinc cations are
tetrahedrally coordinated by the linker 2-methylimidazolate; b) sodalite (SOD) topology of ZIF-8; c)
illustration of a pore opening corresponding to a six-membered ring of ZnN, tetrahedra and linker
molecules; d) comparison of the crystallographically estimated pore diameter with the kinetic diameters of
a number of small gas molecules.

Also the solvent may affect the framework structure. For example, in the case of
benzimidazolate, the synthesis in DMF (N,N-dimethylformamide) yields ZIF-7,
while in DEF (N,N-diethylformamide) ZIF-11 is obtained."'” While zinc compounds
with unsubstituted imidazolates exhibit a large number of polymorphous forms,!"*=*!
the polymorphism of substituted zinc imidazolates is significantly restricted due to
the stereochemical requirements of the bulky substituents. This results in an
increased thermal and chemical stability. A number of ZIFs shows long term stability
against boiling solvents such as methanol and benzene or even water and aqueous

sodium hydroxide solutions.!'”’ The thermal stability can reach 400 °C in air and

even higher temperatures under inert gas atmosphere. Such properties are rarely
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found for other MOFs. For example, most carboxylate-based MOFs are not stable
against water. Because of this combination of properties, ZIFs seem to be promising
candidates for application as gas-separating membranes.

In this work, ZIF-8 plays the central role. This material combines all properties
mentioned above. The three-dimensional pore network consists of large cages with a
free diameter of 11.6 A and small openings with a free diameter of 3.4 A (see Figure

3).




1. Introduction 6

1.3 Potential Applications
Potential applications for MOFs are gas storage and separation, catalysis, sensor
systems and biomaterials, similarly to other porous materials like zeolites or

mesoporous silica.

1.3.1 Separation

The gas separation properties of MOFs are affected by two mechanisms: (i)
Separation caused by different diffusivities, which is in turn caused by different sizes
and shapes and (ii) separation caused by adsorbate-surface interactions. Separation
caused by different diffusivities (i) is based on Fick’s first law, which includes the
coefficient of diffusion, the flux density and the gradient of concentration. An
extreme case is the sterical size exclusion also known as molecular sieving effect,
which is size- and shape-selective, as defined by the geometry of the specific pore
windows of the networks. Larger molecules are discriminated and their coefficient of
diffusion is extremely low. The adsorbate-surface interactions (ii) are caused by
multipolar and van der Waals interactions, depending on the surface properties of the
pore walls. Gas species with stronger interactions with the framework stay longer in
the pore system while non-interacting molecules can pass the system easily until an
equilibrium is established. In most cases, both mechanisms control the permeance,
which is defined as the pressure-normalized flux.

Besides adsorptive separation techniques, gas-separating membranes, which are
already established for zeolites, are an important application. MOF membranes can
be divided into two classes: (i) Supported polycrystalline membranes and (ii) organic
polymer-MOF composite membranes (mixed matrix membranes).

In the last few years, the number of publications dealing with polycrystalline

(23]

MOF membranes increased strongly. Only a few publications deal with

carboxylate MOFs like HKUST-1%*2%1 MIL-53*"1 or MOF-5"%*1. However, the
strongest development happened in the field of ZIFs (see also chapter 5),['2!7 303
which is due to their high thermal and chemical stability as well as their high
potential in adsorption and separation of the greenhouse gas CO,"?. First ZIF-69
membranes, for example, showed high separation selectivity of CO over CO,.’”
Also H; separation from larger gas molecules like CHa, CO;, O, or N is possible
with high selectivities with some ZIF membranes of appropriate pore diameter. Good

candidates are ZIF-7!"*"] ZIF-8 (see also chapter 5)B3031 Z1F-22" and ZIF-90!'*

1l Also post-synthetic modification of such membranes is possible, which leads to a
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variability of the inner surface chemistry and the pore diameter. In the case of ZIF-
90, aldehyde groups were transformed by a condensation reaction with amines into
imine groups which enhanced the separation factor for Ho/CO, from 7.3 up to ~65.1'%!
By using an appropriate MOF (ZIF-8) with matching pore windows and adsorption

kinetics it was even possible to separate ethane and ethene!'”

or propane and
propene®!). With this membrane also larger hydrocarbons can be separated quite
easily from smaller gases like H, with high selectivities (see section 5.3).

Mixed matrix membranes were also achieved with MOF particles. Such
membranes consist of MOF particles (mostly nanoparticles) embedded in a polymer
matrix. Usually used polymers are for example matrimex®, poly(vinyl acetate) or
polysiloxanes. Different MOF systems were used to fabricate such membranes as
MOF-5,04 HKUST-1,73% ZIF-8P728 ZIF-90"! or MIL-53*). An advantage of
these membranes over polycrystalline membranes is the flexibility of the polymer
matrix whereby the strain resistance is increased.

Besides membrane separation other applications are possible. In recent
publications it was shown that MIL-101", ZIF-8* or MIL-53!**! can be used as a
stationary phase in columns for gas chromatography. It was demonstrated that
capillaries coated with ZIF-8 nanocrystals show excellent capabilities in sieving
linear alkanes from branched alkanes as well as different linear alkanes from each
other. This is caused by the narrow pore windows as well as the different van der
Waals interactions of the linear alkanes with the hydrophobic inner surface of

ZIF-8.14

1.3.2 Storage

Gas storage is a main point of interest in MOF research. Due to their properties
mentioned above, MOFs seem to be perfect candidates for application in the storage
of mobile energy sources like CH4 or H, but also greenhouse gases like CO,. A

144431 "but up to now

number of publications deal with H; storage in different MOFs
no MOF achieves enough storage capacity for application. For CO, capture, ZIFs
seem to be particularly suited materials. The group of Yaghi showed that ZIFs like
ZIF-68, -69, -78 and -79 have remarkable adsorption selectivities and capacities for

CO,.[46-48]
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1.3.3 Composites

Besides mixed matrix membranes other MOF composite materials were
synthesized. A crucial improvement of microporous composite materials is the better
handling than bulk material as well as the possibility to synthesize hierarchical
structures for better adsorption and desorption of gasses and liquids.

The first investigations on MOF composites dealed with HKUST-1"! and SIM-1
(Substituted Imidazolate Material 1)°°°!! beads, which are an attractive viable
alternative to bulk MOF materials for heterogeneous catalysis. HKUST-1 could also

[52-34] Beside this system nanofibers could be

be synthesized on polymer materials.
synthesized via electrospinning of HKUST-1°% and ZIF-8 (see chapter 6). The
accessibility of the pore networks of the MOFs in such composites can be varied by
using different amounts of polymer and bulk MOF phase. Also the usage of MOF
nanoparticles for such systems is important to reach a higher surface and thereby a
faster adsorption of the guests in the MOF. By the successful syntheses of ZIF-8

nanofibers and other nanoparticular MOF materials a broad range of MOF-

composites should be accessible (see chapter 6).

1.3.4 Catalysis

Another important application is heterogeneous catalysis.”>>% In this field, ZIF-8
plays also an important role. Bats et al. have shown by cluster density functional
theory calculations, that low-coordinated zinc cations (two- or three-coordinated) at
the ZIF-8 surfaces are potential Lewis acids, while negatively charged N atoms of
the imidazolate linkers are potential Lewis bases.””! Reported examples for such
catalytic  activities of ZIF-8 are Knoevenagel®™ condensations and
transesterifications”™. The usage of metal clusters encapsulated in MOFs is also an
important option for catalysis. Some groups have shown that it is possible to deposit
metal clusters like gold or platinum into the cages of MOF-5, ZIF-8 and ZIF-90 via
chemical vapor deposition of organometallic precursors and subsequent reduction
with H,.1%%%) Au@ZIF-8 shows a high catalytic activity in the oxidation of benzyl
alcohol in methanol and benzene as well as in the oxidation of carbon monoxide!®!”
621 while Pt@ZIF-8 shows good photocatalytical properties in the degradation of
phenol when it is encapsulated in TiO, nanotubes.'*”’

Very recently, the group of Fischer showed the selective dehydrocoupling of
BH3-NMe,H to yield BH,-NMe, and H,. This reaction works at room temperature in

ZIF-8 cages and has a possible application in hydrogen storage based on
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aminoboranes.*!

Mild reaction conditions can be applied because of the
heterogeneous catalytic properties of ZIF-8 by combining strong cage effects with

polar and Lewis acid / base properties.

1.3.5 Sensors

Because of the variability of metal-organic frameworks, some MOFs can act as
sensors. Some MOF sensors have been described which work with luminescent
MOFs containing lanthanide cations'®”), but recent publications have shown the
prospects of ZIF-8 to act as sensor material, too. Thin films of ZIF-8 of different
thickness can be used as a Fabry-Pérot device to sense different vapors and gases.'®!
Furthermore, the ZIF-8 luminescence intensity shows a high sensitivity to copper and
cadmium ions as well as to small molecules like acetone.!”! Also thin films of ZIF-8
nanocrystals showed good selective adsorption of organic vapors over water in

68]

several cycles.®® All these publications indicate that ZIF-8 is an interesting

candidate for sensor applications.

1.3.6 Biomaterials

MOFs offer many prospects in biomedical applications. They can act for example
as drug delivery systems or as bioactive MOF.!*"! A recent publication has shown
first results with ZIFs as drug encapsulator. An indium-containing zeolite-like metal-
organic framework was used to synthesize composite materials for drug release tests
using procainamide as model system. Unfortunately, this system exhibits a burst

release effect.l””]
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1.4 Size- and Morphology Controlled Syntheses of MOF's

1.4.1 Common Synthesis

The synthesis of MOFs and ZIFs is usually carried out solvothermally in DMF or
DEF. Many of the reactants, namely metal salts and linker molecules, have a high or
at least sufficient solubility in these formamides. In addition, these high boiling
solvents seem to have a structure-directing character and also appear to exert an
influence on the crystallinity. An example is the synthesis of ZIF-7 and ZIF-11. Both
materials are built up from benzimidazolate and zinc ions, but have different
framework topologies and different cage sizes. Whereas the usage of DMF yields the
sodalite system ZIF-7, in DEF ZIF-11 with a ROH topology is produced.'” In some
cases, the high boiling temperatures and the comparatively large size of the
molecules of DEF and DMF may cause problems. During the post-synthetic
activation process of MOFs, which implies the removal of the solvent and other
species from the pore system by heating and / or reduced pressure, the high stress
exerted in the crystals sometimes may result in the collapse of the framework
structure. Alcohols can also be used to synthesize some MOF systems. With these
solvents, the activation is less problematic due to the high volatility of these solvents
and their usually smaller kinetic diameters. However, when using alcohols, in many
cases the syntheses do not lead to highly crystalline materials.

Over the last years new methods have been developed to synthesize MOFs (or to
enhance the crystallinity and / or syntheses procedures). An example is ionothermal
synthesis, which employs ionic liquids as solvents and simultaneously structure-
directing agents and which can be applied successfully to a number of MOF systems.
A problem of using ionic liquids in the synthesis of MOFs is the low thermal stability
of the hybrid materials. Calcination is often not possible, because removal of the
ionic guests leads to a collapse of the network structure due to the strong charge
coupling between the cationic guests and the anionic framework.[”") Another example
of a well-known method which was used to synthesize MOFs is mechanochemistry.
Recently, Beldon et al. published a rapid room-temperature method to synthesize
ZIFs mechanochemically using an ion- and liquid-assisted grinding procedure with
ZnO as the zinc source.’”

Nevertheless, the solvothermal synthesis in DMF or other formamides is still the
most common way for the preparation of MOFs. An important point of DMF and

DEF is the degradation taking place at higher temperatures in the presence of a small
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amount of water, leading to formate and a dialkylamine in a zinc-catalyzed
reaction.!””! These species can influence the crystallization mechanism and the

crystallinity as described in section 1.4.3.

1.4.2 Methods of Size and Shape Control in MOF Synthesis

For many applications mentioned above the control over the size and shape of
MOF crystals is a crucial point of interest. During the last years, different synthesis
procedures were developed to reach this goal. This was first achieved by Huang et al.
who directly mixed the component solutions of zinc salt and organic linker at room
temperature to obtain MOF-5 nanocrystals.[74] The morphology of the nanocrystals
could be varied by using surfactants (e.g. Brij 30) or a template (ordered alumina
membrane with cylindrical channels). Another method is the use of microwave-
assisted solvothermal synthesis. In comparison to the solvothermal synthesis by
conventional heating, the microwave heating is faster and therefore the homogeneous
nucleation rate is enhanced. By this method it was possible to obtain nanoparticles of
IRMOF-1 and IRMOF-3 as reported by Ni et al..”” and of MIL-101 as reported by
Jhung et al.”®. The nucleation rate can also be enhanced by using ultrasonic
treatment. This was shown for a MOF system consisting of zinc ions and benzene-
1,3,5-tricarboxylate as well as for HKUST-1 by Qiu et al.l’”! They could show that
the crystals increase in size with longer ultrasonic irradiation. As in microwave
syntheses, the formation of so-called hot spots (high energy at a local point) is known
to occur under ultrasonic treatment, too. This may be the reason for the high
homogeneous nucleation rate in these cases. Another well-known approach to MOF
nanocrystals is the use of reverse microemulsions. Different types of MOFs (mostly
lanthanide-containing coordination polymers) were synthesized by this method by

71 and Daiguebonne et al.™ A further method is described in section

Rieter et al.l
3.2. It utilizes an excess of the bridging ligand to procedure ZIF-8 nanocrystals. An
excess of the bridging benzimidazolate ligand was also used for the synthesis of ZIF-
7 nanocrystals by Li and coworkers."*'* *!] They also pointed out that the counter
ion, in this case chloride instead of the typical nitrate, has a significant influence on
the final shape of the ZIF-7 nanocrystals, which crystallize in a hexagonal crystal
system. If zinc chloride was used, the nanoparticles grew to nanorods, which

indicated a preferential interaction of the chloride anions with the {110} and {101}

faces. In contrast, with zinc nitrate isotropic nanocrystals were obtained.®™"! This
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underlines the role of counter-anions in the reaction solution to control the size and
shape of porous coordination polymers.

Recently, a novel synthetic method for controlling size, morphology and
crystallinity of MOFs has been developed. This so-called coordination modulation
method was applied so far for some MOF systems and is described in the following

section.

1.4.3 Controlled Synthesis Using Coordination Modulation

Kitagawa and coworkers have introduced the idea of coordination modulation in
2009 which offers the opportunity to gain control over the particle size and
morphology by using monodentate ligands (modulators) which act as competitive
ligand to the bridging ligands. These ligands can act as capping groups to restrict the
growth of specific crystal faces and / or to influence the number of prenucleation
units made of the corresponding metal ion and linker molecules so that the nucleation
rate is reduced.® A similar method was also used earlier by Fischer et al. during
their in-situ investigations on MOF-5 growth. Monodentate capping ligands were
added with a delay after the start of the reactions to inhibit further growth of the
nanocrystals.*

The coordination modulation approach was extensively investigated for the size-
controlled synthesis of HKUST-1 in combination with microwave heating. It was
shown that nanocrystals at high dilution can be obtained by using monocarboxylic
acids as modulators, whereas at higher concentrations of the starting materials and
modulator microcrystals were formed.*"!

This approach was recently adopted by different groups. The group of Behrens
has shown that the addition of benzoic acid as modulator in the synthesis of
zirconium-containing MOFs (e.g. UiO-66 and Ui0-67)*) increases the
reproducibility of synthesis protocols and the crystallinity of the product. In some
cases, control of size and aggregation was possible. Coordination modulation also
allowed the synthesis of new zirconium MOFs with long linear dicarboxylate linkers,
called PIZOFs (porous interpenetrated zirconium organic frameworks).* Also a
Eu; xTbx-containing metal-organic framework for the production of luminescent
films could be synthesized in a nanocrystalline form by using this approach.®” The
group of Oh has shown that not only a size- but also a shape-control is possible with

modulators.*®
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Unfortunately all the mentioned systems are carboxylate-based MOFs. To proof
this synthesis concept for other MOFs, the adoptability to MOFs containing N-
heterocyclic linkers was necessary. This is successfully shown for ZIF-8 as described
in section 3.3 and 4.3. These sections also present an extension of the concept by
considering deprotonation modulation in addition to coordination modulation.

Based on the described functions of modulators in MOF formation it becomes
furthermore understandable why DMF and DEF are such favorable solvents in MOF
syntheses. Besides of the good solubility of the reactants and the possibility to act as
modulator itself, DMF and DEF decompose at higher temperatures by reaction with a
small amount of water to form formic acid and diamines. These species can
markedly influence the formation processes by acting in coordination and

deprotonation.
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1.5 Investigations on the Mechanisms of MOF Nucleation and Growth

To gain an understanding of the crystallization processes of MOFs, in-situ and ex-
situ investigations should be performed. Such studies could in turn also enable better
control over crystal size and shape.

Up to now, only a few investigations of the mechanisms of growth processes of
MOFs are reported and the mechanisms of nucleation are almost unexplored.™® "
For example, electron spray ionization mass spectrometry (ESI-MS) during the

formation of a magnesium-containing MOF"!!

as well as extended X-ray absorption
fine structure spectroscopy (EXAFS) during the formation of MIL-89"* have been
used to detect prenucleation species made of multi-nuclear metal complexes (SBUs)
of the final MOFs.

To gain insights into the nucleation process, scattering experiments are promising
methods. For example, time-resolved in-situ dynamic light scattering was used to
observe the evolution of nanoparticles of MOF-5, HKUST-1 and ZIF-8 from solution
with high time resolution. For MOF-5, a burst nucleation occurs in supersaturated
solutions after an initiation phase. After this, a slow particle growth follows."* In
contrast to that, homogeneous nucleation and particle growth occurs in parallel
during the synthesis of HKUST-1, where continuous comparatively slow nucleation
occurs together with fast particle growth for an extended period of time.””! In the
case of ZIF-8 nanocrystals, a rapid growth of the primary particles to a size of ca. 50
nm occurs, while simultaneously a continuous nucleation takes place. These results
are presented in sections 3.2 and 3.3. Besides light scattering, X-ray scattering
experiments seem to be auspicious methods to follow the nucleation process of such
systems in the small nanometer region. This was done by the group of Kapteijn, who
used small-angle and wide-angle X-ray scattering experiments (SAXS/WAXS) to
monitor the formation of NH,-MIL-53 and NH,-MIL-101, which can be synthesized
from the same precursors. The initially formed NH;-MOF-235 nanoparticles
dissolved to form NH,-MIL-101 which in turn subsequently dissolved at higher
temperatures to generate NH,-MIL-53, the thermodynamically stable phase.
Unfortunately, the first detectable particles in solution had already a size of about 60
nm, which means that the first step of nuclei formation could not be monitored in this
work."**l SAXS/WAXS was also used to gain insights into the formation of ZIF-8

nanocrystals. The results of these experiments are discussed in section 4.2.
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In the last two years, another method, time-resolved in-situ energy dispersive X-
ray diffraction (EDXRD), has increasingly been adopted to gain insights into the
growth kinetics and mechanisms of MOFs, such as HKUST-I[%], MOF-14[97],
CAU-1"" (Christian-Albrechts-Universitit-1) and ZIF-8. Applying the Avrami-

99-100]

Erofe‘ev model! , which describes the nucleation and growth of crystallization

d[ml], which is based on a

processes, in combination with the Sharp-Hancock metho
linearization of the Avrami-Erofe’ev equation to extract kinetic parameters, it was
possible to evaluate crystallization curves and obtain information about the rate-
limiting reaction step. It was found to be the nucleation step in the case of HKUST-1
synthesis, and a phase-boundary reaction during crystal growth in the case of the
synthesis with conventional heating for CAU-1. Also a decoupling of the kinetics of
nucleation and crystal growth is possible by applying the Gualtieri model.!'! In the
case of HKUST-1 and MOF-14 the Gualtieri model suggested that nucleation is the
rate-limiting reaction step. This observation was also recently made for the formation
of ZIF-8 nanocrystals by Venna et al. They applied ex-situ XRD diffraction and the
Avrami-Erove’ev  method."™ By using time-resolved in-situ EDXRD
measurements, a formate-modulated solvothermal synthesis of ZIF-8 was also
monitored, which is discussed in section 4.3.

In-situ AFM investigations lead also to new insights into crystal growth. The
group of Attfield has shown with this approach that HKUST-1 grows by a layer-by-
layer mechanism of a constituent 1.5 nm crystal spacing step. In addition it was
shown that defects form in the course of crystal growth.!'**'%) The same system was

analyzed by Szelagowska-Kunstman et al. with ex-situ AFM.!'*!
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1.6 Supported Polycrystalline MOF Membrane Synthesis

As mentioned before, gas-separating membranes are interesting applications for
porous MOFs. So far ,only a few systems have been prepared as supported
polycrystalline membranes: HKUST-142%, MOF-5**2° MIL-53,%7 ZIF-8 (see
chapter 5)!'7- 2131 Z1p-7t1-121) 71F-90> 101 Z1F-22, 1" Z1F-698% and SIM-11""7), As
can be seen, ZIF systems are in the center of attention due to their high thermal and
chemical stability as well as variability of the pore systems. Important characteristics
of such polycrystalline membranes are dense, defect-free and well intergrown crystal
layer. Also the thickness of the layer and the orientation of the crystals in respect to
the support surface play a significant role. The thinner the membranes are, the better
is the permeate flux. In the case of non-cubic MOF crystals, the orientation of the
channels has to be perpendicular to the support surface in order to permit the gas
flow. As is the case for zeolite membranes, polycrystalline MOF membranes can be
synthesized in two different ways: (i) In-situ crystallization and (ii) seeding and
subsequent secondary growth. For both methods, asymmetric porous ceramic discs,

for example of TiO, or a-Al,O3, were most commonly used as support.

1.6.1 In-Situ Crystallization

In the in-situ crystallization process the MOF layer is directly prepared on the
surface of a porous ceramic support in a one-step synthesis. This approach has
worked for many MOF systems such as MOF-5*1 ZIF-8'"! (see also section 5.2)
and SIM-11""7,

During such syntheses, heterogeneous nucleation on the support surface has to
take place. After nuclei formation a growth process follows. The thickness of this
layer is directly related to the number and density of nuclei generated at the support
surface, because a larger number of nuclei can intergrow more easily. To increase the
density of nuclei species, the affinity of the precursors to the surface of the support
has to be high. This affinity is affected by a number of factors such as charge and
functional groups on the surfaces of the support as well as the precursors and
particles. Also competitive homogeneous nucleation in the solution, which depends
on the supersaturation and the time for the homogeneous formation of nuclei, plays a
role. By measuring the zeta-potential as function of the pH value for the MOF
systems as well as for the support materials, a prediction of the most suitable support
is possible on the basis of opposite charges. This was used for the in-situ synthesis of

a ZIF-8 membrane. ZIF-8 nanoparticles exhibit a strongly positive zeta potential in
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methanol. To support the growth of this system on the surface, a ceramic was chosen
which exhibits a negative surface charge, as described in section 5.2.

It is also possible to modify the surface of the ceramics by introducing functional
groups via surface reactions or by using charged organic polymers to reverse the
charge on the surface. In the case of a ZIF-22 membrane the surface of the TiO,
support was modified with APTES (3-aminopropyltriethoxysilane) to obtain surface
amino groups. This modification offers two opportunities. On the one hand, the surface
charge can be changed by variation of the pH value and on the other hand, there are free
amino groups on the surface which can interact with the metal centers at the ZIF-surface
via coordination bonds. It is also possible that the high surface-amine concentration
helps to generate a high concentration of nuclei at the surface by deprotonation of the
bridging purine ligands (local supersaturation of deprotonated linker) which in turn
accelerates the surface crystallization. With these advantages of APTES modification,
the synthesis of ZIF-22 membranes on TiO, supports was possible while in the case of
non-modified TiO, supports dense layers could not be obtained.' The same
modification was used to synthesize ZIF-90 membranes on porous a-Al,O3 supports.[lsl
Another possibility to enhance surface nucleation was introduced by Jeong et al. for
the in-situ growth of ZIF-8 and ZIF-7 membranes. They dropped methanolic ligand
solutions directly on an a-Al,Os support preheated to 200 °C. By this procedure, Al-
N coordination bonds between non-saturated aluminium ions on the support surface
and the ligand molecules (2-methylimidazole and benzimidazole) could be

established.*™!

1.6.2 Seeding and Secondary Growth

The advantage of this method is the decoupling of nuclei formation and crystal
growth. Nanocrystals of the MOF systems are presynthesized and then attached to
the support surface. Good adhesion between support and MOF crystals can be
established taking the above mentioned effects into account. For the ZIF-7 system,
the polymer PEI (polyethylenimine) was chosen, which adheres to the ceramic
surface via the formation of hydrogen bonds. The nanoparticles could now interact
with the polymer via coordination bonds between the free amino groups and the zinc

12131 1t was also possible to

centers on the surfaces of the ZIF-7 nanocrystals.
synthesize the ZIF-7 seed crystals already in the presence of this polymer, which acts

as a base to accelerate nuclei formation. Hence, the method could be reduced to a
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one-step procedure without prior separation and purification of ZIF-7 seed crystals.
After the seeding step, a secondary growth process had to be carried out.™"

By the secondary growth method, control over the size and also over the
orientation of the crystals in the membranes is easier to achieve than by using in-situ
crystallization. Through the high concentration of the nuclei at the support surface, a
dense well-intergrown layer can be obtained with a much smaller layer thickness, as

12-13] s PR
(12131 This has of course a positive influence

shown in the case of ZIF-7 membranes.
on the permeate flux.

An explanation for the formation of oriented membranes starting from a layer of
randomly oriented seeds is given by the evolutionary selection growth model of van
der Drift."® This model predicts that those faces of the seed crystals that have the
highest vertical growth perpendicular to the support surface grow fastest and finally
dominate the orientation of the membrane. Oriented crystals are particularly
important for the preparation of MOF membranes of non-cubic MOFs as ZIF-69,
which has a one-dimensional system of parallel, non-interconnecting channels
running along the hexagonal ¢ axis. A c-oriented supported ZIF-69 membrane was
recently obtained by Lai and coworkers.”" This synthesis procedure was also
adopted to produce an oriented ZIF-8 membrane which is discussed in section 5.3.

But also non-oriented membranes of HKUST-1%% and MOF-5" were fabricated by

using secondary growths.

1.6.3 Further Methods

Syntheses procedures different from those described before were evaluated for the
systems HKUST-1 and ZIF-8. Nan et al. has shown in a recent publication that
HKUST-1 seeds can be synthesized directly on a porous a-Al,O3; support by dipping
it step by step into the two reactant solutions.*®’ Also the synthesis of a HKUST-1
layer on a copper grid was realized in a water/ethanol solvent.!”! In this case two
copper sources were used, the nitrate salt as well as the copper grid itself. This
membrane reached high separation factors for H, over N;, CO, and CHa.
Unfortunately such metal grids are not as rigid as ceramics are. This can impair the
stability of a polycrystalline layer which is quite brittle.

Venna et al. have reported that a gas separating ZIF-8 membrane can be prepared
by hydrothermal reaction of an a-Al,O; support in a dispersion of ZIF-8
nanocrystals.**! Unfortunately, the obtained membrane does not seem to be gas tight

due to mesopores between the crystal grains. These layers also exhibited impurities
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as can be seen on the reported XRD patterns. Another method was presented by Yao
et al. They used a polymer substrate (nylon) and successfully prepared thin ZIF-8
layers on both sides of the substrate using a counter-diffusion method, in which the
substrate separated the two solutions containing the zinc salt and the bridging
linker.'*!

As already mentioned, post-synthetic modifications of MOFs are possible.
Recently Huang et al. have presented a post-synthetic modification of a ZIF-90
membrane to alter its hydrophobicity and thereby the separation factor for Ha/gas
mixtures.'” This ZIF contains 2-carbaldehydeimidazolate as bridging ligand which
allows a covalent functionalization via an imine condensation reaction with
ethanolamine. The separation factor for H,/CO, was increased by this method from
7.3 to 62.5, which is an impressive result and clearly demonstrates the opportunities

and potentials of MOF membrane modification.'®
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3. Controlling Size and Shape of ZIF-8 Crystals

3.1 Summary

This chapter deals in two publications with the rapid synthesis of ZIF-8
nanocrystals at room temperature and the further control of their size and shape using
auxiliary monodentate ligands (modulators). A significant point in this work was the
use of methanol as solvent instead of DMF, which is commonly used for ZIF-8
synthesis. Removal of DMF from the microporous cages is difficult and high
temperatures and vacuum are needed for activation. In contrast, methanol can pass
the narrow pore windows quite easily. This allows activation at room temperature
applying a slightly reduced pressure. Nanocrystals with a size of about 45 nm were
obtained in methanol employing an excess of the bridging ligand 2-methylimidazole
with respect to the zinc salt. The size of these nanocrystals could be further
controlled by using modulators in addition to an excess of the bridging ligand, which
modulate the coordination and deprotonation equilibria in the reaction solutions.
Different modulators were tested. Monodentate carboxylates (e.g. formate) as well as
N-heterocyclic molecules (e.g. 1-methylimidazole) yielded micrometer-sized
crystals, while n-alkylamines (e.g. n-butylamine) resulted in the rapid formation of
even smaller nanocrystals. The behavior of the modulators could be qualitatively
explained on the basis of the pK, values of the conjugate acids of the monodentate
ligands. The size was tunable between about 10 and 1000 nm. In the case of
microcrystal formation, intermediates and the final products were characterized using
scanning and transmission electron microscopy. The crystal morphology changed
with time from cubes via edge-truncated cubes to rhombic dodecahedra. In addition,
the crystal growth was successfully monitored in-situ using time-resolved static light
scattering, which gave significant insights into the crystal formation processes. It
could for example be shown, that the modulators sodium formate and
1-methylimidazole decrease the nucleation rate (coordination modulation) in respect
to the non modulated synthesis, resulting in the formation of comparatively large
microcrystals with narrow size distributions. On the other hand, light scattering
experiments showed that the non-modulated synthesis was characterized by

persistent nucleation and fast crystal growth yielding 45 nm-sized nanocrystals.
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The nano- and microcrystals exhibit high thermal stability in air and large surface
areas that are comparable to those of well-crystalline macrocrystals. They can be
easily activated due to the use of methanol as solvent and can, for example, be

applied as seeds for membrane preparation by secondary growth.
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We report here a rapid room-temperature colloidal chem-
istry route to produce nanocrystals with a narrow size
distribution of a prototypical zeolitic imidazolate framework
(ZIF) material, ZIF-8."> ZIFs'~7 are a new subclass of porous
metal-organic frameworks (MOFs)® in which divalent metal
cations are linked by imidazolate anions into tetrahedral
frameworks that frequently possess a zeolite topology. Most
interestingly, some guest-free ZIFs, e.g., ZIF-8, are reported
to exhibit, besides a large intracrystallite surface area,
exceptional chemical and thermal stability,! a combination
of properties rarely to be found among other porous MOF
materials. To further tune the properties of ZIFs for specific
applications in gas storage, separation, or sensing as well as
to make ZIFs available as novel building blocks for advanced
nanotechnology devices, it is mandatory to develop synthetic
routes for the production of monodisperse nanocrystals.’

The chemistry of nanoscale carboxylate-based MOF
materials has started to be developed only recently. Direct
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mixing,' microwave,' ultrasound,'” and microemulsion'3

methods have been used for synthesis and some degree of
size and shape control could be achieved. The formation of
stable colloidal dispersions of MOF-5 nanocrystals in the
presence of a stabilizing monocarboxylate ligand has been
monitored in situ by time-resolved static light scattering.'*
Also, nanocrystals of MOFs have been grown on function-
alized self-assembled organic monolayers.'> However, this
is the first report on the synthesis and characterization of a
nanoscale ZIF material.

It is also remarkable, in comparison with previous
syntheses of nanoscale carboxylate-based MOFs,'° !5 that
our simple method does not need any auxilary stabilizing
agents or activation (conventional heating, microwave or
ultrasound irradiation) and yields well-shaped ZIF-8 nanoc-
rystals in the form of powders or stable colloidal dispersions.
The method relies on pouring at room temperature a
methanol solution of Zn(NOs),*6H,O into a methanol
solution of the imidazole derivative, 2-methylimidazole
(Hmim). It is important to add Hmim in excess to the zinc
source, contrary to reported protocols'? that were designed
to produce large microcrystals and used the zinc salt and
Hmim in a molar ratio <1:2. We obtained good results when
employing Zn(NOs),*6H,0, Hmin, and methanol in a molar
ratio of approximately 1:8:700 (details are provided in the
Supporting Information).

Comparison of an X-ray diffraction (XRD) pattern taken
from a powder sample with a pattern simulated from known
structural data' (see Figure S1 in the Supporting Information)
demonstrates that the product is single-phase ZIF-8 material.
An average particle diameter of 46 nm is estimated from
the broadening of the XRD peaks. Secondary electron
micrographs (Figure 1a) reveal that the product consists of
isometrical nanoparticles with sharp edges and a narrow size
distribution. A statistical evaluation of 250 particles results
in an average diameter of 40(3) nm. Considering that MOFs
are easily damaged in the high-energy electron beam of a
transmission electron microscope (TEM),'® a minimum dose
exposure technique was applied for acquisition of high-
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Figure 1. ZIF-8 nanocrystals prepared in methanol. (a) SEM micrograph,
(b) HRTEM micrograph showing nanocrystals that exhibit lattice fringes
of ca. 1.2 nm that correspond to the (110) family of planes.

resolution TEM (HRTEM) micrographs (Figure 1b). The
nanocrystals were oriented on the TEM grid so that they
exhibit predominantly (110) lattice fringes. Thus, the nanoc-
rystals are approximately imaged almost along the [001]
direction, and their approximate hexagonal envelope then
indicates that the particles actually have the shape of a
rhombic dodecahedron, that is a {110} crystal morphology
(see Figure S3 in the Supporting Information).

Early stages of nanocrystal formation could be successfully
monitored in situ by time-resolved static light scattering (TR-
SLS). Because of the high refractive index of the nanopar-
ticles and their rapid growth, the solutions had to be diluted
for these experiments. As shown in Figure 2 for the 1:5:
1000 Zn:Hmim:MeOH molar ratio, ca. 130 s after mixing
the component solutions, particles with a radius of gyration
R, of ca. 20 nm had been formed. During the 170 s following,
the weight averaged particle mass M, increased further,
whereas the corresponding size of the particles remained
essentially constant in this growth period. This apparent
contradiction can be explained by means of the different
averages of the R, and M,, values, respectively.

The radius of gyration R, is a square root of the z-averaged
squared radius of gyration (S2),

S, M)
¢ 2.”1'1‘4:'2
1
and the molar mass value M, is a weight averaged value.

ZniMiz
1

<
[

In both averages, i denotes the number of elementary units
forming a nanoparticle and n; and M; are the number and
the molar mass of this nanoparticle, respectively. The
scattering signals average over all species of nanoparticles
with variable i including elementary units or monomers,
which are not yet incorporated into particles. A situation with
the size values staying constant but with mass values
increasing is observed if single particles grow very fast
compared to the duration of our time-resolved experiment.
In such a case, the mass fraction of nanoparticles does not
increase because of a growth of particles with time but
because of an increase in the number of particles due to a
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Figure 2. Growth of ZIF-8 nanocrystals in methanol (1: 5:1000 Zn:Hmim:
MeOH). Radius of gyration R, vs time (squares) and weight-averaged
particle mass M,, vs time (spheres).

continuous nucleation. Such a process still affects the weight
average of the mass, whereas the higher z-average of the
squared size has already reached its final value. The results
thus indicate the existence of an intermediate (primary)
nanocrystal with R, ~ 20 nm, which by assuming a spherical
particle corresponds to a diameter of ~50 nm (Rgphere = (5/
3)"2Ry). This nicely agrees with the XRD and TEM results.

Beyond 300 s, both the particle size and mass further
increased, indicating an acceleration of the growth process,
which likely is due to an agglomeration of primary nanoc-
rystals. A correlation between the radius of gyration and the
corresponding mass in this regime of agglomeration led to
a power law behavior for R, ~ M,* with an exponent of
0.65 < a <0.75. This exponent is well above the value of a
compact sphere or cube (@ = 1/3) and indicates a fractal
dimension 1/a that corresponds to a loose aggregate of
constituent nanocrystal particles. During syntheses, it was
observed that sedimentation from the milky synthesis
mixtures occurred only very slowly.

Stable, slightly turbid colloidal dispersions were obtained
by redispersing the nanocrystals in methanol and studied by
dynamic light scattering (DLS) as well as small-angle X-ray
scattering (SAXS). A hydrodynamic diameter of 49 nm and
a polydispersity index (PDI) of 0.09 were obtained by DLS
(see Figure S5 in the Supporting Information), whereas the
SAXS data show that isometrical nanoparticles with an
average R, = 20.4(7) nm are present (see Figure S6 in the
Supporting Information).

Thermogravimetry (TG) performed on a nanoscale ZIF-8
powder sample (see Figure S7 in the Supporting Information)
and temperature-dependent powder XRD (see Figure S8 in
the Supporting Information) reveal that in air the nanocrystals
are stable up to ca. 200 °C before decomposition of the
framework structure takes place. Thus, nanoscale ZIF-8
exhibits considerable thermal stability although it is, as one
would expect, of lower thermal stability than microscale
ZIF-8 (up to ca. 400 °C in air,? and up to ca. 550 °C in N,).
Permanent microporosity of the nanoscale ZIF-8 powder is
demonstrated by gas sorption analyses (see Figure SO in the
Supporting Information). From the N, sorption isotherms
(Figure 3), an apparent specific surface area of 962 m%/g
(BET method) and a micropore volume of 0.36 cm®/g are
estimated for the evacuated nanocrystals. These values are
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Figure 3. ZIF-8 nanocrystals prepared in methanol. Nitrogen sorption
isotherms shown as linear—log plot in order to emphasize the low-pressure
range. Adsorption and desorption branch are represented as red and blue
curves, respectively.

lower than the highest values reported recently for microscale
ZIF-8 (BET surface area: 1630 m%g, micropore volume: 0.64
cm¥/g).!

This possibly indicates that the as-synthesized nanoscale
ZIF-8 still contains some residual species (e.g., unreacted
Hmim) that could not be desorbed from the cavities of the
nanocrystals during the activation step before the sorption
measurements.

Taking together, our rapid and cheap (regarding chemicals
and energy) synthetic protocol yields pure-phase nanoscale
ZIF-8 material with a narrow size distribution, good thermal
stability, and large accessible internal surface area. Such
preformed nanocrystals should be excellent candidates for
the preparation of supported ZIF films and membranes, as
known for zeolites.!” Also, nanoscale microporous adsorbents
and catalysts are favorable over microscale ones with regard
to the mass and energy transport properties.” This could be
particularly beneficial for ZIF materials, which frequently
possess large cavities that are connected by small apertures
(as in the case of ZIF-8, ZIF-95, and ZIF-100), resulting in
slow adsorption kinetics when microscale powders are used.*

We explain the formation of ZIF-8 nanocrystals with the
excess of Hmim employed in the syntheses (Scheme 1).

Hmim can act both as a linker unit in its deprotonated
form and as a stabilizing unit in its neutral form. If one takes

Communications

Scheme 1. Synthesis of ZIF-8 Nanocrystals Capped with
Neutral 2-Methylimidazole (Hmim)

MeOH, RT

Zn(NO,), + (2-x+y) Hmim ————»

nano-[Zn(mim),,(Hmim),]* + (2-x) H" + 2 NO;

6 alle &

[Zn(mim),,] [Zn(mim),,(Hmim)]***
Zn* coordination in crystal Zn* coordination at surface

the pKy; (7.1) and pKy, (14.2) values for imidazole'® as a
rough estimate for the acid—base properties of Hmim in
methanol, one would expect that an equilibium of the cationic
(protonated) and neutral forms exists in solution and depro-
tonation of Hmim is only driven by the crystallization of
ZIF-8 (gain of lattice energy). Enough neutral Hmim should
then be available in solution for terminating growth and
stabilizing positively charged nanocrystals. This is supported
by the value (+55 mV) measured for the { potential of stable
dispersions of ZIF-8 nanocrystals in methanol. This line of
arguments suggests that our method of excess protic linker
might be a general one and transferable to other ZIFs, and
even carboxylate-based MOFs at low pH conditions.
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ABSTRACT: We report on a simple and straightforward
method that enables the rapid room-temperature production
of nanocrystals (finely tuned in size between ~10 and 65 nm)
and microcrystals (~1 um) of the prototypical microporous
zeolitic imidazolate framework (ZIF) material ZIF-8. Control of
crystal size is achieved in a novel approach by employing an
excess of the bridging bidentate ligand and various simple
auxiliary monodentate ligands with different chemical function-
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alities (carboxylate, N-heterocycle, alkylamine). The function of the monodentate ligands can be understood as a modulation of
complex formation and deprotonation equilibria during crystal nucleation and growth. Using time-resolved static light scattering,
the functioning of modulating ligands is monitored for the first time by in situ experiments, which offered significant insight into the
crystal growth processes. Formation of nanocrystals is characterized by continuous, comparatively slow nucleation and fast crystal
growth occurring on a time scale of seconds. Although nucleation and growth are not separated from each other, a significant
narrowing of the particle size distribution during early stages results in rather monodisperse nanocrystals, before broadening of the
particle size distribution occurs, as observed by complementary ex situ electron microscopy studies. Microcrystal growth is
dominated by a particle—monomer addition mechanism, but indications for the operation of a coalescence process during early
stages of growth have been also obtained. During later stages of microcrystal growth crystals change their shape from cubes to
rhombic dodecahedra. The prepared phase-pure ZIF-8 nanoscale materials exhibit good thermal stability in air and large surface
areas, which are comparable to those of large macrocrystals. Nanocrystal powders exhibit dual micro- and mesoporosity.

KEYWORDS: metal—organic framework, zeolitic imidazolate framework, nanomaterials, modulated synthesis, crystal growth,

in situ static light scattering

H INTRODUCTION

Zeolitic imidazolate framework (ZIF) materials' constitute a
new distinctive, rapidly developing subclass of crystalline porous
coordination polymers (PCPs) or metal—organic frameworks
(MOFs).” For example, bulk ZIF materials® and supported ZIF
membranes and films* have shown promising properties in the
fields of CO, capture and storage, separation of light gases,
sensing of vapors, and heterogeneous catalysis. The three-
periodic tetrahedral framework structures of ZIFs are con-
structed from bivalent metal cations and bridging substituted
imidazolate anions and frequently possess a zeolite topology."*
Numerous ZIFs combine the attractive features of MOFs
(diversity of framework structures and pore systems, large sur-
face areas, post-synthetically modifiable otéganic bridging ligands)
with high thermal and chemical stability.” It is this combination
of properties which makes ZIFs very promising candidate
materials for many technological applications. On the other
hand, properties and performance of porous materials rely much

v ACS Publications ©2011 American chemical Society

on their supply as nano- and microcrystals of well-defined size
and shape, as is well-known for zeolites.” Development of size-
and shape-controlled syntheses, in turn, benefits considerably
from a detailed understanding of the physicochemical funda-
mentals of the crystallization processes.

These important issues have only scarcely been addressed in
the field of porous MOFs. A limited number of carboxylate-based
nanoscale MOFs have been prepared, for example, by reverse
microemulsion methods and microwave- or ultrasound-assisted
syntheses.”'® A very attractive approach to controlling crystal
size and shape that has been recently introduced is the coordina-
tion modulation method which employs an auxiliary mono-
dentate ligand that acts in competition to the multidentate
bridging ligand at surface-exposed metal centers of the forming
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crystals." "> Such modulating ligands are usually monocarbox-

ylates, having the same chemical functionality as the bridging
polycarboxylate ligands. The power of this method has been very
recently demonstrated by Kitagawa and co-workers'?® who were
able to prepare [Cus(btc),] crystals (HKUST-1, btc = benzene-
1,3,5-tricarboxylate) in the whole range from the small nanoscale
(~20 nm) to the microscale (~2 um). First insight into the
mechanisms of carboxylate-based MOF crystallization has been
obtained by a number of recent in situ investigations employing
static 1i§ht scattering,"'"'® surface 5plasmon resonance spectro-
scopy,"* atomic force microscopy,'® and energy-dispersive X-ray
diffraction."® Furthermore, the growth of nanorods of a carbox-
ylate-based MOF by oriented attachment has been demonstrated
in a remarkable ex situ electron microcopy study.'>

Progress is still more limited for ZIFs. We have recently
reported in a preliminary communication on a simple and rapid
room-temperature solution-based synthesis of ~45 nm-sized
ZIF-8 nanocrystals with a rhombic dodecahedral shape and a
narrow size distribution.'” Such ZIF-8 nanocrystals have mean-
while been used to fabricate porous composite nanofibers by
electrospinning,'® supported membranes with random'® and
preferred crystal orientation for gas separation,”® thin films with
dual micro- and mesoporosity for selective adsorption and
sensing of vapors,”' and capillary coatings for the chromato-
graphic separation of alkanes,”” indicating the wide range of
potential applications of nanoscale ZIF materials. Later, Thalla-
pally and co-workers> have also prepared ~50 nm-sized ZIF-8
nanocrystals in a similar approach but with the addition of an
organic polymer, claiming that the nanocrystals have a hexagonal
shape. In addition, Li and co-workers>* have recently reported on
spherical ZIF-7 nanocrystals as well as ZIF-7 nano- and micro-
rods. All these successful syntheses of nano- and microscale ZIF
materials had to be developed empirically by exploratory syn-
thetic work, since a detailed understanding of the crystallization
processes is missing.

In order to gain a better understanding of the mechanisms of
ZIF crystallization and thereby put the synthesis of ZIF materials
on a more rational basis, we have combined systematic synthetic
work with time-resolved experiments, namely, in situ static light
scattering (SLS) and ex situ scanning electron microscopy
(SEM). Herein, we demonstrate for the first time that various
simple modulating monodentate ligands with different function-
alities (sodium formate, 1-methylimidazole, n-butylamine) can
be used in rapid room-temperature syntheses to tune the size of
ZIF-8 crystals between ~10 nm and 1 um. Along with this,
significant insight is presented into ZIF-8 crystallization pro-
cesses. We further demonstrate that the prepared nanoscale ZIF-
8 materials are easily activated and exhibit good thermal stability
in air as well as large surface areas.

B EXPERIMENTAL SECTION

Materials. Commercially available chemicals were used without
further purification (see Supporting Information). All syntheses were
performed at ambient conditions.

Synthesis of ZIF-8 Nanocrystals in the Absence of a
Modulating Ligand. Typically, 7344 mg (2469 mmol) of Zn-
(NO3),-6H,0 and 810.6 mg (9.874 mmol) of 2-methylimidazole
(Hmim) are each dissolved in 50 mL of MeOH. The latter clear solution
is poured into the former clear solution under stirring with a magnetic
bar. Stirring is stopped after combining the component solutions. After
24 h, the solid is separated from the milky colloidal dispersion by

centrifugation. Washing with fresh MeOH and centrifugation is repeated
three times. The product is dried at room-temperature under reduced
pressure.

Synthesis of ZIF-8 Microcrystals with Sodium Formate or
1-Methylimidazole As a Modulating Ligand. Typically, 734.4
mg (2.469 mmol) of Zn(NO3), - 6H,0 is dissolved in S0 mL of MeOH.
A second solution is prepared by dissolving 810.6 mg (9.874 mmol) of
Hmim and 810.6 mg (9.874 mmol) of 1-methylimidazole in S0 mL of
MeOH. The latter clear solution is poured into the former clear solution
under stirring with a magnetic bar. Stirring is stopped after combining
the component solutions. After 24 h, the precipitate is recovered by
filtration, washing with MeOH, and drying under reduced pressure.
Syntheses in the presence of sodium formate is made similarly (see
Supporting Information).

Synthesis of ZIF-8 Nanocrystals with n-Butylamine as a
Modulating Ligand. Typically, 7344 mg (2.469 mmol) of Zn-
(NO3),+6H,0 is dissolved in S0 mL of MeOH. A second solution is
prepared by dissolving 810.6 mg (9.874 mmol) of Hmim and 0.975 mL
(9.874 mmol) of n-butylamine in S0 mL of MeOH. The latter clear
solution is poured into the former clear solution under stirring with a
magnetic bar. Stirring is stopped after combining the component
solutions. After 24 h, the gel-like solid is recovered by centrifugation.
Washing with fresh MeOH and centrifugation is repeated three times.
The product is dried at room-temperature under reduced pressure.
Syntheses with variation of the molar ratios were made similarly.

Methods of Characterization. Powder X-ray diffraction (XRD)
at room temperature was performed in transmission mode on a STOE
Stadi-P diffractometer using monochromatized Cu Ko, radiation of
wavelength 4 = 1.54059 A. The instrumental peak broadening needed
for Scherrer analysis was determined using a silicon reference standard
(NIST 640c). For intensity data recording at variable temperatures in
Debye—Scherrer geometry, the same diffractometer was equipped with
a STOE high-temperature oven. Samples were filled into thin-walled
silica glass capillaries (diameter 0.5 mm) which were left unsealed.

Small-angle X-ray scattering (SAXS) measurements were performed
in transmission mode on a RIGAKU system consisting of a microfocus
X-ray tube with Cu target and mirror optics (4 = 1.541 A), a three-
pinhole collimating system, and a 2D gas-filled multiwire detector.
Colloidal solutions were filled into thin-walled glass capillaries
(diameter 1.5 mm), while powder samples were kept between thin
Kapton foils. SAN'S Analysis software™® provided by the NIST Center for
Neutron Research was used for model fitting of SAXS curves in
reciprocal space. Indirect Fourier transformation was applied to obtain
pair distance distribution functions (PDDFs)*® in direct space from the
SAXS data by using the progam GNOM.”’

Thermogravimetry (TG) and difference thermal analysis (DTA)
measurements were performed simultaneously on a NETZSCH 429
Thermoanalyzer. Samples were filled into alumina crucibles and heated
in a flow of air with a ramp of 5 °C+min "~ from room temperature up to
1000 °C.

Nitrogen physisorption isotherms were measured at —196 °C on a
QUANTACHROME Autosorbl-MP volumetric instrument. Samples
were outgassed in vacuum at room temperature for at least 24 h before
the sorption measurements. Surface areas were estimated by applying
the Brunauer—Emmett—Teller (BET) equation. The Barrett—Joyner—
Halenda (BJH) method was applied to determine mesopore size
distributions.

Fourier-transform infrared (FT-IR) spectra were recorded on a
BRUKER Tensor 27 spectrometer using the attenuated total reflection
(ATR) technique.

Scanning electron micrographs (SEM) were taken in secondary
electron contrast at an acceleration voltage of 2 keV using a JEOL
JSM-6700F field-emission instrument. Samples were dispersed on a carbon
sample holder. Transmission electron microscopy (TEM) micrographs
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Figure 1. XRD patterns (a) simulated from crystal structure, (b) of
65 nm-sized nanocrystals prepared in the absence of a modulating
ligand, (c) of microcrystals prepared in the presence of sodium formate,
(d) of microcrystals prepared in the presence of 1-methylimidazole, and
(e) of 18 nm-sized nanocrystals prepared in the presence of n-butylamine.

were taken using a JEOL JEM-2100F-UHR field-emission instrument at
an acceleration voltage of 200 kV. The same instrument was used for
taking selected area electron diffraction (SAED) patterns. Samples were
collected with a syringe from the colloidal solutions and dispersed on a
copper-supported carbon film.

Time-Resolved in Situ Static Light Scattering (SLS). SLS
measurements were performed at 25 °C with a home-built multi-angle
goniometer described by Becker and Schmidt.*® Cylindrical silica glass
cuvettes with a diameter of 25 mm served as scattering cells. The
goniometer was equipped with a He-Ne laser operating at a wavelength
of 632.8 nm. It enabled simultaneous recording of the scattering
intensity at 2 times 19 scattering angles arranged in pairs symmetrically
on both sides of the beam in an angular regime 0f 25.84° < 0 < 143.13°.
Recording of an angular dependent curve was completed after 2 ms.
1000 successive recordings were added to form one measurement
requiring 2 s in total. The time interval between the start of the
successive measurements was 10 s. The component solutions (see
syntheses) were cleaned by passing the solutions through 0.20 um
filters to remove dust particles and to combine them into the scattering
cell. Addition of the second component solution determined the starting
point (t = 0) of the experiment. Scattering curves were processed as the
Rayleigh ratio ARy at variable scattering angle 0.%” The scattering curves
could be approximated by means of a Guinier plot,* which enabled the
extraction from each scattering curve the accumulated weight-averaged
molar mass, Myy, and the square root of the z-averaged squared radius of
gyration, R, (details are provided in the Supporting Information).

Il RESULTS AND DISCUSSION

Our approach to the size-controlled synthesis of nano- and
microscale ZIF materials is an extension of the method we have
recently developed for the production of ~45 nm-sized ZIF-8
nanocrystals. It employs an excess of the bridging 2-methylimi-
dazole (Hmim) ligand with respect to the Zn(II) source, Zn-
(NOs), - 6H,0, in methanolic solutions.'” This simple method
works already well at room temperature without the need of any
activation, for example, by conventional or microwave heating.
We have now added to such ZIF-8 synthesis solutions various
monodentate ligands with different chemical functionalities
(carboxylate, N-heterocycle, alkylamine). This is in contrast to
related previous work, where the coordination modulation

Number/ a.u.

Ll
0 10 20 30 40 50 60 70 80 90 100
Diameter / nm

Figure 2. (a) SEM image of 65 nm-sized nanocrystals prepared in the
absence of a modulating ligand, (b) drawings of a rhombic dodecahe-
dron in two orientations, and (c) size distribution of 65 nm-sized
nanocrystals (the line represents a Gaussian fit).

method has been employed in the synthesis of carboxylate-based
MOFs with modulating ligands with only the same carboxylate
functionality as the bridging ligands.""'> We note that modulat-
ing ligands do not only act as competitive ligands at the metal
centers but also as bases on the deprotonation of the bridging
ligands. Thus, they may affect crystal nucleation and growth via
both coordination and deprotonation equilibria. This combined
effect has not been investigated and utilized before.
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Figure 3. SEM images of (a) microcrystals prepared in the presence of
sodium formate and (b) microcrystals prepared in the presence of
1-methylimidazole.

Synthesis of the Nano- and Microcrystals. We first inves-
tigated synthesis solutions with the total molar ratio Zn/Hmim/
L/MeOH = 1:4:x:1000 (L = modulating ligand: sodium for-
mate,1-methylimidazole, n-butylamine). The products were iso-
lated as described in the Experimental Section after 24 h of
reaction at room temperature. The synthesis without addition of
amodulating ligand (x = 0) yields pure-phase ZIF-8 nanocrystals
(compare the XRD patterns in Figure lab) with an average
particle size of 64 nm, as estimated from the broadening of the
Bragg reflections by applying Scherrer’s equation. SEM images
(Figure 2a) reveal that the well-defined nanocrystals have a
rhombic dodecahedral shape (see Figure 2b for comparison)
with 12 exposed {110} faces. This is a special crystal form of the
crystallographic point group 43m (in line with the cubic space
group I43m of crystalline ZIF-8).° We note that rhombic
dodecahedra, when viewed directly on a {110} face, appear with
a hexagonal cross-section (see drawing on the left-hand side of
Figure 2b). Thus, care has to be taken not to mix up rhombic
dodecahedral nanocrystals on SEM or TEM images with a
hexagonal shape, which may have happened in recent work™
(further comments on this point are given in the Supporting
Information). A statistical evaluation of SO0 particles results in an
average size of 65 & 13 nm (see size distribution in Figure 2c).
The nanocrystals are redispersible in MeOH, yielding disper-
sions of nearly nonaggregated particles from which sedimenta-
tion occurs only very slowly. SAXS analysis results in an average
size for the redispersed particles of 88 nm. A SAXS pattern taken
from a dispersion along with a fitted curve obtained with a model
of polydisperse spherical particles is provided in Figure S2 of the
Supporting Information.

In the presence of formate or 1-methylimidazole as a mod-
ulating ligand at x = 4, pure-phase ZIF-8 microcrystals are
obtained (see XRD patterns in Figure 1lc,d). SEM images
(Figure 3a)b) reveal a rhombic dodecahedral shape and a
remarkable narrow size distribution. There is no significant
difference between the products despite the quite different
nature of the modulating ligands (anionic carboxylate vs neutral
N-heterocyclic molecule). It should be noted that the narrow size
distribution is only obtained when the synthesis solutions are not
stirred. Stirring results in very broad size distributions, which may
be due to secondary nucleation caused by turbulences.*'

‘When n-butylamine is added as the modulating ligand at x = 4,
nearly instantaneous formation of a solid is observed upon
combining the component solutions, and pure-phase ZIF-8
nanocrystals are recovered after 24 h (see XRD pattern in
Figure le). An average size of 18 nm is estimated from the
broadening of the Bragg reflections. TEM images (Figure 4a)
show roughly spherical particles being <20 nm in size, including
some isolated particles and particles with sharp edges. It should
be noted that the small ZIF nanocrystals are very sensitive to the
high energy of the electron beam of a TEM."” SAED patterns
(Figure 4b) confirm that the particles are crystalline ZIF-8. The
nanocrystals can be redispersed in MeOH. According to a SAXS
analysis, the redispersed particles indicate the primary 18 nm-
sized nanoparticles. Yet, they now form small secondary aggre-
gates with a maximum size of ~88 nm and an average radius of
gyration of R, = 27 nm. A SAXS pattern along with the
corresponding pair distance distribution function (PDDF) is
provided in Figure S3 of the Supporting Information. The
dispersions remain optically clear for a few hours, before a fine
precipitate begins to form.

Then, we varied the molar ratios of the components in the
system Zn/Hmim/n-butylamine/MeOH. Table 1 lists the com-
positions of the studied synthesis solutions and the average sizes
of the obtained particles. XRD demonstrates that all products are
pure-phase ZIF-8 (see Figure SS of the Supporting Information).
Particle sizes were determined from the powder samples by XRD
(Scherrer’s equation) and SAXS (PDDF), thus providing in-
formation on both the size of the crystalline domains (XRD) and
the primary particles (SAXS). Compared to TEM, which is
usually used to analyze primary particle size, SAXS has two
advantages: (i) SAXS probes a much larger sample volume,
which is therefore representative for the whole sample, and (i)
SAXS is nondestructive to ZIF nanocrystals. The PDDF, ob-
tained by indirect Fourier transformation of a SAXS curve, is a
representation of the intraparticle distance distribution, and in
the case of homogeneous monodisperse spherical particles
exhibits a maximum close to the radius of the spheres.”® This
behavior is preserved for powders consisting of spherical parti-
cles, where a maximum or shoulder is still observed at about the
distance that corresponds to the radius of the primary particles.**
Representative SAXS patterns along with the corresponding
PDDF curves are displayed in Figure S (the remaining SAXS
and PDDF data are provided in Figure S4 of the Supporting
Information). As can be seen from Table 1, the size values
determined by XRD and SAXS are in good agreement for the
products, confirming that the primary particles are crystalline
ZIF-8.In addition, it can be also seen from Table 1 that by varying
the compositions of the synthesis solutions, the nanocrystal size
can be tuned between 9 and 65 nm. It should be noted that the
volume of the smallest nanocrystals (diameter 9 nm) corresponds
to only 78 unit cells of ZIF-8 (cubic cell constant a = 1.7012 nm).*®
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Figure 4. (a) TEM image and (b) SAED pattern of 18 nm-size
nanocrystals prepared in the presence of n-butylamine.

By employing an excess of the bridging bidentate ligand
together with different modulating ligands we have not only
been able to achieve size control from the smallest nanoscale
(~10 nm) to the microscale but, in addition, could gain new
insight into the functioning of modulating ligands during MOF
crystallization. In previous work,'* only the effect of modulators
on the coordination equilibria during nucleation and growth had
been considered. In order to rationalize the outcome of our
present syntheses we have to take deprotonation equilibria into
consideration in addition to coordination equilibria. Scheme 1
summarizes in a simplified manner the basic reactions of ZIF-8
formation that have to be considered, namely, (i) complex
formation, (i) deprotonation, and (iii) ligand exchange. Due
to the labile nature of Zn(II) complexes all equilibria are likely to
be attained fast. Unfortunately, a complete set of the relevant
complex formation constants is not available in the literature. We
can, however, base a first qualitative discussion on the deproto-
nation constants of the conjugate acids of the ligands, which are
provided in Scheme 1 in the form of pK, values (for aqueous

Table 1. Compositions of Synthesis Solutions in the System
Zn/Hmim/n-Butylamine /Methanol and Average Diameters
of ZIF-8 Nanocrystals As Determined by XRD and SAXS

composition nanocrystal diameter

Zn/Hmim/n-BuNH,/MeOH dxrp, NM dsaxs, nm
(1) 1:4:4:1000 18 17
(2) 1:2:4:1000 45 39
3) 1:4:2:1000 10 9
(4) 1:4:4:5000 24 20
(5) 1:2:4:5000 S5 40
(6) 1:4:2:5000 9 9
7) 1:4:4:500 16 16
(8) 1:2:4:500 43 42
9) 1:4:2:500 10 8
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Figure 5. (a) Representative SAXS patterns and (b) inner parts of the
corresponding PDDF curves of nanocrystals prepared in the presence of
n-butylamine. Compositions of the synthesis solutions are indicated.

media, as an approximation for methanolic solutions). The list of
pK, values includes an estimate for the deprotonation constant of
Hmim being bound to a Zn(1I) cation, as taken from the work by
Kimura et al.>* Hereby, the following explanations can be given
for the syntheses with constant total molar ratios Zn/Hmim/L/
MeOH = 1:4:4:1000. An excess of Hmim in reaction (i) yields, at
the beginning of ZIF-8 formation, a high concentration of
[Zn(Hmim),,L,] species with m > n, which via deprotonation
(ii) and ligand exchange (jii) results in a high nucleation rate and
consequently in a small size of the final crystals (~6S5 nm in our
case). Only the more basic modulating ligands with pK, > 10.3
can deprotonate the [Zn(Hmim),L,] species and thereby
accelerate ligand exchange reactions, resulting in an even higher
nucleation rate and consequently in a smaller final crystal size
(~18 nm in our case). On the other hand, the less basic
modulating ligands with pK, < 10.3 cannot effectively deproto-
nate [Zn(Hmim),,L,] species but compete in reaction (i) with
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Scheme 1. Basic Reactions of ZIF-8 Formation (Top) and
pK, Values for the Conjugate Acids of Relevant Ligands
(Bottom)*

(i)Zn+mHmim+nL [Zn(Hmim),L,]

(ii) [Zn(Hmim), L] + L [Zn(Hmim),, ,(mim)L,] + HL'

@iy [Zn(HMim)mL,] + [Zn(Hmim),, ;(mim)L,]

a | -

[(Hmim),,L,.«Zn(u-mim)Zn(Hmim),, {L,]

|

oligomers, particles, crystals

|

[Zn(mim).]
ligand pK,
HCOOH 3.8
H,mim* 7.0
1-Methylimidazolium 7.2
[Zn(Hmim)]2* 10.3
n-BuNH,* 10.7
Hmim 14.2

“ Charges of species are omitted in the reaction equations. L denotes all
ligands that may be present: Auxiliary modulating ligands as well as
NO; ™, H,0, and MeOH.

Hmim, resulting in a low concentration of [Zn(Hmim),,L,]
species with m > 1, in a low nucleation rate and consequently in a
large final crystal size (~1 um in our case). The modulating
ligands also affect crystal growth (see below), but their influence
on nucleation appears to be more important. For a more detailed
understanding, knowledge of the complex formation and depro-
tonation constants in methanol would be required. The results of
the syntheses in the Zn/Hmim/n-butylamine/MeOH system at
variable molar ratios (Table 1) suggest that, for targeting
particular small nanocrystals, an excess of the bridging ligand is
the dominating factor (e.g., compare compositions 1, 2, and 3 in
Table 1). Increasing the content of the n-butylamine base
obviously does not lead to a smaller particle size, because then
its function as a competitive ligand comes into play (e.g,
compare compositions 1 and 3 in Table 1).

Time-Resolved in Situ SLS and ex Situ SEM Investigations
of Nanocrystal Formation. Particle formation could be success-
fully monitored by SLS with synthesis solutions of composition
Zn/Hmim/MeOH = 1:4:1000, yielding 65 nm-sized nanocryst-
als. From each scattering pattern the accumulated weight-aver-
aged molar mass, My, and the square root of the z-averaged
squared radius of gyration, Ry, were extracted for the growing
particles. The evolution with time of these parameters is dis-
played in Figure 6a. Nanoparticles with a radius of gyration of R,
~ 20 nm (corresponding to Rophere = 26 nm) become detectable
for the first time after 130 s. The size of these particles
corresponds to approximately 3/4 of the size of the final
nanocrystals recovered after 24 h from the synthesis solution,
and the particles are likely to be crystalline. During the following
670 s the total particle mass increases continuously, while the
average particle size remains essentially constant. This apparent
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Figure 6. Weight-averaged particle mass, Myy, and radius of gyration,
Ry, as they evolve with time for (a) the formation of 65 nm-sized
nanocrystals in the absence of a modulating ligand, (b) the formation of
microcrystals in the presence of sodium formate, and (c) the formation
of microcrystals in the presence of 1-methylimidazole. Error bars are
shown for R, values.

inconsistency can be interpreted as follows. Single particles grow
very fast compared to the time resolution of our experiment, and
the individual growth becomes slow when a size close to R, =
20 nm is attained. The increase in the averaged particle mass M,,
(of a bimodal system composed of small building units and
particles) is predominantly due to a continuous and compara-
tively slow nucleation, which increases the number of particles
with time. The averaged squared size Rg2 and the averaged mass
values Myy are based on different averaging procedures. Whereas

2 corresponds to the third moment, Myy is the second moment
of the particle mass distribution. Thus, the average square of the
size weights larger particles stronger than the average mass does.
As a consequence, R,” of an ever increasing ensemble of particles
with similar size values approaches its final average value much
earlier than M,y does.

After approximately 800 s the particle size and mass increases.
This is due to a loose agglomeration of the primary nanoparticles
which essentially keep their size, as evidenced by SEM investiga-
tions (see below). As can be seen from Figure 7a, this agglom-
eration stage is indicated by a steep upturn in the log(Ry) vs
log(Myy) plot. The analysis during the agglomeration stage is
impaired by an increasing turbidity of the dispersions causing
multiple scattering. This results in mass values which increasingly
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depart toward lower values, which prevents further quantitative
interpretation of the upturn. Note that, after the beginning of
the agglomeration stage, SLS can give no information anymore
of whether nucleation still further continues or stops after
some time.

For complementary SEM investigations, small amounts of
liquid were taken from the synthesis solutions after 240 s (before
the agglomeration stage) and after 1 h (during the agglomeration
stage). After 240 s, spherical particles with an average size of 42
11 nm and some amorphous material adhering to the particles
are observed (see SEM image in Figure 8a). The particle size
distribution (Figure 8c) is comparatively broad. This supports
the above interpretation of the SLS data that slow, persistent
nucleation and fast crystal growth take place in the early stages of
nanoparticle formation. After 1 h, the nanoparticles still have
nearly the same size, 38 £ 4 nm (see SEM image in Figure 8b).

oo

10° 10° 10’ 10°
M, I gimol

Figure 7. 1og(R,) vs log(Myy) plot for (a) the formation of 65 nm-sized
nanocrystals in the absence of a modulating ligand, (b) the formation of
microcrystals in the presence of sodium formate, and (c) the formation
of microcrystals in the presence of 1-methylimidazole.

This clearly proves that the steep increase in size and mass at
800 s observed by SLS is an agglomeration of primary nano-
crystals with R, ~ 20 nm. Importantly, the size distribution
(Figure 8d) has become very narrow after 1 h. The nanoparticles
with an age of 1 h are crystalline ZIF-8 and have a rhombic
dodecahedral shape (see SEM image in Figure 8b and the
detailed XRD and TEM characterization of similar nanocrystals
presented elsewhere)'” as the final 65 nm-sized nanocrystals
recovered after 24 h (see SEM image in Figure 2a). Note that the
final nanocrystals (size 65 = 13 nm) have a considerably broader
size distribution (Figure 2c) as the nanocrystals with an age of
1h

Narrowing (“focusing”) of size distribution was first experi-
mentally observed for semiconductor nanoparticles®* and is
reported here for the first time for a MOF. In this case, however,
the narrowing of the size distribution of the primary nanocrystals
at intermediate stages (after ~1 h) and, in particular, the very
narrow size distribution at the size focusing point are rather
surprising findings considering the observation by SLS that slow
nucleation occurs together with fast growth at least for the first
800 s of the crystallization process. This means that nucleation
and growth are not well separated from each other. Separation of
both steps is usually believed to be necessary to obtain particles of
low polydispersity (LaMer mechanism of burst nucleation and
subsequent growth).*** The “focusing” may be explained by the
termination of the fast particle growth at a size of R; ~ 20 nm,
due to colloidal stabilization of these intermediate particles by
surface-coordinated neutral, nondeprotonated Hmim ligands
that are present in excess and a corresponding build-up of
positive surface charges and favorable interactions with the polar
solvent. The effect of positive surface charges is supported
experimentally by a zeta potential of £ = +55 mV for ZIF-8
nanocrystals redispersed in MeOH."” After supersaturation has
sufficiently decreased and nucleation ceased, all nanoparticles

Number/ a.u.
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Figure 8. SEM images of intermediate particles during the formation of 65 nm-sized nanocrystals in the absence of a modulating ligand (a) after 240 s
and (b) 1 h. Corresponding particle size distributions (c) after 240 s and (d) 1 h (the lines represent Gaussian fits).
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terminate at nearly the same size, before “defocusing” of size
distribution takes place in later stages due to growth of larger
particles at the expense of smaller ones (Ostwald ripening).”**
The observations clearly demonstrate that time is an important
parameter to be considered when targeting monodisperse MOF
nanocrystals.

Time-Resolved in Situ SLS and ex Situ SEM Investigations
of Microcrystal Formation. SLS measurements were success-
fully performed with synthesis solutions of composition Zn/
Hmim/L/MeOH = 1:4:4:1000 (L = formate and 1-methylimi-
dazole), yielding microcrystals. The systems behave quite differ-
ently from those yielding nanocrystals. As can be seen from
Figure 6b, in the case of microcrystal formation with formate as a
modulating ligand, SLS enables the first significant size evalua-
tion of particles (R, A 50 nm) after approximately 350 s. The
particle size rapidly increases with time, as does the total particle
mass. Since the correlation of R, with time is almost linear
between 350 and 480 s, an estimate for the starting point of
particle formation after mixing (induction time, t,,q) has been
obtained as the intercept of the backward extrapolated curve with
the abscissa (fi,g = 280 s). At 480 s, when the particles have
grown to Ry A 110 nm, an abrupt change is clearly seen in the
correlation of R, with time, indicating a change in the mechanism
of particle growth (see below). Beyond that point, growth in size
and mass continues and could be safely monitored by SLS up to
950 s (R; A~ 220 nm). Thereafter, sedimentation of larger
particles was indicated by a beginning decrease of the scattering
intensity.

Significant insight into the mechanism of particle growth can
be obtained from the exponent o of the power law relation
between R, and My, R, ~ My*. On the log(Ry) vs log(Myy) plot
displayed in Figure 7b, the slope before and after 480 s
corresponds to 0. = 0.29 and o = 0.15, respectively. Interestingly,
these values are close to the values predicted recently by some of
us”® for spherical particles that grow by coalescence (a.= 1/3) or
according to a monomer addition model (0t = 1/6). The same
exponents are expected for particles with a cubic symmetry. The
SEM investigations presented below support the assumption that
intermediate particles in the course of ZIF-8 growth are isome-
trical. Thus, we may infer from the SLS data that ZIF-8
microcrystals grow, under the conditions studied here, by two
consecutive mechanisms: (i) particle aggregation comparable to
coalescence and (ii) particle—monomer attachment.

A similar pattern of growth is observed in the case of
microcrystal formation with 1-methylimidazole as a modulating
ligand (see Figure 6¢). The first significant particle size values (R,
A 50 nm) are detected by SLS after approximately S00 s (fi,q =
350 s). The particles continuously grow in size and mass until
1200 s, corresponding to the last point shown in Figure 4c (R, ~
180 nm). However, a careful inspection of the log(R,) vs
log(My) plot displayed in Figure 7c reveals a bent curve, which
only enables the estimate of a final slope after 800 s correspond-
ing to & = 0.19. Thus, we may infer form the SLS data that
coalescence and monomer attachment simultaneously take place
during early stages of growth, while monomer attachment
dominates in later stages.

For larger particles (R, > 100 nm), information on their shape
can be obtained from the SLS curves. Scattering patterns with the
intensity I(q) in its normalized form P(q) = I(g)/I(q = 0) are
displayed for selected intermediates of microcrystal formation in
the presence of formate and 1-methylimidazole in Figure 9a,b,
respectively. The data are compared with theoretically predicted
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Figure 9. Normalized scattering intensity, P(q), vs rescaled scattering
vector modulus, g+ R, for two intermediates during the formation of
microcrystals in the presence of (a) sodium formate and (b) 1-methy-
limidazole. Theoretical curves for monodisperse spheres, coils, and rods
are shown for comparison.

curves for noninteracting particles of different morphologies,
namely, monodisperse spheres,®® coils,*® and rods.>” To better
illustrate the shape selectivity, the scattering vector modulus
q has been rescaled to the size of the particles according to u =
q*Rg. In this dimensionless representation, curves from self-
similar structures fall on top of each other, if the structures differ
in size only. For both modulating ligands, the individual experi-
mental curves overlay and are close to the curve predicted for
monodisperse spheres, suggesting that the particles are compact
and isometrical. The first oscillation which is clearly seen in the
experimental curves is a strong indication of a narrow size
distribution, since increasing polydispersity results in blurring
of such oscillations."?

Complementary SEM and TEM investigations were carried
out for the synthesis with I-methylimidazole as a modulating
ligand. We were able to observe particles that are clear inter-
mediates in the course of ZIF-8 formation after approximately
600 s, which apparently belong to the particle—monomer growth
process. The first particles seen on the SEM images have the
shape of a cube ({100} crystal form) with rounded edges and a
size of approximately 100 nm (see Figure 10a). After 2000 s, the
particles still have the same shape but have grown to a size of
400 nm (see TEM image in Figure 10b), revealing that the
relative growth rates of different faces are slowest along the (100)
directions. The sharp spots seen on the ED pattern in Figure 10c,
which is a view down a (100) zone axis with fourfold rotational
symmetry, demonstrate that the cube-shaped particles are well
crystalline ZIF-8. On the TEM image in Figure 10b, a thin rim
around the nanocrystal with different electron density contrast is
identified, which may, for example, indicate the presence of an
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)

Figure 10. Intermediate particle during the formation of microcrystals in the presence of 1-methylimidazole: (a) SEM image of a particle after 600s, (b)
TEM image of a particle after 2000s, (c) ED pattern of the particle after 2000 s, (d) SEM image of particles after 3000 s, (e) SEM image of particles after

5000 s, and (f) SEM image of particles after 24 h.

amorphous growth layer. The size distribution of the nanocryst-
als revealed by the SEM image taken after 3000 s (Figure 10d)
appears to be rather narrow, in close agreement with the SLS data
(oscillation in the scattering curve after 114S s, Figure 9b).
Beyond 4000 s, the nanocrystals change their shape due to a
change in the relative growth rates, which are now slowest along
(110) directions. On the SEM image taken after S000 s, S00 nm-
sized cubes with truncated edges that expose 6 {100} and 12
{110} faces are seen (Figure 10e). The micrometer-sized crystals
recovered after 24 h have a rhombic dodecahedral shape with
exposed {110} faces (see SEM image in Figure 10f).

The formation of microcrystals in the presence of formate
follows the same pattern of shape evolution from cubes with
truncated edges to final rhombic dodecahedra (see the SEM
images provided in Figure S7 of the Supporting Information). It
should be noted here that SEM and TEM investigations on
formate-containing systems are hampered much more seriously
by species other than real ZIF-8 intermediates (e.g, sodium
formate that deposits upon evaporating the dispersions prior to
the SEM/TEM investigations) as is the case with 1-methylimida-
zole-containing systems. Due to uncertainty in the identity of
species observed on SEM images taken during early stages of
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ZIF-8 microcrystal formation (an example is provided in Figure S8
of the Supporting Information), we cannot up to now verify
the coalescence mechanism suggested by our SLS data. Before
unambiguous information can be obtained by SEM/TEM, specific
procedures for separating impurities have to be developed first.

From a coordination chemistry point of view, 1-methylimida-
zole is expected to be a stronger coordinating ligand to Zn(II)
than formate. In agreement with this, addition of 1-methylimi-
dazole results in a lower nucleation rate, as judged from the
longer induction time (350 vs 280 s), and a lower growth rate, as
indicated by the slower increase of the Ry and Myy values with
time. In addition, the change of shape from cubes to rhombic
dodecahedra occurs at later times in the presence of 1-methyli-
midazole than of formate.

A comparison of the SLS data of the modulated and non-
modulated syntheses points to an interesting difference between
both types of crystallization processes. During the first 800 s, the
apparent weight-averaged particle mass My recorded in the
absence of a modulating ligand exeeds considerably the My
values measured in the presence of either modulating ligand. As
can be seen from Figures 6 and 7, the difference amounts to more
than a magnitude. This is particularly intriguing as the particle
size values are much smaller if modulating ligands are absent.
However, in order to better judge this feature, the physical
meaning and origin of the apparent mass values have to be
briefly outlined. The values are directly taken from the intercepts
of the scattering curves (see Supporting Information) and thus
are proportional to the solid mass concentration times the
apparent weight averaged solid mass. Now, this product can be
looked at from two different perspectives:* (i) since the solid
concentration in g-L ™" is a constant determined by weight and is
not changing during the growth process, the intercept can be
considered to be directly proportional to the weight averaged
mass including all species, that is, monomers and growing
particles, and (ii) the monomers can to a good approximation
be considered as species with a negligible scattering contribution,
which means that the intercept increases via the concentration of
the generated and growing particles and/or via the growing
particle mass (now excluding the monomer fraction). If we adopt
the latter perspective, the discrepancy in apparent mass values for
the two growth processes is immediately understandable: In the
absence of modulating ligands, the increase of weight-averaged
apparent mass values is due to a persisting nucleation during at
least the first 800 s. In the presence of either modulating ligand,
we observe a simultaneous growth of both the averaged size and
the apparent mass values. Despite the much larger size values
achieved in this case, the respective mass values are considerably
lower because the number of particles and with it the mass
concentration of particles are much lower in the latter case. This
is due to the fact that the extent of nucleation has to be much
lower and perhaps even ceases entirely before 800 s if modulating
ligands are present. Thus, the SLS data provide clear direct
evidence from in situ experiments that a function of modulating
ligands of comparatively low bacisity (pK, < 10.3 in our case) is
to slow down the nucleation rate, as proposed above and
previously by Kitagawa and co-workers'* on the basis of
systematic synthetic work.

Investigation of Thermal Stability and Porosity. All pre-
pared ZIF-8 materials exhibit good thermal stability in air, up to
250 °C in the case of the smaller 18 nm-sized nanocrystals, and
up to 300 °C in the case of the larger nanocrystals and
microcrystals. This is demonstrated by TG/DTA curves (see
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Figure 11. (a) Nitrogen sorption isotherms at —196 °C for the 18 nm-
sized nanocrystals prepared in the presence of n-butylamine. Black
squares: adsorption branch; open dots: desorption branch.

Figure S9 of the Supporting Information) as well as variable-
temperature XRD patterns (see Figure S10 of the Supporting
Information). Since nearly no mass loss is seen on the TG curves
before the onset of the exothermic decomposition of the organic
bridging ligand, it is clear that solvent (MeOH) and modulator
molecules have already left the intracrystallite cavities during
workup (drying) after synthesis. Hence, no further solvent
exchange and/or heat treatment procedures are necessary for
activation of the materials.

On the N, sorption isotherms of the 18 nm-sized nanocrystals
(Figure 11), a first steep step at low relative pressure (p/po <
0.08) is seen, revealing that the nanocrystals are microporous.
The specific surface area estimated by the BET method amounts
to Sgpr = 1617 mz-gfl. The value compares well with those
regorted recently for ZIF-8 macrocrystals (Sgpr = 1630
m*-g )% and ~30 nm-sized ZIF-8 nanocrystals (Sgpr =
1696 m*+g~").>! This confirms that the 18 nm-sized nanocryst-
als are well crystalline, as already evidenced by XRD and SAED.
The isotherms exhibit a second step at high relative pressure (p/
Po > 0.7) with an adsorption—desorption hysteresis loop of type
H2.%® The step originates from interparticle mesopores, demon-
strating the dual micro- and mesoporosity of the ZIF-8 nano-
cystal powders. The mesopore size distribution estimated by the
BJH method is centered at ~8 nm. Small crystal size and dual
porosity are of interest for the development of advanced adsor-
bents and catalysts with fast mass transport kinetics. Indeed, a
significant increase of adsorption rates of nanocrystals compared
to microcrystals was recently demonstrated for ZIF-8 (~4S nm-
sized nanocrystals)'® and the flexible MOF [Zn(ip)(bpy)]
(CID-1, ip = isophthalate, byp = 4,4 -bipyridyl)."*

B CONCLUSION

We have reported a novel synthetic approach to ZIF-8 nano-
and microscale materials in which size-control between ~10 nm
and 1 um is achieved by employing an excess of the bridging
bidentate ligand and three simple auxiliary modulating ligands
that act as competitive ligands in coordination equilibria and
bases in deprotonation equilibria during nucleation and growth.
Time-resolved in situ SLS and ex situ SEM/TEM investigations
have provided insight into the functioning of modulating ligands.
Furthermore, the experiments have revealed that nanocrystal
formation is characterized by continuous, comparatively slow
nucleation and fast crystal growth. A focusing of the nanocrystal
size distribution occurs with increasing time, resulting in a very
narrow size distribution at the size focusing point, and is followed
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by defocusing of the size distribution at later stages of the growth.
The growth of microcrystals takes place by a particle—monomer
attachment mechanism, and a change of crystal shape from cubes
to rhombic dodecahedra occurs in later stages of growth.
Furthermore, indications for the occurrence of a coalescence
mechanism during early stages of the growth have been obtained.
The prepared ZIF-8 materials are easily activated (due to the use
of MeOH as the solvent) and exhibit good thermal stability in air
as well as large surface areas, which are comparable to those of
large macrocrystals. Nanocrystal powders exhibit dual micro- and
mesoporosity.

The novel synthetic strategy and insight into the crystal-
lization processes may help to put size- and shape-controlled
syntheses of nano- and microscale bulk ZIF materials and
supported ZIF membranes and films on a more rational basis.
Indeed, the recent successful synthesis of ZIF-7 nanocrystals bz
employing an excess of the bridging benzimidazolate ligand*
indicates that the synthetic principles reported here may be
transferable to other ZIF and possibly even to other MOF
systems.

While the manuscript was under reviewing two papers
appeared in the literature which are related to the work
presented herein: Pan et al.* report the rapid synthesis of
ZIF-8 nanocrystals being between ~50 and 85 nm in size. Their
protocols differ from ours in the use of water (instead of
MeOH) as the solvent and a much larger excess of the bridging
Hmim ligand (Hmim/Zn > 70:1). Venna et al.*! report an
ex situ XRD and TEM study of the formation of ZIF-8
nanocrystals at room temperature in the presence of an excess
of the bridging Hmim ligand (Hmim/Zn = 8:1). They con-
cluded that the crystallization process is nucleation-controlled.
This is in general agreement with our findings by in situ SLS and
ex situ SEM.
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4. Monitoring ZIF-8 Syntheses by Time-Resolved In-Situ

Synchrotron X-ray Scattering Experiments

4.1 Summary

The results of time-resolved in-situ synchrotron X-ray scattering experiments on
room temperature and solvothermal syntheses of ZIF-8 are reported in this chapter in
two publications. Using small-angle and wide-angle X-ray scattering (SAXS and
WAXS) at beamline ID02 of the ESRF (European Synchrotron Radiation Facility), it
was possible to monitor the early stages of nucleation and growth of the non-
modulated ZIF-8 nanoparticle synthesis in methanol at room temperature with a one-
second time resolution. Because of the very fast reaction, a stopped-flow device was
used to rapidly mix the two component solutions of zinc salt and bridging ligand
before injection into a quartz glass capillary, which served as scattering cell.
Instantaneously after mixing, amorphous particles (denoted prenucleation clusters)
with a size of about 2 nm were observed. The number density of these clusters
started to decrease after 15 seconds, while at the same time simultaneous formation
and growth of ZIF-8 nanoparticles began. The number density of the ZIF-8 particles
increased constantly indicating that new nanoparticles continued to nucleate.
Information about the mechanism of nanocrystal growth could be inferred from the
power law relation between the radius of gyration and the weight-averaged molar
mass of the particles, which suggested a monomer addition mechanism in favor over
particle coalescence. The earliest nanoparticles seemed to be amorphous, since Bragg
reflections in the WAXS patterns were first observed after 35 seconds, that is 20
seconds after the first detection of particles. Explanations for the “missing” Bragg
reflections before 35 seconds are a reorganization mechanism of the particles (the
first amorphous particles might transfer into crystalline ZIF-8 domains via internal
reorganization) and / or too weak reflections caused by the low amount and small
size of the first crystalline domains.

The second article deals with the in-situ monitoring of the formation of big ZIF-8
macrocrystals in the presence of sodium formate as a modulator in methanol under
solvothermal conditions. Time-resolved in-situ energie-dispersive X-ray diffraction

(EDXRD) experiments were carried out at beamline F3 of DORIS III at the
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HASYLAB (Hamburger Synchrotronstrahlungslabor) at DESY (Deutsches
Elektronen-Synchrotron) with variation of the amount of added formate and the
temperature. From the integrated Bragg peak intensities the extent of crystallization
as a function of time was derived for each experiment. The resulting crystallization
curves were evaluated applying the Avrami-Erofe’ev and the Gualtieri equations.
The kinetic analyses indicated that formate acted to increase the nucleation rate
which in turn suggested that formate primary acted as a base to deprotonate the
bridging ligand (deprotonation modulation) instead as a competitive ligand
(coordination modulation). This behavior is different from the coordination
modulation function of formate in room temperature ZIF-8 syntheses. Additional
time-resolved ex-situ SEM investigations revealed that the crystal morphology
evolved from cubes with truncated edges via rhombic dodecahedra with truncated

corners to rhombic dodecahedra.




49 4. Time-Resolved In-Situ Synchrotron X-ray Scattering Experiments

4.2 Fast Nucleation and Growth of ZIF-8 Nanocrystals Monitored by
Time-Resolved In Situ Small-Angle and Wide-Angle X-Ray Scattering
Janosch Cravillon, Christian A. Schroder, Roman Nayuk, Jeremie Gummel, Klaus
Huber and Michael Wiebcke.

Angew. Chem. Int. Ed. 2011, 50, 8067-8071.

DOI: 10.1002/anie.201102071

Web: http://onlinelibrary.wiley.com/doi/10.1002/anie.201102071/abstract

Supporting information:

http://onlinelibrary.wiley.com/doi/10.1002/anie.201102071/suppinfo

Reprinted by permission of Wiley VCH.
Copyright 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.




4. Time-Resolved In-Situ Synchrotron X-ray Scattering Experiments 50

Metal-Organic Frameworks

ngewandte

b2 ntermational Edition Chemie

DOI: 10.1002/anie.201102071

Fast Nucleation and Growth of ZIF-8 Nanocrystals Monitored by Time-
Resolved In Situ Small-Angle and Wide-Angle X-Ray Scattering™*

Janosch Cravillon, Christian A. Schroder, Roman Nayuk, Jeremie Gummel, Klaus Huber,* and

Michael Wiebcke*

Porous coordination polymers (PCPs) or metal-organic
frameworks (MOFs) are a novel fascinating class of crystal-
line porous inorganic—organic hybrid materials, with many
potential applications in gas storage, separation, sensing,
catalysis, and medical diagnostics.!!' MOFs are usually syn-
thesized from solution under mild conditions. At present, the
synthesis of new MOFs is guided by choosing metal cations
and polydentate organic bridging ligands with known coordi-
nation preferences that assemble with some degree of
predictability into a particular three-dimensional frame-
work,”) which may allow further modification by post-
synthetic methods.” One limitation of this kind of designing
MOF synthesis is set by the poor understanding of the
molecular-scale mechanisms of MOF crystallization.*!
Detailed knowledge of the physicochemical fundamentals of
MOF nucleation and growth could also enable better control
over crystal size and shape, an issue that is of particular
relevance in the emerging field of advanced nanoscale MOF
materials.*” There are as yet only few experimental studies of
the mechanisms of MOF crystallization. For example, ex situ
extended X-ray absorption fine structure (EXAFS) spectros-
copy”® and electrospray ionization mass spectrometry (ESI-
MS)® have been used to detect multinuclear metal complexes
(secondary building units) in solution, whereas in situ static
light scattering (SLS)"”! and in situ energy-dispersive X-ray
diffraction (EDXRD)" ! have provided time-resolved infor-
mation about the evolution of particles and crystalline phases,
respectively. The growth of MOF nanorods by oriented
attachment has also been investigated by ex situ transmission
electron microscopy (TEM).? However, direct observations
of MOF nucleation processes in homogeneous solution have
as yet not been reported.
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Herein we present combined time-resolved in situ small-
angle and wide-angle X-ray scattering (SAXS/WAXS)
experiments that enabled for the first time monitoring the
fast nucleation and growth of nanocrystals of a MOF material,
the zeolitic imidazolate framework 8 (ZIF-8). Combining
SAXS and WAXS is a powerful method that provides
detailed information about particle size and shape and
crystalline phase, as has been demonstrated previously by
excellent insitu studies on the formation of zeolite,!
CaCO,," Fe;0,,1 and Au particles.!'")

ZIFs are a distinctive, rapidly developing subclass of
MOFs."! Their tetrahedral framework structures consist of
divalent metal cations (such as Zn®**, Co*") and bridging
substituted imidazolate anions, and frequently possess a
zeolite topology. The prototypical ZIF-8 of composition
[Zn(mim),]-nG (Hmim = 2-methylimidazole, G = guest) crys-
tallizes with a cubic sodalite-related framework.""! We have
previously reported a procedure for the rapid production at
room temperature of 45 nm sized ZIF-8 nanocrystals with a
narrow size distribution.'”’ An excess of the bridging Hmim
ligand with respect to the zinc salt was employed to increase
the nucleation rate. An insitu SLS study of the synthesis
revealed that particle formation is generally characterized by
comparatively slow nucleation occurring together with fast
particle growth on a timescale of a few seconds, which was too
fast for monitoring details of the very early crystallization
events. Furthermore, SLS does not allow the detection of very
small particles and crystallinity. This becomes possible by
using SAXS/WAXS.

The SAXS/WAXS experiments were performed at the
undulator beam line ID02 of the European Synchrotron
Radiation Facility (Grenoble, France). The high brilliance of
the X-ray source enabled monitoring ZIF-8 nanocrystal
formation with a time resolution of 1s. To define the onset
of the fast reaction as precisely as possible, a stopped-flow
device was used for rapid turbulent mixing of the methanolic
component solutions before injection into a glass capillary
that served as the scattering cell (experimental details are
provided in the Supporting Information). The total molar
ratio of Zn(NO,),-6 H,O:Hmim:MeOH was set to 1:4:1000, in
analogy to previous preparations and SLS studies employing
usual mixing methods.!"”!

Figure 1a and Figure 1¢ show plots of the experimental
SAXS and WAXS patterns, respectively. Two features can be
identified in the SAXS patterns. The feature of a residual
intensity at the momentum transfer ¢ of more than about
0.9 nm™' is already observed in the first measurement and
originates from very small particles (denoted clusters here-
after); that is, these clusters form spontaneously upon mixing
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Figure 1. Time-resolved scattering patterns during ZIF-8 nanocrystal
formation: a) SAXS patterns for the first 150 s. The time interval
between succeeding patterns is 1s. b) High-g region of selected SAXS
patterns originating from the small particles (clusters). The time at
which each pattern was measured is indicated by color: red 10s, light
green 30 s, dark green 50 s, blue 70 s. c) WAXS patterns between 1
and 800 s. The time interval between succeeding patterns is 1s.

d) Plot of the extent of crystallization a versus time t as produced
from the integrated intensity of the 211 reflections in the WAXS
patterns.

the component solutions. The feature at g less than about
0.9 nm™' is first detected after 15s and originates from the
formation of particles. While the intensity corresponding to
the particles increases with time, a simultaneous decrease of
the intensity corresponding to the clusters is observed,
indicating that the formation of particles is correlated with a
depletion of clusters (Figure 1b). All Bragg reflections that
appear in the WAXS patterns belong to the cubic body-
centered lattice of ZIF-8 (space group [43m, a=
1.7012 nm),"® revealing that pure-phase ZIF-8 nanocrystals
are generated without the occurrence of any other transient
crystalline phase.

Figure 1d shows a plot of the extent of crystallization
versus time that was produced by normalization of the
integrated intensity of the 211 reflections in the WAXS
patterns at various times to the intensity at 800s. The fast
crystallization process slows down at about 300s and is
followed by a slower process (most likely Ostwald ripe-
ning),""! which may even extend beyond our last measure-
ment at 800 s, where a maximum in intensity (and the end of
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Figure 2. SEM micrograph of ZIF-8 nanocrystals obtained after turbu-
lent mixing and 1 h reaction time. The mixing unit of a stopped-flow
device was used for reproducing as close as possible the mixing
conditions of the SAXS/WAXS experiments. Inset: Size distribution of
the nanocrystals.

reaction) has not yet been reached. A value of about 25 nm
was estimated for the diameter d of the nanocrystals with
an age of 800s from the first oscillation minimum at
q~035nm™" in the SAXS pattern (d=4.493¢7).> A
SEM micrograph (Figure 2) taken after turbulent mixing of
the component solutions and 1h reaction time reveals
spherical particles with indications of a rhombic dodecahedral
shape ({110} crystal form)"” and a diameter of (55 +12) nm.
This size is probably larger than the final size of the
nanocrystals generated in the thin scattering capillary under
stopped-flow conditions.

An evaluation of the SAXS data based on the Guinier
approximation and the Porod invariant that is independent
from any assumption of particle shape®! has been performed
after subtraction of the scattering contribution of the clusters
for the period from 22 to 60 s (details of data evaluation are
provided in the Supporting Information). Figure 3a and
Figure 3b show the radius of gyration, weight-averaged
molar mass, and number density for the particles obtained
accordingly as a function of time. The increase of the values of
all these parameters with time can only be interpreted with a
particle growth accompanied by a continuous nucleation of
new particles. Further information about the particle growth
process may be obtained from the power law relation between
the radius of gyration and the particle mass, Rgszﬁ
(Figure 3c¢). The value of 0.35 determined for the exponent
B is in close agreement with the theoretically expected value
for spherical (isometric) particles of f=1/3. A correlation of
the same radii with the weight average mass of all ZIF-8
species including particles and clusters and/or small units
resulted in an experimental value of 0.17. It is this division of
the exponent by two that is predicted for a monomer addition
mechanism.”!! Hence, particles grow by the addition of
monomers (clusters and/or smaller units) but not by coales-
cence. This result is also in line with the increase of the

Angew. Chem. Int. Ed. 20m, 50, 80678071
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Figure 3. Parameters of ZIF-8 nanoparticles as obtained by SAXS data
evaluation: a) Radius of gyration R, and weight-averaged molar mass
M, as a function of time (0 R,, ® M,). b) Number density N/V of
particles and scattering intensity | at g=1.1502 nm ™" taken as an
estimate for the mass concentration of clusters as a function of time
(@ N/V, O I). c) Correlation of R, and M,, revealing a power-law
behavior: R,a M,”. The slope of the straight line gives the exponent
B=0.35.

particle number density with time, as coalescence would
decrease the number density of the particles.

To further demonstrate that nucleation and/or growth of
the particles occur at the expense of clusters, the mass
concentration of clusters as a function of time was estimated
by taking the scattering intensity at a fixed g value (Fig-
ure 3b). The intensity starts to decrease with the first
observation of particles in the SAXS pattern at 15s. At
about 60s, the clusters are nearly consumed, while the
particle number density appears to approach a constant value,
indicating that the nucleation process ceases by this time. At
the same time, the extent of crystallization a is about 0.5
(Figure 1d). The fact that the gradual disappearance of
clusters is parallel with the approach of a constant number
of particles suggests that the clusters are involved in the
particle nucleation process.

The SAXS patterns before the appearance of particles
could be fitted with a model of monodisperse homogeneous
spheres, yielding a radius for the clusters of 1.1 nm. This value
should be taken as an average size estimate, as the clusters
may be polydisperse. Thus, the volume of a cluster corre-
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sponds to about 1.1 unit cells of ZIF-8. After the appearance
of particles, that is, after 22 s, the SAXS patterns could be
fitted with a bimodal model consisting of polydisperse spheres
(modeling the contribution of the particles) and monodis-
perse spheres or an additive Lorentzian function for random
fluctuations (modeling the contribution of the clusters).
Examples of model fits and the values obtained for the
radius and polydispersity of the particles are provided in the
Supporting Information. The values support the above
model-independent data analysis.

The first point in time at which the ZIF-8 structure is
established in the particles cannot be determined from the
WAXS data because a few unit cells are needed for the
generation of Bragg reflections and the sensitivity of WAXS is
lower than that of SAXS. Thus, we cannot say whether the
first particles are already crystalline or amorphous and then
reorganize into the ZIF-8 structure. Extrapolation of the
experimental extent of crystallization versus time (Figure 1d)
to a=0 yields a time of about 22s (7s after the first
appearance of particles), which may be taken as the time
where the periodic ZIF-8 structure emerges.

Scheme 1 summarizes the species detected by SAXS/
WAXS during the fast nucleation and growth of ZIF-8
nanocrystals under conditions of high supersaturation that are

Number Density of Particles

Number Density of Clusters

¢ usélaellljr;e ZIF-8 Nanocrystals
Znz a) —
° /V \ :
° ® \ /V
Hemim Clusters ) .
(excess)
Amorphous
Nucleus
I -
>
Time 1s 15s 35s 60s

Scheme 1. Species occurring during nucleation and growth of ZIF-8
nanocrystals under conditions of high supersaturation. Two possible
alternative crystallization pathways (a) and (b) are considered.

generated by the excess of the Hmim ligand. Clusters with a
diameter of about 2 nm form in solution from the Zn>* and
Hmim precursors and transform into ZIF-8 particles. The
nucleation of particles continues while the existing particles
grow by attachment of monomers until the clusters are
consumed. The following questions remain to be answered.
First, do the clusters merely constitute a reservoir of mono-
mers or are they actively involved in the particle nucleation
process? As already mentioned, the gradual disappearance of
clusters while approaching a final number of particles (Fig-
ure 3b) may support the alternative suggestion of an involve-
ment of the clusters in nucleation. Second, if the clusters
merely act as reservoir, how do the clusters contribute to the
growing particles (by direct attachment and/or by dissolution
into smaller building units)? Finally, if the clusters are
involved in nucleation, do the clusters possess a structural
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preorganization that is specific for ZIF-8 or not and by which
pathway do they contribute to particle nucleation (by
aggregation or growth)?

The clusters are of a similar size as the prenucleation
particles that have been previously observed during the
crystallization of some zeolites from clear solutions.!'>?!
Strong evidence exists for an internal structural evolution
towards a zeolite-related structure and aggregation of the
particles during nucleation® and the transformation of
amorphous into crystalline zeolite particles.” There might
be similarities between ZIFs and zeolites not only in the
framework topologies but also in the mechanisms of crystal-
lization. Another question concerns the influence of the
turbulent mixing. We believe that the observed ZIF-8 nano-
crystal formation is valid under usual mixing conditions as
well, as we have observed the same overall characteristics of
the crystallization process by in situ SLS under conditions of
usual mixing!'”! as well as of turbulent mixing (Supporting
Information, Figures S8, S9). In both cases, continuous,
comparatively slow nucleation and fast crystal growth run
parallel over an extended period of time.

Very recently, Venna et al.**! reported the results of an
XRD and TEM study of ZIF-8 nanocrystal formation from
solutions with similar compositions (excess of Hmim) at room
temperature, yet the time resolution of their ex situ experi-
ments was too low to resolve any details of the fast
crystallization process at early stages. From a classical
Avrami analysis of the extent of crystallization as a function
of time, they inferred that the crystallization process is
nucleation-controlled and suggested the occurrence of an
intermediate metastable amorphous phase. The much larger
size of their nanocrystals ((230+20) nm, 1h) compared to
ours may be explained by differences in experimental
conditions (composition, stirring, mixing). Unfortunately,
Venna et al. did not discuss the additional Bragg reflections
(besides those of ZIF-8) that are clearly seen in all of their
time-dependent XRD patterns. It appears likely that these
additional reflections originate from an impurity phase that
was generated during sample preparation for the invasive
exsitu techniques, as we did not detect by our insitu
experiments any other crystalline phase than ZIF-8.

In summary, we have performed insitu SAXS/WAXS
investigations of a fast ZIF crystallization process with high
time resolution at various length scales. This method allowed
us to gain direct insight for the first time into homogeneous
nucleation and early growth events. The observed prenuclea-
tion clusters and nanoparticles/nanocrystals hint at a complex
crystallization process that may not follow classical nucleation
theory and exhibits similarities with crystallization processes
of other chemical systems, such as zeolites. It is clear that
further experiments combining complementary techniques
that probe different length scales, preferably under in situ
conditions,™! are needed to gain a more comprehensive
picture of ZIF and MOF crystallization.
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Formate modulated solvothermal synthesis of ZIF-8 investigated using
time-resolved in situ X-ray diffraction and scanning electron microscopy
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Time-resolved investigations using in situ energy-dispersive X-ray diffraction in tandem with ex situ
scanning electron microscopy revealed that solvothermal crystallisation of ZIF-8 in methanol solvent
and in the presence of sodium formate as a simple monodentate ligand (modulator) is a rapid process
yielding big, high-quality single crystals in short time (<4 h). Kinetic analysis of crystallisation curves
was performed by applying the Avrami—Erofe’ev and Gualtieri models. The analyses revealed that the
weakly basic formate modulator acts as a base in deprotonation equilibria (deprotonation of the
bridging 2-methylimidazole ligand) rather than as a competitive ligand in coordination equilibria at the
metal (Zn**) centres. This is in contrast to the coordination modulation function of formate in ZIF-8
synthesis at room temperature. Crystal shape evolves with time in the presence of formate from cubes
with truncated edges to rhombic dodecahedra. The latter shape represents most likely the stable

equilibrium morphology of ZIF-8.

Introduction

Zeolitic imidazolate framework (ZIF) materials' constitute
a novel distinctive subclass of crystalline porous coordination
polymers (PCPs) or metal-organic frameworks (MOFs).? The
three-dimensional framework structures of ZIFs are formally
obtained from those of aluminosilicate zeolites by replacement of
the tetrahedral Al/Si centres and bridging O atoms by divalent
metal cations (M = Zn, Co) and substituted imidazolate anions
(im), respectively. Similarity of the angles sustained at the Al-O-
Si and M—-im—M bridges (~145°) gives rise to topological related
tetrahedral networks. For example, ZIF-8 of composition [Zn
(mim),]-nG (Hmim = 2-methylimidazole, G = guest) crystallises
with a cubic sodalite-related framework.® Recent research has
revealed that ZIFs are very promising materials for many
applications in fields such as gas storage,* separation,® catalysis®
and sensing.”

However, to tune ZIFs for particular applications, methods
have to be developed that enable the controlled synthesis of
crystals with well-defined size and shape.? To reach this goal our
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current understanding of the crystallisation processes has to be
significantly improved,” although recent time-resolved investi-
gations using static light scattering (SLS),'® small-angle and
wide-angle X-ray scattering (SAXS/WAXS),"" and transmission
electron microscopy and X-ray diffraction (TEM/XRD)'? have
provided first insight into ZIF-8 nucleation and growth at room
temperature by revealing the occurrence of transient clusters,
nanoparticles and nanocrystals.

A very attractive method to control size and shape that has
been recently introduced to prepare carboxylate-based MOF
crystals from the nanoscale to the macroscale is the coordination
modulation method.'**S An auxiliary monodentate carboxylate
ligand is added that acts in competition to the bridging multi-
dentate ligands in coordination equilibria at the metal centres
and thereby controls (slows) the nucleation and growth rates.
Similarly, we used various simple monodentate ligands with
different chemical functionalities to prepare at room temperature
ZIF-8 crystals ranging in size from ~10 nm to 1 um."® The role of
the various modulators could be qualitatively rationalised as
modulating coordination and/or deprotonation equilibria
(deprotonation of the Hmim ligand). Furthermore, we could
provide direct experimental evidence by in situ SLS that modu-
lators of comparatively low basicity (e.g. formate) act indeed as
competitive ligands to retard nucleation and growth. Formate
(sodium salt) was also used as a modulator to prepare big
ZIF-8 macrocrystals and gas separating supported ZIF-8
membranes,'®!” yet under solvothermal conditions using the
same solvent (methanol) but a different metal salt (ZnCl, instead
of Zn(NO3),-6H,0) and Hmim/Zn ratio (Hmim/Zn =< 2 instead
of Hmim/Zn = 4). The high-quality ZIF-8 crystals enabled

This journal is © The Royal Society of Chemistry 2011
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experimental determination of adsorption and diffusion data by
IR microscopy and, in combination with theoretical studies using
GCMC simulation methods, reliable estimation of ZIF-8
membrane permeation selectivities.'”'®

It appeared interesting to us to investigate also the mechanism
of ZIF-8 crystallisation under solvothermal conditions and
clarify the role of the formate modulator (coordination or
deprotonation modulation). For this purpose we performed
time-resolved in situ energy-dispersive X-ray diffraction
(EDXRD) and ex situ scanning electron microscopy (SEM)
investigations of the synthesis with various formate concentra-
tions and temperatures. EDXRD is a diffraction method of low
d-spacing resolution utilising the high intensity of a synchrotron-
generated white X-ray beam that can penetrate common labo-
ratory reaction vessels and enable kinetic and mechanistic studies
with high time resolution.' The EDXRD and SEM studies and
the results are reported below.

Results and discussion

Fig. 1 shows plots of time-resolved EDXRD spectra recorded at
intervals of 2 min during a ZIF-8 synthesis at 130 °C. The molar
ratio of the starting solution was ZnCl,/Hmim/NaHCO,
(sodium formate)/MeOH = 1:2:2:333. Three hkl Bragg
reflections of ZIF-8 emerge after a short induction time of ¢, =
6 min and continuously increase in intensity, reaching a constant
maximum intensity after ~100 min which corresponds to the end
of the crystallisation process. Other crystalline phases were not
detected, neither as intermediate phases nor as by-products. The
product was pure-phase ZIF-8 as demonstrated by the high-
resolution XRD pattern taken from the solid recovered after
synthesis (Fig. S1, ESIt). Similarly, syntheses were monitored
in situ (i) at different temperatures (120 <= 7 = 140 °C)
with constant composition (Zn/Hmim/NaHCO,/MeOH =
1:2:2:333)and (ii) at constant temperature (7 = 130 °C) with
varying amounts of sodium formate (Zn/Hmim/NaHCO,/
MeOH = 1:2: x: 333 with 0.5 = x = 4.0). Fig. 2 shows the
corresponding crystallisation curves (extent of crystallisation (%)

Time / min

3 35 40 45
Energy | keV

50 55

Intensity | a.u.

30 35 40 45 50 55
Energy | keV

Fig. 1 Time-resolved in situ EDXRD spectra of ZIF-8 crystallisation at
130 °C for the composition Zn/Hmim/NaHCO,/MeOH =1:2:2:333.
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Fig. 2 Extent of crystallisation vs. time: (a) for the composition Zn/
Hmim/NaHCO,/MeOH = 1:2:2:333 at different temperatures as
indicated and (b) for different compositions Zn/Hmim/NaHCO,/
MeOH = 1:2:x:333 (T = 130 °C) as indicated.

vs. time ¢) as obtained from the most intense 110 reflection after
normalising the integrated intensities at various times to the
respective integrated maximum intensities. Each synthesis yiel-
ded pure-phase ZIF-8 as demonstrated by XRD (Fig. S1, ESIf).

To obtain kinetic and mechanistic information, EDXRD data
recorded during the solvo-/hydrothermal crystallisation of
various materials,”® including some carboxylate-based
MOFs,2'2* were most frequently evaluated applying the
Avrami-Erofe’ev (abbreviated AE) equation.** Following that
former work kinetic analysis was performed applying the method
of Sharp and Hancock® (abbreviated SH) which is based on
a linearisation of the AE equation to extract from the slope and
intercept of so-called SH plots the Avrami exponent n and
overall rate constant k, respectively (see Experimental section for
details). Values of n and k were also determined using a non-
linear least-squares procedure to fit the experimental EDXRD
data with the AE equation. Fig. S2 (ESIT) shows the SH plots of
the monitored syntheses, while Tables 1 and 2 list the obtained
values of ¢, n and k.

Each SH plot is linear for the range 0.10 =< «(¢) = 0.95, indi-
cating that mechanistic changes do not occur during a crystal-
lisation process which is also reflected by the fits of the EDXRD
data with the AE equation (Fig. S3 and S4, ESIt). The two
methods of analysis yielded slightly deviating values of n and k.

CrystEngComm
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Table 1 Kinetic parameters for different temperatures obtained by the 1.04 L1.0
Sharp-Hancock (SH) method and non-linear least-squares fitting (NLF) A
with the Avrami-Erofe’ev equation .
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Table 2 Kinetic parameters for the compositions Zn/Hmim/NaHCO,/ 0 20 40 60 80 100 120 140

MeOH = 1:2:x:333 obtained by the Sharp-Hancock (SH) method
and non-linear least-squares fitting (NLF) with the Avrami-Erofe’ev
equation

X to/min nsH ksp/min~! ANLF knpp/min~!
4.0 5 0.99 0.027 1.23 0.010
3.0 5 1.08 0.021 1.28 0.008
2.0 6 1.03 0.024 1.25 0.008
1.0 9 0.86 0.029 1.20 0.010
0.5 14 0.98 0.036 1.67 0.002

Such differences have been observed previously.?® Nevertheless,
the n values are close to 1.0 (SH analysis) or 1.3 (non-linear
fitting, NLF) independent of the synthesis conditions. Values of
n = 1 have been taken as an indication that crystallisation
processes are rate-limited by a surface reaction® and it appears
to be generally accepted that the importance of nucleation
processes increases with increasing n. The k values increase with
temperature as expected and from Arrhenius plots (Fig. S35,
ESIf) the following apparent activation energies have been
determined: Ex = 66.9 kJ mol~! (k values from SH analysis) and
Eax = 113.4 kJ mol™!' (k values from NLF).

As pointed out by Finney and Finke?’ a serious limitation of
an AE analysis is that no differentiation is made between
nucleation and growth, rather both processes are convoluted in
the same parameters (n and k). Accordingly, Millange et al.*
have recently successfully applied a kinetic model that separates
both processes for evaluating EDXRD data of solvothermal
carboxylate-based MOF crystallisations. The kinetic model was
originally introduced by Gualtieri.?® We also applied the Gual-
tieri model to analyse our EDXRD data (see Experimental
section for details). An example of a crystallisation curve with the
corresponding Gualtieri fit is shown in Fig. 3, while the
remaining fitted crystallisation curves are shown in Fig. S6 and
S7 (ESIt). Tables 3 and 4 list the values obtained for different
parameters of the Gualtieri model which include in particular
values for separate rate constants of nucleation (k,) and growth
(kg). The model also allows extracting from the k, values
dimensionless probability curves (Gaussian function) which
represent the nucleation behaviour and give some illustration on
how the nucleation process extends into the growth regime
(Fig. 3, S6 and S7, ESI¥).

The k, and k, values vary only slightly with the synthesis
conditions investigated. In every case k; is smaller than kg, sug-
gesting that the nucleation process is rate-limiting, in contrast to
what the above AE analysis indicates. The k, and k, values

Time / min

Fig. 3 Extent of crystallisation vs. time (black squares) for the compo-
sition Zn/Hmim/formate/MeOH = 1:2:2:333 (T = 130 °C) and cor-
responding non-linear least-squares fit with the Gualtieri equation (red
curve) as well as probability curve of nucleation Py (open circles).

Table 3 Kinetic parameters for different temperatures obtained by non-
linear least-squares fitting with the Gualtieri equation

T/°C a/min b/min kg/min~' kp/min~!
140 20.6(3) 12.3(3) 0.128(6) 0.0486(8)
135 25.3(6) 21.3(6) 0.076(3) 0.0395(9)
130 36.6(7) 27.3(7) 0.059(2) 0.0274(6)
125 46.3(7) 31.9(7) 0.049(2) 0.0216(4)
120 54.7(5) 33.1(5) 0.042(1) 0.0183(2)

Table 4 Kinetic parameters for the compositions Zn/Hmim/NaHCO,/
MeOH = 1:2: x:333 obtained by non-linear least-squares fitting with
the Gualtieri equation

X almin b/min keg/min ™! Jey/min!
4.0 30.0(5) 25.2(5) 0.066(2) 0.0333(6)
3.0 27.79) 29.8(7) 0.048(1) 0.036(1)
2.0 36.6(7) 27.3(7) 0.059(2) 0.0274(6)
1.0 30.6(6) 30.0(5) 0.059(1) 0.0326(7)
0.5 33.8(5) 19.9(5) 0.047(1) 0.030(1)
2.0-
251
e 301
E
=
T -3.51
-4.0-
0.00245 0.00250 0.00255
1/ TIK'

Fig. 4 Arrhenius plots for the temperature-dependent rate constants of
nucleation (black circles) and growth (black squares) from the Gualtieri
model.
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increase with temperature and from Arrhenius plots (Fig. 4)
separate activation energies and pre-exponential factors for
nucleation (Ex, = 69.0 kJ mol~!, 4, = 2.56 x 10’ min~') and
growth (Eag = 71.8 kI mol ™', 4, = 1.31 x 10® min') have been
determined. The activation energies are almost equal and effects
expressed by the pre-exponential factors such as collision
frequencies of reactive species obviously cause the different rate
constants of nucleation and growth. The kinetic parameters
obtained here by the AE/SH and Gualtieri methods are compa-
rable to those reported by Millange er al*** for the crystal-
lisation of HKUST-1 ([Cus(btc),], btc = benzene-1,3,5-
tricarboxylate) which occurred in a similar alcoholic solvent and
at similar temperatures but in the absence of a modulator.
However, an induction period was not observed for HKUST-1
crystallisation and the activation energies exhibit a greater
difference (Ean > Eag).

An important question to be answered is the role of formate in
the coordination and deprotonation equilibria during nucleation
and growth of ZIF-8. The following information can be obtained
from the data in Tables 2 and 4 regarding this question. First, the
induction time ¢y, defined as the time where the Bragg peaks were
first observed, is longer for the smallest amount of formate (x =
0.5) than for the other amounts where 7, values are significantly
shorter. Second, the n value obtained by the non-linear fitting of
the AE equation for x = 0.5 is larger than for the other cases.
Finally, the &, value for x = 0.5 is smaller than for the other cases
with one exception (x = 2.0). Taken together, these observations
suggest that formate acts to accelerate nucleation leading to
a larger number of nuclei. This conclusion is further experi-
mentally supported by the maximum size of the final crystals
produced in the monitored syntheses. The maximum size
decreases with increasing amount of formate because a larger
number of nuclei can only grow to a smaller individual crystal
size (Fig. S8 and Table S1, ESIY).

The above findings suggest that the primary role of formate is
to deprotonate the bridging Hmim ligand (deprotonation
modulation) and not to act as a competitive ligand (coordination
modulation). In the latter case an increasing amount of formate
is expected to retard nucleation and growth.'® Further experi-
mental evidence of the deprotonation modulation function of
formate is the observation that solvothermal reactions in the
absence of formate under otherwise similar conditions did not
yield solid material even after prolonged periods of time
(3 months). Similar observations were made recently by
McCarthy er al*® during systematic synthetic work on ZIF-8
membrane fabrication. The key to successfully prepare big ZIF-8
crystals is to add only a small amount of weakly basic formate
that thermodynamically drives the crystallisation process while
keeping the nucleation rate low.

The deprotonation modulation function of formate is
a surprising finding when considering the low basicity of
a formate ion (as expressed by pK,[HCO,H] = 3.8 for the cor-
responding acid in water) compared to the basicity of a mim
(deprotonated Hmim) ligand being coordinated to a Zn>* ion
(pK[Zn(Hmim)]** = pK,[Zn(Him)]** = 10.3 in water (Him =
imidazole), data taken from the work of Kimura et al.).?* Indeed,
the role of formate in the present solvothermal syntheses (Hmim/
Zn = 2) is in contrast to its coordination modulation role in
room temperature syntheses. The different behaviour of formate

at room temperature may be explained with the higher Hmim/Zn
ratio (=4) which generates a high nucleation rate and formate
acts to slow it."® However, the simple explanation based solely on
the Hmim/Zn ratio neglects other possible factors such as the
nature of the counter-anion (chloride vs. nitrate), the concen-
tration of the reactants and the temperature.

For complementary SEM investigations solutions of the
composition Zn/Hmim/NaHCO,/MeOH = 1:2:2:333 were
treated at 120 °C and quenched to room temperature in a water
bath after various periods of time. The solutions were kept in the
same glass tubes under similar heating conditions as for the
EDXRD experiments. During the EDXRD experiments the
solutions had to be stirred vigorously to avoid sedimentation of
solid material out of the X-ray beam. However, SEM micro-
graphs taken from solid material separated from stirred solutions
revealed crystals with very inhomogeneous morphologies and
broad size distributions and definite morphological information
could hardly be obtained (Fig. S9, ESIt). It was therefore
decided to continue the SEM investigations with samples taken
from unstirred solutions which showed crystals with much more
homogeneous morphologies. In addition, solvothermal syntheses

Fig. 5 SEM micrographs taken after 15 min (a and b), 20 min (c and d),
45 min (e and f) and 240 min (g and h).
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are usually performed without stirring. Fig. 5 shows a series of
typical SEM micrographs thus obtained.

On SEM micrographs taken after 15 min (Fig. 5a and b)
comparatively large crystals together with many considerably
smaller crystals are seen. Both the larger and smaller crystals
exhibit the shape of a cube with truncated edges exposing 6 {100}
and 12 {110} faces. The smaller crystals mostly adhere to the
surfaces of the larger ones. Furthermore, indentations on the
surfaces of the larger crystals can be identified that seem to be the
former locations of smaller crystals which had been detached
during work up. The indentations on the larger crystal’s surfaces
are more clearly seen on micrographs taken after 20 min (Fig. 5c
and d) which still show larger and smaller crystals. The inden-
tations indicate that the smaller crystals did not nucleate in the
course of the quenching procedure, i.e. they are most likely not
an artefact. Thus, SEM reveals that during crystal growth
heterogeneous nucleation of new crystals at the surfaces of
existing crystals took place. Similar heterogeneous nucleation
was recently also observed during solvothermal growth of
a carboxylate-based MOF (MOF-14).2! The micrographs after
20 min also show that the larger crystals still exhibit the shape of
a cube with truncated edges, while most of the smaller crystals
have changed their shape to a rhombic dodecahedron exposing
12 {110} faces. After 45 min SEM micrographs (Fig. Se and f)
show that most of the larger crystals have also developed
a rhombic dodecahedral shape and still exhibit indentations on
the surfaces. The relative number of smaller crystals has
considerably decreased and many of the smaller crystals exhibit
holes, indicating that they are in a stage of dissolution. Thus,
Ostwald ripening has likely taken place. After 240 min smaller
crystals cannot be seen anymore (Fig. 5g, h) and all crystals have
the shape of a rhombic dodecahedron, suggesting that this is the
stable equilibrium morphology of ZIF-8 crystals. Fig. 6 illus-
trates the most probable morphology evolution during sol-
vothermal ZIF-8 growth. It appears likely that cube-shaped
crystals are formed in early stages but have a short lifetime and
could therefore not be detected by SEM. An analogous sequence
of morphologies was observed during modulated ZIF-8 growth
at room temperature even including cubes (with rounded edges)
at early stages.'® However, heterogeneous nucleation was not
observed at room temperature.

Finally, we mention that the above EDXRD studies revealed
that formate modulated solvothermal crystallisation of ZIF-8 is

a rapid process running to completion within <4 h. This finding
allowed us to optimise our former synthesis protocols’” with
respect to efficiency (see Experimental section).

Experimental
Synthesis

An optimised formate modulated solvothermal ZIF-8 synthesis
protocol is as follows: a clear solution is prepared by dissolving
30.3 mg (0.22 mmol) of ZnCl, (Sigma-Aldrich, =98.0%), 36.5 mg
(0.44 mmol) of Hmim (Sigma-Aldrich, 99.0%) and 30.3 mg
(0.44 mmol) of NaHCO, (Sigma-Aldrich, =99.0%) in 3 mL of
MeOH (Sigma-Aldrich, =99.8%). The solution with a molar
ratio Zn/Hmim/NaHCO,/MeOH = 1:2:2:333 is treated
without stirring at 130 °C for 4 h in a sealed glass tube under
homogeneous heating in a convection oven. The crystals are
recovered by filtration, washed with MeOH and dried under
reduced pressure. Yield is 63% based on Zn. The rhombic
dodecahedral crystals have a size up to 180 um (Fig. 7). A
thermogravimetric (TG) analysis curve (Fig. S10) and a nitrogen
sorption isotherm (Fig. S11) are reported in the ESIf.

Fig. 7 SEM micrograph of a crystal from the optimised solvothermal
synthesis.

[ Time

Fig. 6 Illustration of the crystal morphology evolution with time: cube (a), cube with truncated edges (b), rhombic dodecahedron with truncated
corners (truncated rhombic dodecahedron) (c and d) and rhombic dodecahedron (e). Miller indices are given only for one representative face out of the
different sets of symmetry-equivalent faces (crystals forms); cubic point group 43m.3
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It should be emphasised that the above homogeneous heating in
aconvection oven without temperature gradient deviates from the
heating method used for the EDXRD and SEM investigations. In
the latter cases only the lower parts (=3/4) of the glass tubes
containing the synthesis solutions were heated. The temperature
gradient caused refluxing of the volatile solvent (MeOH). Under
these conditions smaller crystals are produced (Fig. S87).

EDXRD investigations

Time-resolved in situ EDXRD experiments were performed at
beam line F3 at light source DORIS 111 at DESY (Hamburg,
Germany). The beam line receives white synchrotron radiation
from a bending magnet with an energy of 8-56 keV, exhibiting
a maximum photon flux at 16 keV. Diffracted radiation was
recorded using a fixed angle solid-state germanium detector. The
detector angle was set at ~1° in order to place the most intense
110 Bragg peak of ZIF-8 close to the maximum flux of the beam.
Silver behenate powder was used for detector angle calibration.
Solvothermal reactions were performed in sealed borosilicate
glass tubes with an inner diameter of 9 mm and a volume of
7 mL. The tubes were placed in an aluminium block that was pre-
heated to the desired temperature using a circulating oil heater
and equipped with a magnetic stirring device. The time between
placement of the tubes and start of a diffraction experiment was
~30 s. EDXRD spectra were recorded at intervals of 60 s or
120 s. The d-spacing (d/A) of a Bragg peak is calculated from the
recorded energy (E/keV) by

619921
~ Esin(6)

)

Data were normalised to the incident beam intensity by using
the logged synchrotron radiation current. The profiles of Bragg
peaks were fitted with a Gaussian function.

The extent of crystallisation «(f) was obtained as the ratio of
the integrated intensities /(7) at various times to the maximum
integrated intensity /;,,x at the end of the reaction by

a(t) =—=

Imax

@

For kinetic analysis experimental EDXRD data were directly
fitted with the AE equation

a(t)y =1—e®" (3)

with n and k being the Avrami exponent and an overall rate
constant, respectively. For SH analysis the reduced time #..q =
(t — ty) was introduced considering the induction time 7, and the
AE equation was converted to

In[~In (1 — @)] = nln (k) + #1n (freq) )

The Gualtieri model considers nucleation and growth as
separate processes in the following equation

1 "
ot) = T ~wan {1 —e () } ©)

with k, and n being the rate constant and dimension of growth,
respectively. We set n = 3 (three-dimensional growth) as proved
by SEM investigations (isometric crystal shapes).

Nucleation is represented by the first term in eqn (5). From the
parameters « and b the dimensionless probability of nucleation
(Gaussian function) can be calculated by

PN — e—(l—u)z/zh2 (6)
with a and b being the position of the peak and the variance of
the Gaussian distribution, respectively. The rate constant of
nucleation is calculated by

kn = (7)

1
a
Further methods of characterisation

High-resolution XRD patterns were recorded at room temper-
ature using a Stoe STADI P transmission diffractometer using
monochromatised CuK,; radiation (wavelength: 1.54060 A)
SEM micrographs were taken in secondary contrast at an
acceleration voltage of 2 kV using a Jeol JSM-6700F field-
emission instrument. Samples were dispersed on a carbon sample
holder.

Conclusions

Using in situ EDXRD and ex situ SEM we showed that formate
modulated solvothermal ZIF-8 crystallisation is a rapid process
yielding big, high-quality single crystals within short time (<4 h).
Analysis of crystallisation curves allowed disclosing the role of
the weakly basic formate modulator. It acts as a base in depro-
tonation equilibria (deprotonation modulation) rather than as
a competitive ligand in coordination equilibria (coordination
modulation). This is in contrast to the role formate takes in room
temperature ZIF-8 syntheses'® and demonstrates that the func-
tion of simple monodentate ligands in dynamic coordination and
deprotonation equilibria critically depends on a number of
parameters such as basicity, complex formation constants, kind
of counter-anions, ratio of metal ion to bridging ligand and
temperature. It appears that coordination modulation only
occurs in situations with high nucleation rates as induced, for
example, by an excess of the bridging ligand,' rapid microwave
heating' or low solubility of the MOF."> The morphology of the
growing ZIF-8 crystals evolves with time in the presence of
simple monodentate ligands from cubes via intermediate shapes
to rhombic dodecahedra. The latter shape is most likely the
stable equilibrium morphology of ZIF-8. The results presented
here may help to put size- and shape-controlled ZIF and MOF
synthesis on a more rational basis.
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5. Syntheses of Supported ZIF-8 Membranes

5.1 Summary

Syntheses of supported ZIF-8 membranes were carried out in cooperation with Dr.
Helge Bux and Prof. Dr. Jirgen Caro (Leibniz University Hannover). The
preparation of non-oriented and oriented membranes by in-situ crystallization and
secondary growth, respectively, are presented in this chapter in two papers. All
membrane preparations were based on the formate-modulated solvothermal approach
discussed in section 4.3.

Using microwave-assisted solvothermal treatment it was possible to synthesize a
30 um thick ZIF-8 membrane with random crystal orientation on a porous titania
support. The membrane exhibited molecular sieving properties and selectivity for H,
with respect to other gases. Nevertheless, the H, flux through such a thick ZIF-8
membrane was only about 50% in comparison to zeolite membranes with the same
selectivity. This could be improved using secondary growth under otherwise similar
solvothermal conditions. By using ZIF-8 nanoparticles as seeds on a porous alumina
support the polycrystalline layer was significantly thinner (12 pum) than the one
obtained by in-situ crystallization. The nanocrystals were attached to the support
surface using the polymer PEI (polyethyleneimine). In a following reaction step, the
growth of the seeds was established by microwave heating, resulting in a columnar
growth of the seed crystals perpendicular to the support. The layer ended up with a
high crystal orientation in [100] direction, which could be explained by the
evolutionary selection model of van der Drift. The lower thickness of the membrane
compared to the one obtained by in-situ crystallization resulted in a doubled H,
permeance. All ZIF-8 membranes did not show a sharp cutoff for the molecular sieve
effect at a kinetic diameter of 3.4 A, which corresponds to the crystallographically
estimated pore size. This indicates that the ZIF-8 crystal structure is comparatively

flexible.
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Metal—organic frameworks (MOFs) are new microporous
inorganic—organic hybrid materials." Their remarkable properties
allow their utilization in various applications.”® The large diversity
in structures and pore sizes as well as the high surface areas and
adsorption affinities make MOFs attractive as advanced separation
media.'® Supported microporous membranes possess significant po-
tential for the development of methods for energy-efficient and envi-
ronmentally benign separation of gas mixtures. Although there have
been attempts to synthesize MOF layers on porous supports,”' "'
only a very few have reported dense coatings.'>~'” For membrane
synthesis, not only the problems with growing a dense polycrys-
talline layer on porous ceramic or metal supports but also the
thermal and chemical stability of a MOF have to be considered.
Among the zeolitic imidazolate frameworks (ZIFs), a new subclass
of MOFs, there are ZIFs that exhibit exceptionally high thermal
and chemical stability. 18722 Therefore, we focused on ZIF-8, having
the formula Zn(mim), (mim = 2-methylimidazolate), which crystal-
lizes with a sodalite-related structure (Figure 1).'®!® ZIF-8 not only
is highly stable but also shows adsorption affinity toward hydrogen
and methane.”®~2° Because of the narrow size of the six-membered-
ring pores (~3.4 A), it can be anticipated that a ZIF-8 membrane
should be able to separate H, (kinetic diameter ~2.9 A) from larger
molecules. Another important feature of ZIF-8 is its hydrophobic
behavior, whereas ultramicroporous zeolites are usually hydrophilic.
This should give a ZIF-8 membrane an advantage over zeolites in
the separation of H, from a mixture with steam.

Figure 1. (left) Sodalite topology and (right) narrow six-membered-ring
opening through which molecules have to pass.

Recently, we succeeded in preparing ZIF-8 nanocrystals at room
temperature by modifying reported synthetic protocols'®'® in
replacing the solvents dimethylformamide (DMF) and aqueous
methanol with pure methanol.?® Methanol has a much smaller
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kinetic diameter than DMF. The ZIF-8 adsorption isotherm of
methanol exhibits an unusual s shape,'® indicating that polar
methanol only weakly interacts with the ZIF-8 framework. There-
fore, methanol can be removed much more easily from the pore
network than DMF, and importantly for membrane synthesis, the
stress to the crystals is strongly reduced. By further modifying the
synthesis in adding sodium formate and using solvothermal
conditions, we were able to obtain in methanol pure-phase ZIF-8
material containing large crystals with sizes of up to 300 um (Figure
S1 in the Supporting Information). The time of synthesis could be
substantially reduced to 4 h by using microwave-assisted heating.

By applying this improved synthetic protocol in membrane
preparation (see the Supporting Information), we were able to obtain
a crack-free, dense polycrystalline layer of ZIF-8 on a porous titania
support (Figure 2). The cross section of the membrane shows a
continuous, well-intergrown layer of ZIF-8 crystals on top of the
support. Energy-dispersive X-ray spectroscopy (EDXS) revealed
that there is a sharp transition between the ZIF-8 layer (Zn signal)
and the titania support (Ti signal). A comparsion of the X-ray
diffraction (XRD) patterns of the ZIF-8 layer and the corresponding
crystal powder sedimented during membrane synthesis indicated
that the membrane layer consists of randomly oriented crystallites
(Figure S2). In thermogravimetric (TG) analysis of the sedimented
powder in air, no mass loss was observed at temperatures up to
~360 °C, where decomposition of the framework structure starts
(Figure S3). This proves that in air, methanol has readily escaped
completely from the cavities even at room temperature, yielding
guest-free, activated ZIF-8.

The volumetric flow rates of the single gases H,, CO,, O,, N,,
and CH, and of a 1:1 mixture of H, and CH, through the membrane
were measured using the Wicke—Kallenbach technique (Figure S4).
The permeation measurements were performed both with and
without activation of the ZIF-8 membrane in fine vacuum. Nearly
the same flow rates were observed in those two cases, confirming
the TG results that methanol readily escapes from the pores and
clearly demonstrating the advantage of replacing the DMF solvent
by methanol in the synthesis.

Figure 2. (left) SEM image of the cross section of a simply broken ZIF-8
membrane. (right) EDXS mapping of the sawn and polished ZIF-8
membrane (color code: orange, Zn; cyan, Ti).

10.1021/ja907359t CCC: $40.75 © 2009 American Chemical Society
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Figure 3. Single (squares) and mixed (triangles) gas permeances for a
ZIF-8 membrane vs Kinetic diameters.

The permeances calculated from the volumetric flow rates
through the ZIF-8 membrane are presented in Figure 3 and Table
S1. From both it can be seen that the permeances clearly depend
on the molecular size of the gases. Although the pore size of ZIF-8
is estimated from crystallographic data to be ~3.4 A, even larger
molecules like CH, (kinetic diameter ~3.8 A) can (only slowly)
pass through the pore network, and consequently, there exists no
sharp cutoff at 3.4 A. This indicates that the framework structure
of ZIF-8 is in fact more flexible rather than static in its nature, in
accordance with recent findings by inelastic neutron scattering.?’

Comparison of the H, single-gas permeance with the H,/CHy4
mixed-gas one revealed only a small difference, meaning that the
larger CH, only slightly influences the permeation of the mobile
H,. This experimental finding is different from the results for
mixture diffusion in zeolites, where an immobile component usually
reduces the mobility of a coadsorbed, more mobile component. As
an example, the presence of isobutane reduces the self-diffusivity
of n-butane in MFI zeolites by orders of magnitude.”® Our
observation can be understood by considering that the pore size of
ZIF-8 is narrow but the cages are large (~11.4 A in diameter).
Thus, although a CH4 molecule can block the pore entrance for an
H, molecule, as soon as it has entered the cage, it does not restrict
the H, diffusion any more.

The separation factor o of a binary mixture is defined as the
molar ratio of the components i and j in the permeate divided by
the molar ratio of i and j in the retentate.”® From the Wicke—
Kallenbach permeation studies with gas-chromatographic control
of a 1:1 Hy/CH4 mixture, the value of a at 298 K and 1 bar was
determined to be 11.2, which considerably exceeds the Knudsen
separation factor for Hy/CH4 (~2.8). In comparison, Guo et al.'®
reported a Ho/CH, separation factor of ~6 for a supported Cus(btc),
membrane (btc = benzene-1,3,5-tricarboxylate). Very recently,
Ranjan and Tsapatsis'’ reported a high ideal Hy/N, selectivity (~23)
but relatively low fluxes for a Cu(hfipbb)(H,hfipbb)ys membrane
[Hzhfipbb = 4,4’-(hexafluoroisopropylidene)bis(benzoic acid)].

In conclusion, we have obtained by a novel microwave-assisted
solvothermal process a gas-separating ZIF membrane with selectiv-
ity for H, with respect to other gases. The membrane achieves a
fine balance between flux and selectivity relative to other MOF
membranes reported to date.'®'” The hydrogen permeance of our
still relatively thick ZIF-8 membrane is ~50% of the hydrogen
permeances of zeolite membranes of the same selectivity.>® It is

expected that the membrane permeance can be improved by
reducing the membrane thickness through further optimization of
the synthesis parameters. Our ZIF-8 membrane has the additional
advantage of high thermal and chemical stability, which provides
the possibility of increasing the permeance at high temperature.
Our work demonstrates that it is generally possible to prepare highly
gas-selective MOF membranes on ceramic supports by in situ
crystallization. There is some optimism that MOF membranes can
represent a new generation of advanced molecular sieving mem-
branes for gas separation.
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ABSTRACT: A highly oriented zeolitic imidazolate framework 8 (ZIF-8) composite
membrane was prepared by seeding and secondary growth. By dip-coating, preformed
ZIF-8 nanocrystals were attached to the surface of a porous Ot-alumina support using
polyethyleneimine as the coupling agent. After solvothermal treatment, a continuous and
well-intergrown ZIF-8 layer was obtained. X-ray diffraction analysis of the membrane
showed preferred orientation of the {100} plane parallel to the support. Further time-
dependent investigations by scanning and transmission electron microscopy as well as
X-ray diffraction indicated that the preferred orientation develops during an evolutionary
growth process. In gas mixture permeation experiments, the membrane showed good

ZIF-8 seed layer

performance in H,/hydrocarbon separation. A sharp molecular sieve separation is
observed for an equimolar H,/C3Hg mixture with a separation factor above 300.

KEYWORDS: metal—organic frameworks, zeolitic imidazolate frameworks, membrane, oriented growth

M INTRODUCTION

In the past 10 years, porous metal—organic frameworks (MOFs)
have established themselves in materials science.' > The 3-D frame-
work structures are formed by metal clusters or cations connected by
organic linker molecules. On the basis of the organic—inorganic
hybrid character, MOFs have promise in a wide range of applications,
eg, §as storage,‘"5 medical applications,(’*8 catalysis,9 sensor techno-
logy,' " and molecular separation.'>**

Basically, there are three options to use MOFs for molecular
separation of liquid or gas mixtures: (i) by retaining one or more
species from the liquid or gas phase by preferential adsorption in
the pores, (ii) by different diffusivities of the species in the MOF,
which is in the extreme case sterical size exclusion (molecular
sieving) of one or more species, and (iii) the combination of (i)
and (ii). One of the primary features that makes MOFs highly
interesting for molecular separation is the so-called isoreticular
design."® Linker molecules can be modified with functional
groups or even completely substituted, maintaining the basic
framework structure while altering adsorption and diffusion
properties.16

Membranes in general represent a cost and energy effective
solution for industrial gas and liquid separation modified support.
The mixture separation performance of membranes is character-
ized by the separation factor a;;, which is defined after TUPAC as
the ratio of the molar fraction of species i and j in the permeate,
divided by the ratio of the molar fraction of species i and j in the
retentate.'” Currently, there are increasing numbers of successful
attempts to prepare molecular sieving MOF membranes as thin,
polycrystalline layers on top of macroporous support materials,
showing separation factors up to 25."*7%’

v ACS Publications ©2011 American chemical Society

For the preparation of MOF membranes, usually two basic
techniques known from zeolite membrane fabrication are applied:
(i) secondary growth crystallization, where in a first a step a seed layer
is attached to the support and, subsequently, in a second step, grown
to a continuous polycrystalline layer under solvothermal conditions,
and (if) in situ crystallization, where the polycrystalline layer is grown
on the bare or chemically modified support in a one-step one-pot
solvothermal synthesis. In situ crystallizations seem to be simple and,
thus, the favored preparation route. However, they have the dis-
advantage of critically depending on high rates of heterogeneous
nucleation on the support surface to successfully obtain continuous,
well-intergrown MOF layers. Whether or not a high surface nuclea-
tion rate occurs depends on various factors, e.g,, the surface chemistry
of the support material (zeta potential, surface acidity, etc.). In
secondary growth crystallizations, nucleation and crystal growth are
decoupled, and hence, high nucleation rates and chemical interac-
tions with the support material are less crucial.

Recently, we reported on the preparation of ceramic-supported
zeolitic imidazolate framework (ZIF) membranes. ZIF-type MOFs
frequently crystallize within zeolite-like tetrahedral framework struc-
tures, e.g, ZIF-7 and ZIF-8 with sodalite (SOD) and ZIF-22 with
Linde type A (LTA) topologies.”® ** A number of ZIFs show
excellent chemical and thermal stabilities, which is advantageous for
membrane applications. ZIF-8 (Zn(mim),, mim = 2-methylimidazo-
late) membranes®** and ZIF-22 (Zn(Sabim),, Sabim = S-azabenzi-
midazolate) membranes® were prepared by in situ crystallization,
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while secondary growth was used for the preparation of ZIF-7
(Zn(bim),, bim = benzimidazolate) membranes.** *® The ZIF-7
and ZIF-22 membranes (both with pore sizes of ~3.0 A) showed in
the separation of an equimolar H,/CO, mixture (kinetic diameters:
2.9 A/3.3 A)¥ separation factors of o = 13.6 at 220 °C and oL = 7.2
at 50 °C, respectively. Because the pores of ZIF-8, as determined
from crystallographic data, are larger (3.4 A),”® the membrane had
a lower H,/CO, separation factor (0t = 4.5 at 25 °C) compared to
that of the above-mentioned narrow-pore ZIF membranes, but
performed very well in the separation of H, from CH, (kinetic
diameters: 2.9/3.8 A)” with o = 11.2 at 25 °C.

Under certain synthesis conditions, ZIF-7 (hexagonal space
group R3) with its structural anisotropy forms needle-like crystals. >
Thus, a ZIF-7 membrane with preferred crystal orientation relative to
the support could be obtained by secondary growth of a ZIF-7 seed
layer on top of an alumina support. In contrast, the ZIF-8 and ZIF-22
(cubic space groups I43m and Fm3m, respectively) with their
isotropic structures resulted in supported layers of only randomly
orientated crystals by in situ crystallization. Here, we report on
the preparation of a continuous and well-intergrown polycrystalline
ZIF-8 layer formed by secondary growth from a nanocrystal®® seed
layer on top of a porous alumina support. Contrary to the previously
reported in situ crystallization, a highly oriented crystal growth is
observed, although the seeds are randomly oriented. We will report
the detailed preparation route and discuss a possible mechanism of
oriented crystal growth that is supported by time-dependent electron
microscopy and X-ray diffraction studies. We further report on the
H,/CO, and H,/C,—C; hydrocarbon gas separation performance
of the newly developed ZIF-8 membrane.

B EXPERIMENTAL SECTION

Membrane Synthesis. Asymmetric porous a-ALO; discs
(Fraunhofer IKTS) with a diameter of 18 mm were used as supports.
ZIF-8 (Zn(mim),) nanocrystals were prepared as previously reported.®
The seeding solution was prepared as follows: 1.210 g freshly synthesized
ZIF-8 nanocrystals (still wet and in gel-like state) were dispersed into a
water/polyethyleneimine (PEI) solution, which consisted of 0.120 g sodium
bicarbonate (Roth, > 99,5%), 1.506 g PEI (~ 50% solution in H,O, Fluka),
and 30 mL water>*** Addition of PEI to the seeding solution is vital to
ensure that the seed crystals adhere to the support surface. As proposed by
Ranjan and Tsapatsis,”" PEI may form hydrogen bonds with both the ZIF
seed crystals and free hydroxyl groups of the support surface. In addition, PEI
may form Zn—N coordination bonds to zinc cations on the surface of the
nanocrystals. To generate a sufficiently high concentration of surface
hydroxyl groups, the alumina supports were pretreated with ~6% hydro-
chloric acid and extensively washed with water afterward. For high reprodu-
cibility, the seeds were attached to the alumina discs using an automatic dip-
coating device with a defined dipping and withdrawing speed of 300 and
100 mm/min, respectively. The discs were immediately removed after
dip-coating and air-dried in an oven at 80 °C for 4 h. For subsequent
solvothermal secondary growth solutions of low concentration were used,
typically containing 0.532 g (3.95 mmol) zinc chloride (>99% Merck), 0.487 g
(5.92 mmol) 2-methylimidazole (>99%, Sigma-Aldrich), and 0.272 g (3.95
mmol) sodium formate (>99%, Sigma-Aldrich) dissolved in 80 mL metha-
nol (99.9%, Roth). The seeded alumina discs were placed vertically in PTFE
holders to avoid sedimentation of crystals, which eventually nucleated from
the homogeneous solution during membrane synthesis. In addition, the
holders covered the back side of the supports to prevent crystallization on the
coarse side of the asymmetric supports. The holders with mounted alumina
supports were placed in autoclaves so that their top layer (70 nm 0-ALO3)
faced the synthesis solution. The autoclaves were heated in a microwave
oven to 100 °C within 10 min typically for 2 h. In further experiments, the

synthesis time was varied from 0.5 h to 4 h. After cooling to room
temperature, the membranes were carefully removed from the holder,
intensively washed with methanol, and dried overnight at room temperature
over silica gel. In addition, the crystalline precipitates were collected from the
bottom of the autoclaves, washed, and dried for further analysis.

The secondary growth experiments at 1 h, 2 h, and 4 h were repeated
to investigate the reproducibility of the growth process (see Table S1 of
the Supporting Information).

To prove that the seed crystals actually initiate the layer growth, a
reference membrane synthesis experiment was performed. In this case,
the alumina support was dip-coated in an aqueous solution containing
only 5.0% but no seed crystals.

X-ray Diffraction (XRD). XRD analysis of the membranes and
powder samples was carried out on a Bruker D8 Advance diffractometer
in reflection mode using Cu Kat radiation. The 20 range from 5° to 50°
was scanned with a step size of 0.02°.

Scanning Electron Microscopy (SEM) and Energy-Disper-
sive X-ray Spectroscopy (EDXS). SEM and EDXS were performed
on aJEOL JSM-6700F instrument with a field emitter as the electron source.
For SEM, the films and membranes were simply broken and coated with Au
to improve conductivity. Usually a low accelerating voltage (1—2 kV), alow
current (3—S5 uA), and a lens distance of 15 mm were used. For EDXS, the
voltage and current were increased to S kV and 10 uA, respectively.

Transmission Electron Microscopy (TEM). For the preparation
of a TEM specimen, a membrane was epoxy-glued against a silicon wafer.
After curing, the sandwich was wire-sawed into about 1 mm thick slabs,
which contained the glue line. The specimen bar was grinded and
polished down to approximately 30 um using polymer-embedded
polishing films with propylene glycol as lubricant on an Allied High
Tech Multiprep/Techprep device. The thin bar was epoxy-glued onto a
supporting copper slot-grid and, after curing, locally thinned to electron
transparency by 3 kV Ar' ion sputtering in a Gatan precision ion
polishing system (PIPS). Observation of a membrane microstructure in
cross-section was made at a electron energy of 200 kV in scanning
transmission electron microscope (STEM) bright-field mode using a
JEOL- JEM-2100F field-emission instrument.

Permeation Experiments. Although a total of 10 ZIF-8 mem-
branes have been prepared, only one of these membranes, showing a
distinctive crystal orientation obtained after 2 h of secondary growth, was
studied in permeation experiments. The measurements were carried out
following a modified Wicke—Kallenbach technique®® (Figure S1 of the
Supporting Information). A sweep gas at 1 bar pressure (N, at 100 mL/min,
purity 5.0) was used to continuously remove the permeate. The sweep gas
composition was analyzed by using a gas chromatograph (HP Agilent
6890N, thermal conductivity detector) equipped with a Carboxen 1000
packed column (15 ft,, 1/8 in., Supelco Sigma-Aldrich). The supported ZIF-8
membrane was tightly sealed in the permeation cell by using silicone and
Viton O-rings (Eriks). The effective remaining membrane area was 1.09 x
10~* m* Different hydrocarbons (C, = CH,, C, = C,Hg, C5 = n-C3Hs,
purity > 2.5) and CO, (food grade purity) were measured in equimolar gas
mixture with hydrogen (purity 5.0) with a constant, total pressure of 200 kPa
on the feed side or 100 kPa partial pressure for each gas, respectively. The
feed flow was kept constant at total flow rates between 80 and 100 mL/min.
Permeancesin mol m”s~ ' Pa~ " were calculated on the basis of the measured
flow rates (in mL min~") at room temperature (298.15 K) and ambient
pressure (101.3 kPa) and from the applied partial pressure at the feed side of
the membrane (100 kPa).

M RESULTS AND DISCUSSION

After the dip-coating process described in the Experimental
Section, the presence of the crystalline and phase-pure ZIF-8
seed layer was verified by XRD, as shown in Figure 1. The relative
reflection intensities on the XRD pattern of the seed layer

2263 dx.doi.org/10.1021/cm200555s |Chem. Mater. 2011, 23, 2262-2269
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approximately match those on the XRD pattern of the corre-
sponding nanocrystals powder and a simulated pattern. Because
it is assumed that in the powder sample the nanocrystals are
randomly oriented, the same has to hold true for the seed layer.

Figure 2 shows SEM images of the well-intergrown polycrys-
talline ZIF-8 layer on top of the alumina support obtained after
secondary growth for 2 h in top view as well as in cross-sectional
view. In contrast, the reference membrane synthesis experiment
performed using a PEI-coated alumina support without seeds
resulted in poorly intergrown film with obvious gaps between
clearly distinguishable ZIF-8 crystals of rhombic dodecahedral
shape, as shown by the SEM image in Figure 3. This demon-
strates that seeding is in fact necessary to grow a continuous, gap-
free layer on top of the alumina support. The well-intergrown
ZIF-8 layer shown in panel (b) of Figure 2 is around 12 gm thick
and, therefore, much thinner than the well-intergrown ZIF-8
layer we prepared recently by in situ crystallization (~30 ym).>'
Elemental mapping by EDXS of the cross-section (Figure S2 of
the Supporting Information) reveals a clear boundary between
the ZIF-layer and the support. Hence, the crystal growth in the
pores of the support seems to be disfavored. This is under-
standable because in the sub-um top-layer pores of the asym-
metric support, crystal growth is limited by size. As soon as the
growing ZIF layer is sufficiently dense, the support pores are cut
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Figure 1. XRD pattern of the seed layer on top of the alumina support,
XRD pattern of the corresponding nanocrystalline powder pattern, and
XRD pattern simulated from crystal structure data® excluding guest species.
Reflections of the alumina support are marked by an asterisk. Inset: magni-
fication of the pattern of the seed layer including reflection indices.

from the nutrient solution and further intrapore growth is
prevented. A TEM image of a very thin and polished sample
from the cross-section of the membrane (Figure 4a) reveals the
grain boundaries in the ZIF-8 layer. For clarity, the boundaries
have been traced in panel (b) of Figure 4. Columnar crystals
aligned roughly perpendicular to the support can be seen in the
upper 2/3 of the layer, while in the lower 1/3 of the layer, the
crystal grains are smaller and the grain boundaries are harder
to trace.

The XRD patterns of the membrane and the ZIF-8 precipitate
collected from the bottom of the autoclave are shown in panel (a)
of Figure S, while the XRD pattern of the reference membrane
synthesis experiment is available in Figure S3 of the Supporting
Information. The XRD pattern of the precipitate, which is
assumed to have a random crystal orientation, and the XRD
pattern of the reference experiment coincide in the reflection
position and relative intensities. In contrast, the XRD pattern of
the membrane exhibits a strongly increased relative intensity of
the 200 reflection in relation to other reflections, which indicates
a preferred crystal orientation of the {100} planes parallel to the
support. A quantitative measurement of the degree of crystal
orientation in the ZIF-8 layer can be obtained from the crystal-
lographic preferred orientation (CPO) index,***" which com-
pares the ratio of integrated intensities I from a pair of
characteristic reflections hkl/h'K'l' of the layer in relation to the
integrated intensities Iy of the same pair hkl/W'K'l of the
precipitate (see Equation S1 of the Supporting Information).

The CPO indices of the dominant 200 reflection in relation to
the 110 (CPOs09/110) and the 211 reflections (CPO,00/211) are
calculated to be 83 and 81, respectively. Both values clearly
demonstrate the pronounced {100} orientation with only a low
fraction of crystals taking different orientations.

At this point, it might be assumed that the slightly imperfect
orientation is induced mainly from surface texture effects of the
support. However, relating the columnar layer structure as
observed by TEM (Figure 4) with the finding of oriented growth,
it is indicated that only the upper 2/3 of the layer might be
oriented, while the lower 1/3 is not or only partly oriented.
Additional crystallizations with seeded supports were performed
for 0.5, 1, and 4 h to study the secondary growth of the layer by
XRD as function of time. Panel (b) of Figure S shows the XRD
pattern of the obtained membranes. The corresponding CPO,00/110
and CPO,g,/21; indices are available in Table 1. After 0.5 h, a
very thin but continuous ZIF-8 layer had already formed as
detected by SEM (Figure 6). The related XRD pattern of the

Figure 2. (a) SEM top view of the well-intergrown ZIF-8 layer after 2 h of secondary growth. (b) SEM top down view on the corresponding cross-

section of the broken membrane.
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membrane grown for 0.5 h matches that of the precipitate
(Figure Sb), indicating random orientation of the crystals, which
is quantitatively reflected by the low values of the CPO indices

>.A

Non-
7 covered

Figure 3. Supported ZIF-8 film grown from the reference membrane
synthesis experiment (without seeds, only PEI-coated support) using
the same solvothermal synthesis as for the seeded ZIF-8 membrane.
Inset: magnification of a clearly distinguishable crystal with rhombic

dodecahedral shape.

Figure 4. (a) TEM of the cross-section of the supported ZIF-8
membrane after 2 h of secondary growth as shown in panel (a) of
Figure 2 and (b) with traced grain boundaries for improved visibility of
the columnar growth and denoted (100) direction.

(Table 1). After 1 h, the 200 reflection already has increased
remarkably in its relative intensity and is already stronger than
the 110 reflection, which is dominating in the case of the
randomly orientated powder. The CPO indices, however, are
still very low, indicating that a large amount of crystals is still
randomly oriented (Table 1). After 2 and 4 h of secondary
growth, the intensities of all reflections apart from the 200
reflection are very low and can, according to the above measure-
ments, be traced back mainly to the lower, less-oriented region of
the ZIF-8 layer near to the support. The growth process was
investigated to be generally reproducible (see Table S1 of the
Supporting Information).

The preferred crystal orientation may be explained with the
evolutionary selection model by van der Drift,"* which is
commonly used to explain oriented growth of zeolite layers by
secondary growth.” Starting from a randomly oriented seed
layer on a planar surface, at first all seed crystals will start to grow
at the same time and with the same face-dependent growth rates.
After a certain time, which critically depends on the seed
concentration on top of the surface, the crystals will meet their
lateral neighbors. Crystals that have the fastest growth direction
perpendicular or nearly perpendicular to the support surface will
eventually overgrow their neighbors and thus form the top layer.
The microstructure of the polycrystalline layer usually found
after the evolutionary process is columnar-like in cross-sectional
view. This is in fact observed for the ZIF-8 membranes
(Figures 2a and 4). Ideal evolutionary selection, however, only
takes place if (i) the crystals exhibit significant anisotropic
growth, (ii) all crystals start to grow at the same time, and (iii)
there are competing crystals in close neighborhood. A compara-
tively low heterogeneous nucleation rate, resulting in a lower
concentration of nuclei on the support surface, might explain
why in situ crystallizations under similar synthesis conditions

Table 1. Development of CPO Indices with Increasing Time
of Secondary Growth

time (h) CPOx00/110 CPO500/211
0.5 —0.1 0.5
8.8 4.0
2 83.0 81.1
4 134.6 799

a)

Intensity / a.u.

membrane

20/°

Intensity / a.u.

Os

<o, 14 'oo“/o'e
,

Figure S. (a) XRD pattern of the oriented ZIF-8 layer after 2 h of secondary growth on top of the alumina support (lower pattern) and the
corresponding precipitate (top pattern). The first 10 hkl-indices are denoted. (b) XRD patterns between $° and 15° 2 © of ZIF-8 layers after secondary

growth for 0.5 h, 1 h, 2 h, and 4 h in comparison with the powder pattern.

2265 dx.doi.org/10.1021/cm200555s |Chem. Mater. 2011, 23, 2262-2269




5. Syntheses of Supported ZIF-8 Membranes

72

Chemistry of Materials

Figure 6. (a) SEM top view of the supported ZIF-8 layer which is, after secondary growth for 0.5 h, still randomly oriented. Inset: magnification showing
arhombic dodecahedral crystal with orientation near to (100), which might become a part of the final, oriented layer when increasing the synthesis time.
(b) Corresponding cross-section of the about S um thick layer formed at 0.5 h of secondary growth.

b)

Side view

<100>

Top view

Figure 7. (a) SEM image of a ZIF-8 crystal with rhombic dodecahedral shape. The polyhedron exhibits 12 faces perpendicular to (110) and 24 edges
perpendicular to (211). Six corners point along (100) (4-fold rotation axis), and eight corners point along (111) (3-fold rotation axis). (b) Schematic of
an individual rhombic dodecahedral crystal as viewed perpendicular to (100) and microstructure of an intergrown layer of {100} oriented rhombic

dodecahedral crystals (top view).

only result in a randomly oriented layer on titania supports, as
previously reported.>’

According to the above model, our findings of strongly
preferred {100} crystal orientation is the result of fastest growth
along the (100) direction. This is also in agreement with the crystal
morphology. The equilibrium shape of ZIF-8 is apparently rhombic
dodecahedral for both nanocrystals38 (as those used for seeding)
and large macrocrystals that are synthesized under similar condi-
tions as the membranes (Figure 7a). Parallel work of Cravillon et al.
have observed that in room-temperature syntheses cube-shaped
crystals ({100} crystal form) first develop in early stages and
eventually transform into rhombic dodecahedra ({110} crystal
form).** The polyhedron (crystallographic point group symmetry
43m) consists of 12 rhombic faces perpendicular to (110). When
viewed along the (100) direction, one out of six corners is seen that
lay on a 4-fold rotation axis (Figure 7b, upper left). Such corners are
expected to be clearly visible in top view of a layer of intergrown
micrometer-sized crystals with preferred {100} orientation
(Figure 7b, lower right), as is indeed revealed on SEM images of
the ZIF-8 membranes (Figure 2a).

As proposed by Bons and Bons,* the final distribution of
orientations, which survive the evolutionary selection, depends
not only on the vertical but also on the lateral growth vector.
They performed 2-D computer simulations of zeolite MFI
crystals growing simultaneously in close neighborhood to each

2266

other. Orthorhombic MFI usually grows in a coffin-like crystal
shape, with the vector of fastest growth in the [100] direction
(c-axis). The simulation showed that with increasing lateral growth
rate of MFI crystals, the fractions of crystals with orientations other
than ¢ decreases. Bons and Bons explain their results by the higher
chance of c-oriented crystals to overgrow crystals with different
orientations and, hence, completely stop their growth.

For the ZIF-7 membrane recently reported,® evolutionary
growth of needle-like crystals was found, resulting in a c-oriented,
polycrystalline layer. However, according to SEM studies, a large
part of the crystals exhibited a tilted rather than a perfect
c-orientation with respect to the support. These findings are in in
complete agreement with the model by Bons and Bons. The
distinct needle-like morphology of ZIF-7 suggests that the
growth rate along the c-axis is significantly larger than that along
perpendicular directions, thus explaining the nonperfect c-ori-
entation. On the other hand, for the present case of ZIF-8, a
highly oriented layer is obtained, which might be unexpected at
first glance because of the cubic crystal structure and, hence,
“isotropic” crystal growth. However, for the observed preferred
{100} orientation, fastest growth occurs not only perpendicular
but simultaneously parallel to the support surface (because, e.g,
[100] and [010] are perpendicular to each other). Hence, the
highly oriented growth is, again, in complete agreement with the
model by Bons and Bons.
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Figure 8. (a) Perspective drawing of the ZIF-8 SOD topology with a {100} plane propagating through the structure. The arrows indicate possible
pathways of a molecule through the pore system (large cages connected by six-membered ring windows). The strai§ht passage from one cage to the one
4°6°

below is blocked because of the very small size of the four-membered ring windows. (b) View along (100) on a [

ZIF-8 structure.

] truncated octahedral cage of the

The propagation of a {100} plane through the ZIF-8 structure
with SOD topology is shown in panel (a) of Figure 8. The plane
runs parallel to the very narrow four-membered ring windows,
while the larger six-membered ring windows are aligned parallel
to {111} planes (Figure 8b). This means that for our {100}
oriented ZIF-8 layer the four-membered ring windows are
aligned parallel to the support. However, the contribution of
the four-membered ring windows to mass transport through the
pore network is assumed to be negligible. As implied by the
arrows in panel (a) of Figure 8, a molecule, driven by a vertical
concentration gradient, cannot pass straight from one cage to the
one below. Instead it has to follow a zigzag path through an
adjacent cage, connected by the six-membered ring windows.
The size of these windows can be estimated to be 3.4 A from rigid
framework models. Hence, in terms of diffusion through a
membrane, parallel orientation of the {100} planes (and the
four-membered ring windows) to the support is rather a dis-
advantage, while a parallel alignment of the {111} planes (and
the six-membered ring-windows) would be the most desired
orientation. However, because of the cubic symmetry of the 3-D
pore network of ZIF-8, the crystal orientation is expected to be
only of minor influence on the macroscopic level on membrane
permeation and the separation performance.

As shown in various studies, the pore size in ZIFs seems to be
larger than the value estimated from the crystallographic struc-
tures, assuming rigid framework structures. Kinetic uptake
experiments and chromatographic studies showed that ethane
(~3.8 A),* propane (~4.0 A),*® and even i-butane can be
adsorbed in ZIF-8, despite that their molecular diameters are
significantly larger than the estimated six-membered pore win-
dow size of 3.4 A.¥’7* Recent investigations using IR micro-
scopy for the in situ detection of molecular uptake came to the
same conclusions.>>*® The obvious discrepancies between the
predictions and the experimental findings might be explained
by a dynamic flipping or rotation of the imidazolate linker.
Giiciiyener et al. postulated gate-opening effects in ZIF-7.>" In
fact, dynamic benzene-ring flipping of the terephthalate linker in
MIL type MOFs was recently found by Kolokolov et al. using *H
NMR spectroscopy.”> Molecular Dynamics (MD) simulations
revealed huge differences in diffusion coeflicients of guest
molecules in rigid and flexible ZIF structures.>®

In Figure 9, the results of H,/C,X,, (X=H, O) and H,/CH,
gas mixture permeation measurements on the ZIF-8 membrane
obtained after 2 h of secondary growth are reported. The
permeances of H, and C,X,, from the mixtures were calculated
from the applied partial pressure (see Experimental Section).
The corresponding mixture separation factor o was calculated
following TUPAC definition.'” As already explained above, the
ZIF-8 pore windows are permeable for gases with kinetic
diameters larger than 3.4 A, which is the pore size estimated
from the rigid structure model. Hence, a sharp molecular sieve
effect, which completely separates H, from CH, (kinetic dia-
meter: 3.8 A) is not observed. However, for the ZIF-8 membrane
reported here, a sharp cutoff in o for H,/C,X,, separation is
observed when increasing the hydrocarbon chain length from C,
to C; (Figure 9). According to Combariza et al,*® the smallest
pore diameters through which a molecule would fit are 3.8 A for
CH, and C,Hg and 4.0 A for C3Hg Hence, a very small
difference in diameter of only 0.2 A between C,Hs and C3Hg
seems to have large effect on the molecular mobility. Of course,
C;3Hg exhibits much larger spatial dimensions than C,Hg, so the
lower mobility might at first be not surprising. However, CH,
and C,Hg exhibit a similar difference in molecular dimensions,
but no such difference in mobility is found for C,Hg compared to
that of CH,. This might either indicate that there is a sharp loss in
gate opening flexibility at a size of ~4.0 A or that there is a more
complex interaction of the pore gates with penetrating molecules.

Panel (b) of Figure 9 compares the H, and CH, permeances
and separation factors measured in this work with the corre-
sponding values of the non-oriented ZIF-8 membranes on which
we®" and McCarthy et al.*® reported recently. All experiments
were performed at T = 25 °C and at similar concentration
gradients across the membrane (1 bar partial pressure at the feed
side and near zero at the permeate side) and, hence, should be
comparable. With respect to the H,/CH, separation factor of
o == 15, the oriented membrane shows a slightly higher selectivity in
comparison to our non-oriented ZIF-8 (0t = 11) membrane and the
membrane prepared by McCarthy et al. (pure gas or ideal separation
factor: =~13). We explain this result by an improved microstructure
quality of the oriented ZIF-8 membrane, i.e., a better intergrowth
of the grains and consequently lower leak transport, rather than
by the crystal orientation. However, in industrial applications, the
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Figure 9. (a) Permeances and separation factors (in logarithmic scale) of equimolar H,/C,X,, gas mixtures at room temperature measured on the ZIF-8
membrane prepared by 2 h of secondary growth. (b) Comparison of the H,/CH, permeances and separation factor with our previously reported ZIF-8
membrane (JACS 2009)*" as well as with data from the work of McCarthy et al.**.

permeance (which is the pressure-normalized flux in mol m™>s™"

Pa~") of a membrane is at least as important as its separation factor.
In comparison to our non-oriented ZIF-8 membrane, the decrease in
layer thickness from 30 to 12 #m resulted in an almost doubled H,
permeance. However, following Fick’s first law from which the
permeance through the membrane is reciprocally correlated with the
membrane thickness, we would expect an increase in the permeance
by the factor 2.5. The difference between the actual and expected
increase in permeance can be explained by the improved quality of
the novel, oriented ZIF-8 membrane, as indicated by the higher H,/
CH, separation factor (Figure 9b). The permeances of the 30 #m
thick membrane likely include a higher contribution of undefined
mass transport through defects or leaks, which results in a lower
selectivity.

The ZIF-8 membrane reported by McCarthy et al. exhibits a
layer thickness of around 20 um, while the permeances were
found to be even higher than those reported here. Though
McCarthy et al. performed pure gas measurements only (and we
have previously shown that there is a slight but noticeable
reduction of the permeances in H,/CH, mixed gas separation
compared to the pure gases),”' the deviation might be explained
primarily by the different experimental measurement methods. For
the permeation measurements, McCarthy et al. used an instationary
time lag method,> where a constant gas pressure is applied to the
feed side of the membrane, while the time-dependent pressure
increase at the evacuated permeate side of the membrane is moni-
tored. Permeances can be calculated from the recorded pressure-time
curves, and it is ideally assumed that the permeate side pressure is
near zero. In our experiments, we used a modified, stationary Wicke—
Kallenbach technique (see Experimental Section), where the per-
meate partial pressure is kept near zero by sweeping with an inert gas.
Hence, in idealized theory, the boundary conditions of permeation are
the same for both experiments. However, because the porous alumina
support might act as dead volume, the idealized assumption of a zero
partial pressure at the permeate side might be problematic. To mini-
mize this concentration polarization, the alumina supports have an
asymmetric structure and consist of only a thin layer with a small pore
size (~70 nm) supporting the ZIF-8 layer and a thick coarse layer as
mechanical support with a large pore size (~ 10 ym). This asym-
metric structure reduces the pressure loss across the membrane. Even
a small increase in the residual partial pressure at the permeate side
can, however, highly influence the concentration gradient (see Figure $4
of the Supporting Information) and reduce our measured per-
meances. Further influences of different experimental configurations

in the Wicke—Kallenbach technique are very well investigated on
zeolite membranes by van de Graaf et al.*®

Recently Aguado et al. showed permeation measurements for
tubular composite membranes of SIM-1 (Zn(4mScim),, 4mScim =
4-methzl-s-imidazolecarboxaldehyde) with a layer thickness of
25 um.>® SIM-1 is iso-structural to ZIF-8, and the membrane shows
permeances of light gases in a similar order of magnitude as for the
here shown ZIF-8 membranes.

B CONCLUSIONS

We prepared for the first time a continuous ZIF-8 layer on top
of a porous alumina support by secondary seeded growth. This
method allows us to obtain much thinner ZIF-8 membranes than in
previous in situ crystallizations. Columnar crystal grains aligned
perpendicular to the support surface were observed by SEM and
TEM. XRD and SEM demonstrated that the well-intergrown crys-
tals exhibit a high degree of {100} orientation. The highly oriented
growth can be well explained by the evolutionary selection model by
van der Drift,”” which predicts that the crystals with the highest vector
of vertical growth survive the selection process, and the model by
Bons and Bons," which correlates the degree of preferred orientation
with the lateral growth vectors. Permeation measurements on the
ZIF-8 membrane obtained after 2 h of secondary growth showed a
slightly higher H,/CH, separation factor in comparison with that of
the membrane prepared by in situ crystallization.>’ We explain this
finding with the improved quality of the microstructure of the new
membrane. Until now, ZIF-membranes showed only a smooth
molecular sieve effect in the separation of lighter gases (e.g, H,
CO,, and CH,), rather than a sharp cutoff at the crystallographic
pore size of 34 A as estimated from rigid framework structure
models.” Here, we demonstrate that the new ZIF-8 membrane
shows a sharp H,/C3;Hg molecular sieve separation. This indicates
that the large derivations of the experimentally measured separation
factors for light gases from the ones predicted recently from rigid
framework structure models cannot be entirely attributed to mass
transfer through, e.g, grain boundaries, cracks, or leaking gaskets.

B ASSOCIATED CONTENT

© supporting Information. Explanatory schematics (Wicke—
Kallenbach technique, diffusion through membranes), additional
CPO data, EDXS element mapping, and additional XRD pat-
terns. This material is available free of charge via the Internet at
http://pubs.acs.org.
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6. Syntheses of ZIF-8 Composite Nanofibers Using

Electrospinning

6.1 Summary

In cooperation with Dr. Rainer Ostermann and Prof. Dr. Bernd Smarsly (Justus
Liebig University GieBlen) the synthesis of polymer-ZIF-8 composite nanofibers by
electrospinning was developed. This is the first report of such nanofibers containing
metal-organic  framework crystals. Different polymers such as PVP
(polyvinylpyrolidone), PS (polystyrene) and PEO (polyethylene oxide) were applied
for nanofiber fabrication. The preformed ZIF-8 nanocrystals were homogeneously
dispersed within the polymers and the capability of gas species to enter the ZIF-8
particles through the polymer matrix was demonstrated using physisorption
measurements. Composite nanofibers consisting of ZIF-8@PVP and ZIF-8@PS
exhibited a large inner surface area, which correlated with the inner surface of the
used ZIF-8 nanocrystals. The particles’ pore system was almost 100% accessible.
The gas adsorption kinetics of nanofibers was compared to those of pure
microcrystalline and nanocrystalline ZIF-8 samples. These experiments showed that
the pure nanoparticles exhibited the fastest adsorption kinetics while the adsorption
speed of ZIF-8@PVP and microcrystalline ZIF-8 was similar. This could be
explained with the larger surface-to-volume ratio of the nanocrystals and the

encapsulating effect of the polymer in the case of nanofibers.
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Metal-organic framework nanofibers via electrospinning 1

Rainer Ostermann,” Janosch Cravillon,” Christoph Weidmann,” Michael Wiebcke? and

Bernd M. Smarsly**

Received 30th June 2010, Accepted 1st September 2010
DOI: 10.1039/c0cc02271c

A hierarchical system of highly porous nanofibers has been
prepared by electrospinning MOF (metal-organic framework)
nanoparticles with suitable carrier polymers. Nitrogen adsorption
proved the MOF nanoparticles to be fully accessible inside the
polymeric fibers.

The design of hierarchical nanostructures is a long-sought goal
of materials science and there has been extensive research into
various “‘top-down’” and “‘bottom-up”” methods to create these
nanostructures. Electrospinning is one of the simplest top-
down methods that allows for an easy generation of nanofibers
from a wide variety of materials, especially polymers which
were proven to be useful for many applications like filtration
or controlled drug-release.'*?

However, in spite of various attempts, the preparation of
porous polymeric nanofibers with high surface areas could not
be realized so far.

Isotactic polymers like PLLA (poly-L-lactide) and blends
thereof>* have been electrospun from solvent mixtures to
produce porous fibers.> Another approach applicable to
various polymers is to use a cryogenic liquid to trap some of
the solvent inside the fibers, followed by an extraction of the
solvent under reduced pressure to yield some porosity.®
However, the specific surface area of such “porous” polymeric
fibers is always quite low, usually in the range of 10-15 m? g™/,
corresponding only to an increase by a factor of 2-3 compared
to the corresponding “‘non-porous” fibers. Only in inorganic
or carbonized PAN (polyacrylonitrile) fibers sufficient micro-
porosity can be found allowing for surface areas of up to 300
or 600 m? g~! respectively.”* Highly porous polymers remain
special cases with a high degree of (hyper)cross-linking like
PIMs (polymers of intrinsic porosity)’ ' and have not been
prepared in the form of nanofibers so far.

In contrast, metal-organic frameworks (MOF) are crystal-
line coordination polymers that are well known for their
extremely high porosity and surface areas.'? Zeolitic imidazolate
framework (ZIF) materials constitute a new subclass of MOFs
that combine the properties of porous MOFs with high
chemical and thermal stability.'* Various MOFs, including

“ Institute of Physical Chemistry, Justus-Liebig-University Giessen,
35392 Giessen, Germany.
E-mail: bernd.smarsly@phys.chemie.uni-giessen.de;
Fax: +49 641 9934509, Tel: +49 641 9934590
b Institute of Inorganic Chemistry, Leibniz University Hannover,
Callinstrasse 9, D-30167 Hannover, Germany
+ This article is part of the ‘Emerging Investigators’ themed issue for
ChemComm.
i Electronic supplementary information (ESI) available: XRD data;
SEM images; adsorption kinetics; description of fiber generation. See
DOI: 10.1039/c0cc02271¢

Z1Fs, have been very recently used as fillers for the fabrication
of mixed matrix membranes.'*!

In order to achieve a homogeneous distribution of filler
particles within an organic polymer matrix it should be
beneficial to use monodisperse nanoparticles. Recently,
Cravillon et al. succeeded in preparing nanocrystals of a
prototypical ZIF material, ZIF-8, that are 50 nm in size and
have a rather narrow size distribution.'®

Similar nanocrystals have recently been shown to exhibit
distinct advantages like faster adsorption kinetics for porous
coordination polymers."”

In this work we present for the first time the synthesis and
characterization of composite MOF-polymer nanofibers
combining the advantages of both types of materials to
achieve a novel class of hierarchical nanostructure.

The colloidal suspensions of ZIF-8 nanoparticles in methanol
were prepared as described before.'® Briefly, a solution of
appropriate amounts of Zn(NO;),-6H,0 and 2-methylimidazole
in methanol was stirred at room temperature for 1 h, before
separating the resulting nanocrystals by centrifugation. The
ZIF-8 nanoparticles were redispersed in fresh methanol by
vortex mixing and ultrasonic agitation and a part of the
solution was dried at 80 °C under reduced pressure to
determine the concentration to be 3.5-4.5 wt% of ZIF-8. In
a typical electrospinning experiment, 500 mg of a solution of
12 wt% PVP (polyvinylpyrrolidone, molecular weight
(MW) = 1300000) in methanol was added to 400-2000 mg
of the ZIF-8 dispersion and mixed thoroughly. The solution
was diluted or concentrated under reduced pressure to yield a
final concentration of 3.5 wt% of PVP. This solution was fed
through a metallic needle by a syringe pump (KDS scientific)
at the rate of 0.35 ml h™'. The needle is placed at a distance of
6-8 cm from the aluminium foil that serves as collector and a
voltage of 5 kV (Spellman CZEI1000R high-voltage power
supply) was applied to produce a non-woven mat
(see Fig. 1-3). The composite PVP-ZIF-8 nanofibers and the
dried ZIF nanoparticles were characterized by SEM (LEO
Gemini 982), TEM (Philips CM30-ST), XRD (Panalytical
X’Pert PRO diffractometer) and N, adsorption (Quantachrome
Autosorb 1 and 6).

The diameter of the nanofibers could be adjusted by the
polymer concentration and was found to be roughly 150-300 nm.
The nanoparticle loading could be as high as 1:1 by
weight ratio of ZIF-§ to PVP. SEM and TEM revealed a
homogeneous distribution of the nanoparticles inside the
fibers with a smooth polymeric surface.

As can be seen from Fig. 3, macroscopic non-wovens can be
obtained on the centimetre scale. Thus, the composite fibers
can be regarded as a “MOF textile”’, combining the properties
of polymeric fibers and MOFs.

442 | Chem. Commun., 2011, 47, 442-444

This journal is © The Royal Society of Chemistry 2011
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Fig. 2 TEM of ZIF-8 nanoparticles in PVP.

-
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Fig. 3 Digital photograph of a non-woven ZIF-8-PVP fiber mat. The
diameter is ca. 1.5 cm.

A comparison of XRD patterns of the ZIF-8 nanofibers and
the pure nanoparticles showed the crystal structure to be
preserved (see ESIf). From N, adsorption measurements
(Fig. 4) including micropore analysis, the surface area according
to the BET model was 960 m? g~ for the pure ZIF-8, while the
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Fig. 4 Nitrogen adsorption isotherms of ZIF-8 nanoparticles in PS
and PVP (with different loadings of ZIF-8). For clarity the desorption
branch is omitted and the curves have been scaled to 100% ZIF-8
content.

Table 1 Nitrogen adsorption data

ZIF-8 Micropore Surface Accessible
concentration  volume/  area®/ ZIF-8 fraction’
Sample  (Wt%) em®g! m?g! (Wt%)
ZIF-8 100 0.49 960 100
ZIF in 56 0.18 530 55.1
PVP
ZIF in 22 0.07 180 19.1
PVP
ZIFinPS 25 0.07 210 22.7
PVPonly 0 <0.002 10 n/a

“ As weighed in. ® According to the BET model.

fibers possessed surface areas of up to 530 m? g~' for a weight
ratio of approx. 1 : 1 ZIF-8 to PVP. As can be seen in Fig. 4,
the adsorption branch for the fibers is shifted to higher
pressure. The two steps on the adsorption isotherms that have
been ascribed'® to pressure-induced adsorbate reorganization
are less pronounced, but still visible for the composite fibers.
For lower loadings of ZIF-8 (see Table 1) the surface area
decreased accordingly, proving the ZIF-8 nanoparticles to be
fully accessible inside the polymeric nanofibers.

The nanofibers are stable in the as-prepared form up to 150 °C
and do not degrade in organic solvents such as hexane, but are
sensitive to polar solvents of the polymer such as alcohol or
water, causing the nanofibers to coalesce.

Using other polymers like polystyrene (PS) and poly-
ethylene oxide (PEO) allows increasing the fibers’ stability
and widening the range of possible applications.

In particular, the PS-ZIF-8 nanofibers are stable in
alcohols and water and the surface area was fully accessible
(determined by nitrogen sorption), even if the ZIF-8 loading
up to 25 wt% was slightly lower. Higher loadings should be
possible by tuning the synthesis parameter and functionalizing
the surface of the ZIF-8 nanoparticles with less polar
molecules (see ESIi for details of preparation).

The adsorption measurements show that the ZIF-8 nano-
particles are fully accessible. We further compared the adsorption
kinetics of the nanofibers to bare nano- and micrometer-size
particles (prepared by classical solvothermal synthesis and

This journal is © The Royal Society of Chemistry 2011
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Fig. 5 N, adsorption kinetics studied as cell pressure over time.
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referred to as “microparticles’”) by determining the time to
reach equilibrium pressure after dosing a defined amount of
adsorbate into the evacuated sample cell.

Although we cannot propose a model yet, it is obvious that
diffusion inside the ZIF-8 is much slower than in the gas phase
and that external surface area and the presence of a polymer
layer determine the kinetics of adsorption.

As can be seen in Fig. 5 the nanoparticles attain equilibrium
after 30 s, while the microparticles and the nanofibers require
100-120 s.

Most of the faster kinetics of the nanoparticles can probably
be accounted for by the larger external surface area being ten
times larger compared to the microparticles, while diffusion
inside ZIF-8 is fast. The polymer layer around the fibers
constitutes an additional diffusion barrier, therefore the nitrogen
uptake is also slower than for the pure nanoparticles, but still
as fast as for the microparticles. In fact, a low thickness of the
polymer layer is crucial, as for polymer films or coalesced fiber
mats, the kinetics become too slow to observe significant
adsorption and accessible surface areas drop below 20 m? g~

The results from N, adsorption were corroborated by CO,
as adsorbate (see ESI} for isotherms and kinetics data).

Further results indicate that the different carrier polymers
also affect the adsorption kinetics. It is found that the uptake
is faster for PVP than for PS- and PEO-based nanofibers
(see ESIf for SEM pictures, N, isotherms and kinetics data).
In this regard, blends of polymers hold great promise as well.

As the carrier polymers and the degree of nanoparticle
coverage by the polymer should also influence the absorption,
this might allow tuning the selectivity of adsorption, especially
with different gases. Therefore we are planning a systematic
study for more relevant adsorbates like hydrogen, carbon

dioxide or monoxide. Due to their low resistance to fluid flow,
the nanofiber mats could ultimately be useful to selectively
adsorb specific gases, for example carbon monoxide in
gas masks.

In conclusion, we could prepare nanofibers of a metal—-
organic framework for the first time by electrospinning
preformed nanoparticles, thereby creating hierarchical nano-
fibers with high surface areas and good accessibility. With the
anticipated availability of other MOF materials as nano-
particles, a broad variety of MOF nanofibers should be
accessible with various applications, for example in gas
adsorption and separation.

Dr A. Moller (Institut fiir Nichtklassische Chemie, Leipzig,
Germany) is acknowledged for CO, sorption measurements.
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