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Zusammenfassung

Die vorliegende Arbeit beschreibt die Synthese Ghdrakterisierung der ersten Vertreter
der Substanzklasse meso-strukturierter Imidazodéat\Werke MIF , mesostructured imida-
zolate framework). Diese weisen sowohl Eigenschaffteso-strukturierter Verbindungen
als auch metall-organischer Koordinationspolyméier(Zink-Imidazolate) auf. Die dabei
entstandenen lamellaren Systeme sind sowohl audtderaren als auf auch auf der Nano-
meter-Skala geordnet und sind damit die ersternpiBaésvon hierarchisch geordneten Hyb-
rid-Materialien an der Grenze zwischen Mesophasehsupramolekularen Koordinations-
verbindungen.

Die Materialien sind im praparativen Mal3stab umegersen Mikroemulsionsbedingungen
unter Verwendung eines kationischen Trialkylammoniliensids darstellbar. Die allge-
mein geringe Kristallinitat und Strahlempfindlictikder MIFs erschwerte eine detaillierte
Beschreibung der atomaren und der Ubergeordnetansitaktur. Eine Kombination aus
Pulverdiffraktometrie, Festkorper-NMR-Spektroskoik-NMR) und Elementaranalyse,
Elektronenspektroskopie (EELS, EDX) und verschieteNlikroskopie-Methoden (TEM,
AFM) wurde verwendet um die wesentlichen strukiereEigenschaften dédlFs heraus-
zuarbeiten. Weitere Struktur-Informationen wurdemctt klassisch-chemische Methoden
erhalten. So wurde zum Beispiel durch Wahl einagdéen oder kiirzeren Tensids die pe-
riodische Mesostruktur variiert.

Im ersten Telil der Arbeit (Kapitel 4) wurde die bekte Analogie zwischen Zeolithen und
zeolith-anlogen Imidazolat-Netzwerken  (englzeolitic imidazolate _Hameworks
ZIF = Unterklasse von MOFs) erweitert, um die Bt einer Zink-Imidazolat Mesophase
zu zeigen, welche analog zur silica-ahnlichen MaaspMCM-50 ist. Ein Strukturbild
basierend auf den eingangs erwahnten analytisclethdden wurde entwickelt. Die-situ
Umwandlung dedMIFs in einen mikropordsen ZIF verdeutlicht dabei dmge topologi-
sche Beziehung zwischétiFs und ZIFs.

Im weiteren Teil der Arbeit (Kapitel 5) konnte dbor8ubstitution von (2-Methyl-)Imidazol
durch Benzimidazol in Gegenwart von Zinkacetat ugteichen Bedingungen eine Struk-
tur mit einer deutlichen gro3eren Periodizitat éexf Nanometerskala erhalten werden. Auf
atomarer Ebene zeigt sich das Vorliegen eines zmeitsionalen Poly[-Acetatoti,-
Benzimidazolato Zink(ll)] Koordinationspolymers (8chtdicke ca. 1.1 nm), welches in
Schichten aufeinandergestapelt ist. Circa alle f@chichten interkaliert das Tensid
(Schichtdicke ca. 2 nm) und bildet so eine hieradte Mesostruktur, mit einer Translati-
onsperiode von ca. 8 nm. Hier zeigte sich, dassdist-kovalenten Bindungen zwischen
Tensid und metall-organischem Koordinationspolyrs&rk sind und ein Entfernen des
Tensids aus demllF mit organischen Losemitteln, in denen das freiesicegute Loslich-
keit zeigt, nur durch mehrsttindiges Erhitzen derbWfelung moglich ist.

Im weiteren Teil der Arbeit (Kapitel 6) wurde dasekat im Koordinationspolymer Po-
ly[ uo-Acetatot-Benzimidazolato Zink(I)] durch Carbonséauren néihgeren Alkylketten
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ersetzt. Hinweise auf ein Vorliegen einer hieraschen Struktur analog zu Kapitel 5 konn-
ten erhalten werden.

In Kapitel 7 und Kapitel 8 wurden weitere mesostuilerte Phasen erhalten, in denen sich
die zugrunde liegende Substruktur Poly[Acetato-erdazolato Zink(Il)] vermutlich zu
anderen lamellaren Strukturen anordnet. Uber deawgn Aufbau konnte nur gemutmalit
werden.

In Kapitel 9 wurden mehrere Benzimidazolderivatatsgtisiert und verwendet, um ver-
schiedene funktionelle Bausteine in das ReWcetatou,-Benzimidazolato Zink(ll)]
Koordinationspolymer einzubauen. Hiermit bietethsitie Perspektive einer kovalenten
Postfunktionalisierung — analog zur Funktionaligrey von MOFs — von mesostrukturier-
ten Imidazolat-Netzwerken zur Einbringung speziatleemischer Eigenschatften.

Abstract

This thesis describes the synthesis and charaatiensof the first members of the class of
mesostructuredmidazolate_fameworks IFs). This family of compounds combines
structural features of both mesostructured mateaald metal-organic coordination poly-
mers (here zinc imidazolate frameworks). The ole@ilamellar systems are ordered on the
atomic as well as the nanoscale and hence are atherfgst examples of hierarchically
ordered hybrid materials at the interface betweesaphases and supramolecular coordina-
tion frameworks. The synthesis of these materiala preparative scale can be done under
inverse microemulsion by using a cationic surfactdrithe trimethylammonium type.

The low crystallinity of mesostructurddIFs and their sensitivity to the electron beam
hinders a detailed description of the atomic artamolecular nanostructure. A combina-
tion of X-ray powder diffraction, solid-state NMRPexctroscopy, elemental analysis, elec-
tron spectroscopy (EDX, EELS) and different micagse techniques (TEM, AFM) were
applied in order to work out essential structursphexcts of the obtaineMliFs. Further
structural information was obtained by classicamlical methods. By the choice of shorter
and longer surfactants, the periodic structurehemianoscale was tuned.

In the first part of this thesis (chapter 4) thdlvestablished analogy between the topolo-
gies of zeolites andeplitic imidazolate fameworks (ZIFs, a MOF subclass) was extended
to rationalize the observed existence of zinc imadi@e mesophases analogousvtGM-
50-type silica mesophases. Furthermore, a structoadel was developed based on the
above named analytical techniques. Tihesitu transformation of theMIFs into ZIF
nanoparticles demonstrates the close topologitatisaship betweeMIFs and ZIFs.
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In chapter 5 a structure was obtained with a sicgnitly longer periodicity on the nanos-
cale by substitution of (2-methyl)imidazole withnzémidazole in the presence of zinc ace-
tate under otherwise similar conditions. On theratoscale, the presence of a two dimen-
sional polyli,-acetatoq,-benzimidazolato zinc(ll)] coordination polymer Y& thickness
about 1.1 nm) was shown, where different layersstaeked consecutively. After approx-
imately five layers the surfactant (layer thickned®ut 2 nm) is intercalated, creating a
hierarchical structure with a translational permidabout 8 nm. It was revealed that the
non-covalent bonding between surfactant and metgroc coordination polymer is strong
and the extraction of the surfactant from M- material was only possible by boiling the
compound in organic solvents for several hour$oaigh the free surfactant shows a good
solubility in these solvents.

In chapter 6 the acetate ion in the hybrid polymelty[u,-acetaton,-benzimidazolato
zinc(ll)] was replaced by carbon acids with extehaddkyl chains. First indications were
received about the existence of a hierarchicakgira, analogous to the benzimidazolate
mesostructures in chapter 5.

In chapter 7 and chapter 8 further mesostructuleaisgs were obtained in which the
poly[acetato-benzimidazolato zinc(ll)]substructyseesumably assembles into different
lamellar mesostructures. The exact structuresexfehmaterials are still subject to specula-
tion.

In chapter 9 several benzimidazole derivates wgnéhesized and used to install different
functional groups on the polyj-acetaton,-benzimidazolato zinc(ll)] coordination poly-

mer. Hereby the possibility of postfunctionalisatiof mesostructured imidazolate frame-
works by covalent bonding is opened up — analogoudOF chemistry — which enables
the generation of specific chemical functionality.



[1l.  List of abbreviations

All physical units agree with the International &ys of Units (SI).

A

AFM

ATR

Buto

calc.

°C

cm
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et al.

eV
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Angstrom, 10°m
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Attenuated total reflection (IR spectroscopy)
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calculated
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MS
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min

mL
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um

mmol
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nm

NMR

OAc

Pro

ppm
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Infrared

Liters

Ludwig Maximilians University
Mass Spectrometry
Mesostructured Imidazolate Framework
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Milliliters, 10 L
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Millimeters, 10° m
Micrometers, 18 m
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Metal Organic Framework
Nanometers, 10m

Nuclear magnetic resonance
Acetyl
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1 Introduction

At the end of the 19 century the Swedish mineralogist Axel F. Cronstdidtov-
ered, by heating the zeolitic mineral stilbite,ttklrge amounts of water vapor are
released from the mineral. He termed the mineraliteg “boiling stone” — assem-
bled from the two Greek word&w (z&), meaning "to boil" and.ibog (lithos),
meaning "stone®.Very soon afterwards, key characteristics for thésv material
class such as reversible dehydration and ion exghproperties were discovergd.
Around 1930 the two pioneers Tailor and Paulingeed®d the regular arrays of
channels and cavities (ca. 3 — 15 A) by the finstcsure analysis of these crystalline
materials, which contained a nanoscale labyringhh ¢an be filled with water or oth-
er guest molecule®® In zeolites, the [Sig}-tetrahedrons is replaced systematically
by [AlO,4]-tetrahedrons. Zeolites have specific Lewis andsriBted-acid cation-
exchange centers suitable for multitudinous caislygactions relying on acid catal-
ysis. Size and shape selectivity occur due to wmdiffe combinations of the corner
sharing tetrahedra. In the following years the nenmdd known zeolite structures was
extended by Richard Barrer and Robert Milton whespnted new, synthetic zeolites
obtained under hydrothermal conditidffsToday, there are 48 natural and more than
150 synthetic zeolitic minerals knowrn 1950 the synthesis of zeolite X, which is
isostructural with the mineral faujasite, led topwontant industrial applications like
the fluidized catalytic cracking (FCC) of petroleLair separation and purificatidfy.

1 Nowadays zeolites are the most important hetermes acidic catalysts used in
the chemical industr{?™*® For example, the majority of the world’s gasoliaepro-

duced using zeolites as cataly$tén 1982 scientists started to replace silicon and



aluminum by other elements creating many new zastyjzeolite-like materials),
e.g. (silico-)-aluminophosphatés.Additionally, many phosphate structures with
different transition metals are knoW#!’ as well as a large variety of open frame-
work structures with metallosilicates, containing.é e, B, Ti, Ga, among othéfs.
Moreover, lots of porous structures of nitridedfidas and halides were discovered
recently™® Today zeolites are used and applied in a varietgsearch fields such as
heat storag&? medicine’** detergent$? molecular sieve$ biological carrier$®
photovoltaics,’ chemical sensofS, and gas storage (e.g. NH,*° CH,*Y, just to

name a few.

In 1989 IUPAC classified porous materials accordimgheir pore size. They were
named microporous with pore sizes below 2 nm, asopwous with pore sizes 2 -

50 nm, or as macroporous Wwith pore sizes > 5@Rigure 1.1)*?

Zeolites MCMs “Bio-foams”

micro meso macro

molecules proteins

Figure 1.1Classification of porous materials in differentesizgimes?

In 1992 Kresgeet al. from the Mobil Oil company presented a furtherasibne of

silica-based porous materials, the MCM-family (MGMJobile Composition of
2



Matter)®** Typical for these materials are the amorphousasitalls, which can
form uniform mesopores (3 — 5 nm), regular poraragements and have high specif-
ic surface areas (1000°mg"). While in zeolites the template typically is agle
molecule or ion, the new approach is based onassiémbled molecular arrays of
amphiphilic surfactants (surface active agentsjclviare used as structure directing

agents.

A Liquid Selution Mixture of Solution and Precipitation

Surfactant

-

Inorganic Species

Cooperative Nucleation Cooperative Aggregation Liquid Crystal Formation Further Polymerization and
and Phase Separation with Molecular Inorganics Condensation of Inorganics

Template | Elimination

Mesoporous Framework
of Final Product

—_—
Transformation
Liquid Crystal Incorporation of of Precursors to

Formation Inorganics® Precursor Aimed Materials

Template
Elimination

Figure 1.2 Possible formation mechanisms of mesoporous systajnSelf-Assembly and B) True
liquid crystal templating. Reprinted with permissifrom ref. 36 Copyright © 2007

American Chemical Society.

In general, two mechanisms for the formation of opesous materials are discussed
(Figure 1.2): Firstlycooperative self-assembliyor example, positively charged sur-
factants S such as CTAB (cetyltrimethylammonium bromide) gete micelles by
forming supramolecular assemblies under hydrotheomaditions®® Around these
positively charged head group$ e anionic inorganic speciesassemble, driven
by Coulomb forces. The inorganic silica specieginate from the hydrolysis of mo-
nomeric precursors such as TEOS (tetraethyl-ofithag) in a sol-gel reaction,

which condense in both basic and acidic media imboganic oligo- and polymers
3



(here: oligomeric and polymeric silicates). On Hmindary surface 8 the charge

density changes drastically, which leads to foraratind assembly of micelles.

The final mesostructure results from the polymeiiraand cross-linking of the oli-
gomers (Figure 1.2A). The driving force is the miiaation of interfacial energy.
Reaction conditions (e.g. pH-value, molar ratio$ :(§, temperature, concentra-
tions, amount and type of solvents) influence mize, the structural order, stability
and topology of the mesostructure. Based on theng&aal arrangement of the
pores, the materials are classified as ctbit/;* hexagonaf® or lamellar structures

(Figure 1.3)*

The second formation mechanism is caltece liquid crystal templatind TLCT).
For TLCT, the lyotropic liquid crystalline phase afready present in the reaction
mixture, before the addition of the inorganic specand before the polymerization
process begins. The surfactant template can bevemroy different procedures, e.g.
calcination at high temperatures, plasthajicrowave irradiatioft? exchange of the
trimethylammonium surfactant with ammonium nitratdution in ethano!® or un-
der supercritical C@to convert the mesostructured compound in a mesapana-

terial *°



Figure 1.3 Pore models of mesostructures with symmetries @, (B) la-3d, (C) Pm-3n, (D) Im-
3m, (E) Fd-3m, and (F) Fm-3ifi*'Reprinted with permission from ref. 36 Copyright ©
2007 American Chemical Society.

Mesoporous materials are also accessible by ugngal surfactants. In 1995, Ta-
nevaet al. succeeded to generate mesoporous silica, named(HeKaigonal Mso-
porous 8lica), by using primary amines as templatélso, MSU-material® (Mich-
igan Sate_Lhiversity) were presented by using neutral polyfiethe oxides) as tem-
plates, and SBA materidfs(Santa_Barbara) by using pluronics-type surfactants as a
template, respectively. Pluronics are nonioniclagkcopolymers, composed of a
central hydrophobic chain of poly(propylene oxidedndwiched between two hy-
drophilic chains of poly(ethylene oxide). The obhtad SBA-materials exhibit re-
markable mesopore sizes and a larger morphologaraty® than MCM-materials
and in addition, they feature micropores due to/@bhylene oxide) templating ef-
fects?® ** Due to thicker pore walls an increasing thermal eimemical stability was
observed? The obtained mesostructured materials can be cmmveery easily into

mesoporous systems by washing with ethanol.



The modification of the inorganic precursors revaalariety of new mesoporous
materials e.g. mesoporous metal oxides using NpTif&r, Ce, Sn and many non-
oxide systems like metdfs sulfide$*, nitrides®, selenide¥ and phosphated,to
name a few. Ordered mesoporous carbon materiatsechaC MK, (Carbon_Meso-
structured by IAIST = Korea_Advanced mstitute of 8ience and &chnology), em-
ploy in a first step a mesoporous MCM-type matesimla hard template, where the
pores are filled with an organic compound (e.gasud-inally, the MCM material is

destroyed by pyrolysis, thus releasing the repiicde initial MCM templat&®

Tremendous efforts were made to synthesize mesopaomaterials with crystalline
microporous walls. The Ryoo group could establisierdes of different hierarchical-
ly structured compounds by using gemini surfactgptdyquarternary ammonium
type). The microporosity arises from the charge pensation of the ammonium
molecules with the negative charge of the zeoléenework, while the mesopores
are generated from the supramolecular templatifeciebf the long alkyl chains of

the gemini surfactanfs:®°

As mentioned before, zeolites are built-up of DO, tetrahedrons (each tetrahe-
dron = primary building unit), which are linkeda corner-sharing oxygen atoms to
form secondary building units (SBUs). These SBUssi of rings with different
sizes and can be linked to form a variety of cayeb channels. By formally replac-
ing the oxygen as a linker with polytopic organitkérs, a new material class is es-
tablished, the so-called metal-organic framewoM©®Fs). The term MOFs, which
is sometimes substituted by “Hybrid Organic Inoigadframeworks”, or “coordina-
tion polymers”, was coined in 1995 Maghiand co-worker&! although it should be

mentioned that the first synthesis of a crystallioerdination polymer was reported
6



as early as 196%. Today, the term MOF represents all crystallineopsrmaterials
consisting of metal centers joined by organic Inskeesulting in a three dimensional
periodic network Conceptually, there is no fundamental differenetveen zeolites
and MOFs, therefore MOFs with zeolite-like struetircan in principle be consi-
dered as zeotypes with widened and modified paseesys through the assembly of
organic linkers with different types of metal iofy replacing the tetravalent metal
centers in zeolites with two-, three-, four- orfeld coordinated metal centers in
MOFs, each connectable to different polytolm&ers (mono-, di-, tri- or tetravalent
ligands), the number of combination possibilities denerating networks increases
drastically in comparison to zeolites (Figurd). This concept is summarized under
the term Reticular chemistry” Reticular chemistryis one of the most important
concepts towards network design and to new masenisth unparalleled diversify:

® This term, which was developed at the beginninthef1990s, signifies the linking
of molecular building blocks through strong bond®ipredetermined structur®s.
MOFs consist of metal clusters which are joinedrg@adytopic linkers to form finite
SBUs. Different SBUs are assembled into specifiovaek geometries and, hence,
topologies through a periodic net. A crucial asgese is that the number of default
nets is limited due to the given default geometiyhe molecular building unit¥.
The different topologies (also called nets) of MOEsult from the varied arrange-

ment of SBUSH ©8



Figure 1.4 Examples of secondary building blocks (SBU) frombeaylate-based MOFs. O, red; N,
green; C, black. In inorganic units metal-oxygetypedra are blue, and the polygon or
polyhedron defined by carboxylate carbon atoms (§Be red. In organic SBUs the po-
lygons or polyhedrons to which linkers (all #G— units in these examples) are attached
are shown in green. Reprinted with permission frem 63 Copyright © 2003 by Nature
Publishing Group.

Nets of equal topology are termed IRMOFs (= Isotgéir Metal-Organic Frame-
works). Using the example of cubic MOF-5, prepargd reaction of Zn(Ng), and
terephtalic acid, Yaglet el.firstly demonstrated the versatility of pore sael net-
work functionality tuning of MOFs, by using 16 difent organic linkers which gave
rise to 16 isoreticular nets (Figure 1°8)Interpenetrating three-dimensional net-
works result from the usage of large ligands (Fegirs, structures 9, 11, 13, 15).
Their ability of storing gases is higher than tleresponding non-catenated struc-

8



tures due to the reduced pore diamé&tét.The challenges of interpenetration were
overcome by using alkyl modified ligands as preseérfor MOF-74 M(2,5-DOT)
(M = zn**, Mg®*, DOT = dioxidoterephthalate), creating a seriesRe74 MOFs
with pore sizes up to 85&. Recently Choi et al. showed for MOF-123
([Zn702(NBD)s-(DMF),;] (NBD= 2-nitrobenzene-1,4-dicarboxylate, DMF N,N-
dimethylformamide) the reversible interpenetratinggered by addition or removal

of the solvent (DMFY?

Figure 1.5lllustration of the isoreticular MOF principle basen different cubic network topologies.
The varied organic linkers differ in functionalignd length. Reprinted with permission
from ref. 74. Copyright © 2004 Elsevier.

A common disadvantage of MOFs in comparison toite=ols their relative thermal
instability and sensitivity towards air/moisturesgecially MOFs containing zinc

metal centers are less stable than other metabgunes’

As organic polytopic linkers carboxylates, phospdten, sulfonates, pyridine, imida-
zole, triazole, tetrazole derivates and many otaeesusually applie@"® In order to

generate rigid, porous networks, aromatic systerasuaed as organic backbones.



Recently, new networks were published focusing loinat ligand£° like sugar {-

cyclodextrin)®! crown ether§? amino acid® and polypeptide®*®*

Generally MOFs and zeolites are synthesized byosiodrmal methods in water,
dimethylformamide, ethanol, methanol, acetonitafel many others, with tempera-
tures varying from room temperature up to almo$t 30%° Also solvent-free solid-
state methods lead to a range of crystalline M&mgew approaches also use ionic

liquids as a solvent medium to produce new netvmpblogies’

Possible applications of MOFs are envisioned in pasfication®® gas storagé’

0-92

catalysis’*?or for biomedical applicatiot§ nonlinear optic¥ and as sensor devic-

es®

Férey and co-workers presented the MOF family of MILsatktiaux de ristitute
Lavoisier), the first crystalline mesoporous MOF eniails, synthesized in a hydro-
thermal reaction of Al(Ng); with terephthalic acid (MIL-53}*°" Usually, MILs are
more chemically (in water and air) and thermally {a 500 °C) stable in comparison
to Yaghi'sMOFs (such as MOF-5). To overcome the problemyoirdiysis, metal -
ligand bonds which are less prone to hydrolysis reelemployed. This leads to a
subgroup of MOFs, termeckalitic imidazolate fameworks (ZIFs§® featuring more
than 100 different topologi€s.ZIFs are composed of tetravalent transition metal
M?* ions (M?* = Fe, Co, Cu, Zn) bridged by organic imidazolatékdrs. Since the
metal-imidazole-metal (M-IM-M) angle in ZIFs is alio~145°, which is similar to
the Si-O-Si angle in zeolites (Scheme 1.1), ZIFslteo take on zeolite-like topolo-
gies %% (Figure 1.6), but also structures which have neerb known from

zeolites' The microporous ZIFs have remarkable thermal kialip to 550 °C)

RV



and can be boiled in water or organic solventaftang time without decomposition,
which was typically pointed out for ZIF-8 (Zn(Mely) (MelM = 2-
methylimidazole) and ZIF-11 (Zn(Belly)) (BelM = benzimidazole). Furthermore,
ZIFs exhibit unusual selectivity for G@apture and extraordinary capacity for stor-
ing CQ,, e.g. one liter of ZIF-69 can hold ~83 liters@D,at 273 K under ambient
pressuré® These characteristics make ZIFs an attractiveetaiaqy developing gas
selective membran¥s%* and for sensor devicks like in photonic crystals®
Some lines of research also focus on drug deliapproaches. ZIF-8 (Zn(Mell)

can highly efficiently encapsulate caffeine withimne-step reactiofi’

m NN s /\-"'\Si
M
M-IM-M Si-0-Si
1 2

Scheme 1.M-X-M (X=0, IM) bridging angles are about 145° iretal IMs (1) and zeolites (2), thus

leading to zeolite-like topologies in ZIFs.
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Figure 1.6 Zeolite-like examples of crystal structures of agrtZIFs. Reprinted with permission from
ref. 100 Copyright © 2006 National Academy of Scies

The presence of organic ligands as integral pdMdQ@F structures makes these sol-
id-state materials more attractive targets for maliation by organic reactions than
other inorganic materials (e.g. zeolites). By térgethe organic linking component
of the MOF, one can exploit the vast array of orga@actions available to transform
the original MOF into a new MOF with altered fumetal groups and thus different
physical and chemical properties. In 1998 and Kimfirst demonstrated postsyn-
thetic functionalization modifications (PSM) on anhochiral MOF-® They could

show enantioselective catalytic transesterficabignnclusion of metal complexes in
12



the poresCohen et al.developed the concept of PSM on IRMOF-3 (spaceimro
Fm-3m)®, synthesized from Zn(N§ - 4H0 and 2-amino-1,4-benzene dicarboxylic
acid (R-BDC), by presenting numerous PSKM$M3In IRMOF-3 the free amino
group of the BBDC ligand does not coordinate to the Lewis aaid*ZIn the first
example of PSM the MOF was treated with acetic dntlg and yielded an aceta-
mide-MOF in a single-crystal-to-single-crystal fash'® Also a covalently bounded
chelating ligand can be attached to the organiel® which is suitable for the com-
plexation of Pd(I):** Likewise, the condensation of IRMOF-3 with isocgtes ge-
nerates MOFs with urea functionality. Under the appropriate conditions, also tan-

dem reactions (multi step reaction) for PSM aresjiis'°

The precursor ligand is
varied in different steps and after this the neknisrdestroyed by digestion. In this
role the MOF-network has the functionality of atexion group. Also diastereose-

lective reactions on the organic linker can be et by PSM in a MOE’

PSM can also be transferred to a series of diffteM@Fs, e.g. Al-based (MIL-
53(Al)-NH,-MOFs)* and Zr-based® MOFs. Modified (Fe)-MIL-101 is an interest-
ing candidate for biomedical applicatiolf.The coupling process between the
preinstalled precursor ligand on the MOF-lattic&l dhe reactive species requires
high chemical stabilities of the network with respéo the chemical conditions.
However, all these modifications on the organi&éirs are typically mild reactions
and ZIFs have good thermal and chemical stabifff&¥* Modified ZIF-8 with so-
dalite topology bearing an additional carboxylalgd functionality on the imidazo-
late linker can be reduced even with the strongcied) agent NaBH"?* In general,

however, MOFs are very sensitive and collapse utigerpresence of strong ac-
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ids/bases. Cr-MIL-101, on the contrary, “survives’en the PSM through nitration

with HNOy/H,SQ,.1%?

Light can also be used for a postsynthetic modificeof the network, e.g. to remove
protecting groups from the organic components ef BOF-lattice'*> When Cr-
MIL-101-NH; (prepared by CrGland the B-BDC-ligand in a solvothermal reaction)
was treated withp-phenylazobenzoylchloride/4-(phenylazo)-phenyliso@te such
that the azo groups point into the free mesopocagss, it was possible to observe a

cis/transisomerization by irradiation with UV light?

Oftentimes, multi-PSM steps cause a partial or mpiete collapse of the frame-
work, because the framework does not sustain temidal conditions. The so-called
“click reaction” is another promising route for thecess to modified MOFs. In this
reaction developed b$harpless et. df> an alkine and an azide perform an azide-
alkyne [3+2]Huisgencycloaddition under copper(l) catalysis. High geleven at
micromolar concentrations, mild reaction conditi¢gasen in water), readily availa-
ble starting materials and reactants are charatitefor this reaction and led to a
broad application range, e.g. in polymer sciéffc&® and in bioconjugationir

Vitr0129-130

andin viva™*%j). Two routes are typically pursued in MOF chenyistr
Firstly, the direct modification of an azide comiag MOF***3*and secondly, the
other way round by a silyl-protected acetylene ingaframework, which is depro-
tected by aqueous KF, and functionalized in a otlet way by the click
reaction™>>"**® Therefore, this reaction allows the accurate briver the loading,
density and functionality of the inner pores of ®W by installing different functio-

nalities close to each other, and through thisuerite the physical and chemical

properties of a PSM-MOE" 138
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Around 2006 different groups (especially thos&\bfB. Lin and G. Férd¥*° started
to draw attention on developing nano-sized MOFs (Nd) as drug delivery ve-
hicles****2and for medical imagin{f>***Two routes were taken for delivery of the
active agent: First by incorporating active agente the framework backbone or
second, by loading active agents into the porescaadnels of the NMOF$® The
stability and bio-availability of MOF nanoparticlean be improved by coating with

organic polymers or silica based materials.

Controlling the size of the nanopatrticles is onghaf main challenges in MOF che-
mistry, as the rapid growth of most MOFs at roomperature invariably leads to
macroscopically sized particl&s.****'Different synthetic strategies (solvothermal,
nanoprecipitation, reverse microemulsion, surfactamplating under solvothermal
conditions etc.) were employed to obtain NMO#sSurfactant-mediated reactions
should not only control the particle size by impeggrowth or through micelles act-
ing as “nano-reactors”, but also the stabilitylodde particles against agglomeration.
Important contributions in understanding the growtechanism of NMOFs were

developed in the past yedf§>*

Recently, an increased interest in the developmentesoporous MOFs (called me-
so-MOFs) started to emerge. The first kind of me&oF was synthesized 2011 un-
der the conditions of supercritical @O in ionic liquids (1,1,3,3-
tetramethylguanidinium acetate (TMGA)). As supragcalar template N-ethyl per-
fluorooctylsulfonamide (N-EtFOSA) was appli€d. Other approaches to meso-
MOFs, where the walls of the mesopores are cortstiugy a microporous frame-
work, could only be achieved by chelating agenthsas citric acid (CA). The CA

creates Coulomb attractions and acts as a kindeafiator between the surfactant
15



molecule and the metal ions (Scheme >2Without citric acid no meso HKUST -
1 (Cy(BTC),) (BTC= benzene 1,3,5-tricarboxylic acid) could peduced. The
analysis of this phase is based on sorption meamunis. Small angle XRD mea-

surements, evidencing the mesostructure, are mbaioed in this paper.

Scheme 1.2Xooperative template directed synthesis of meso-M@& self-assembly of metal ions
and organic ligands. Reprinted with permission fr@f 153 Copyright © 2011 Ameri-

can Chemical Society.

These kinds of meso-MOFs often collapse after rahof/the surfactant. COK-15
(COK = Centrum voor Oppervlaktechemie en Katalyseg HKUST-1-based MOF,
but the structure is stabilized by a Keggin polymetalate>* This MOF exhibits

uniform 5 nm large mesopores with crystalline mpane walls of the same thick-
ness.A supramolecular template such as neutrally clthRjeronic molecules, can

be used for the synthesis of meso-M1P%!*®

Owing to the similar geometry relationship betweenlites (silica based) and ZIFs
(metal-organic based), both material classes revéapological relationship toward
each other. MCM phases are built by the combinatiosurfactants with inorganic
silica. This thesis addresses the question whdtlhepossible to extend the existing
analogy between zeolites and ZIFs on the one harahtanticipated analogy be-
tween mesoporous silica materials and mesoporogsmidazolates (dubbedIFs)

on the other hand (ScherheS).
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Scheme 1.3Schematic overview of the relationships betweensZiFeolites and the mesoporous/

meso-structured materials of the MCM type alidFs (Mesostructured Imidazole

Frameworks).
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2 Characterization Methods

2.1 X-ray diffraction (XRD)

In order to identify materials and determine thghase purity, crystallinity, particle
size symmetry and structure, powder X-ray diffractis an excellent characteriza-
tion method. According to Bragg's law, X-rays acatsered by sets of crystal lattice
planes, the spacing of which being on the samer @fdaagnitude as the wavelength

of the radiation used:
niA = 2d sinf

wheren is the diffraction order) is the used X-ray wavelength (in this work GuK
radiation with) = 1.540562 A)d the distance of the lattice planes &hi$ the so-

called Bragg angle at which constructive interfeeemccurs. Constructive interfe-
rence can only be observed for a periodic, i.estaflne lattice, giving rise to dif-
fraction patterns which are characteristic of thetipular material under study (Fig-

ure 2.1).

X-ray diffraction experiments were carried out o& Discover Avance diffracto-
meter (Bruker) in reflexion geometry and on two &I @Qffractometers (Stadi P and
Stadi P Combi, both in transmission geometry, Fadga2). All X-ray devices used
employ Cu-K;; radiation § = 1.540562 A). All samples were grinded before snea
ing.

The D8 diffractometer with a Bragg Brentano geosnétrsuitable to measure sam-

ples with large lattice parameters like mesostmect.Lcompounds up td-values of
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maximum 17.5 nm for 0.5 °20. The powdered samples were compacted on glass
slides, resulting in a flat surface for the measwaets.

Incident Diffracted
beam ,w beam

Figure 2.1Schematic of X-rays impinging on a periodic lattitean angle fulfilling the Bragg condi-

tion.®’

Figure 2.2 a) D8 Discover Avance diffractometer and b) Stogd5P Combi diffractometer c) with

sample holder.

In the Stoe Stadi P Combi diffractometer equippeth \a high-throughput device
and an imaging plate detector, the samples wece@len a sample holder consisting
of two pot plates, with a cellulose foil betweeerth (Figure 2.2c). The instrument is
suited for high-throughput-screening and short mesament times, such that this
instrument was used primarily for phase identifamat However, due to the static
arrangement during the measurement, the powdeerpatshow preferred orienta-

tion. To minimize preferred orientation effectsygdes were measured in a capillary
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(diameter 0.2 — 0.5 mm, Hilgenfeld) under rotationDebye-Scherer geometry on
the Stoe Stadi P by a position sensitive detedtoe. evaluation of the recorded XRD
patterns was done with the software package W% by the Stoe Compart{?
Already known phases were identified by comparireasured data with those in the
Joint Committee on Powder Diffraction StandardsRDS) databast? or by com-
parison with the literature. Indexing and Pawleg ©f the XRD powder patterns

were carried out with the Software TOPAS Acadenmacsion 4.1.

2.2 Transmission electron microscopy (TEMj>®*%!

Transmission electron microscopy furnishes strattand compositional informa-
tion of a material, including nanostructured sarapklectrons interact with matter
much more strongly than X-ray radiation as thegrnatt with both the nucleus and
the electrons of the scattering atoms through Gobléorces. The electron beam is
generated either by a thermal emission source whiely be a tungsten fila-
ment/LaBcrystal, or by a Schottky field emitter. A complmagnetic lens system
focuses the electron beam on the sample and tleetde{CCD camera or fluores-

cent screen).

In scanning transmission electron microscopy (STEM) focused electron beam
spot rasters across the sample and the transralgettons are detected as a function
of the scattering angle. In bright field mode (Bfgging is formed directly by oc-
clusion and absorption of electrons in the specineannular dark field (ADF) the
correlation of the electron count close to the aiteeam is measured and high annu-
lar dark field mode (HAADF) uses electrons scatteirgo high angles. This is a

highly sensitive method due to variations in thenat number of atoms in the sam-
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ple and gives information about the elemental caitjpm and the thickness of the

sample

When highly energetic electrons interact with a tspecimen by irradiation, several
types of signals are emanated from a sample (FigL8e A core state electron is
removed by the electron beam and leaves behindea Tibis unstable state of the
core hole can be filled by a higher shell electwhereby the energy difference be-
tween both orbital energies is either releasedrhisgon of a characteristic X-ray

radiation or by an Auger electron from the outezlish

Elastic scattered transmitted electrons do notactewell with the specimen and do
not suffer a direction change or an energy los® ff&ction of transmitted electrons
is dependent on different factors such as the ti@sk of a sample, the chemical
composition, and its periodic structure. Diffractddctrons and backscattered elec-
trons are elastically scattered electrons with hegkrgy and different angle of dif-
fraction. Secondary electrons are emitted by itielasteractions when high-energy
primary electrons strike valence electrons of atontke specimen such that they are
emitted from the sample. Their energy is rather & they can only leave the spe-

cimen when they originate from within a volume eas the surface.

TEM Measurements were done by V. Duppel, Dr. WleS{goth MPIstuttgart) and
K. S. Virdi (LMU-Munich). Cross-section experimentgere done by B. Bullmann
(MPI-Stuttgart). TEM experiments were performedaoRhilips CM 30 ST equipped
with a LaBs thermal source operated at 300 kV and on a JEQIL &strument with
a tungsten cathode operating at 200 kV, respegti8\ED simulations were carried
out with the software EMAP. EDX linescans, EELSefon energy loss spectros-

copy) measurements and Scanning Transmission &hekticroscopy in High Angle
21



Annular Dark Field mode (STE-HAADF) were performed with & G HB 501UX
microscope. For crossection experiments the sample was embedded inipe-
sin, trimmed (Leica EM Trim 2) and cut with an ahmicrotome (Leica EM UC6
The resulting sample thickness was - nm. The images were analyzed with
software Digital Micrograph version 3.6.1 (Gatamgany)

electrons sca d
electrons
light
(visible photons) Auger
electrons
secondary
/, electrons
Y
specimen
desorbed
ions and
X-rays atoms
inelastically D.F.
scattered
electrons ¥ elastically
forward scattered
scattered electrons.

electrons

Figure 2.3 Elastically and inelastically scattered electrdn electron microscof. Reprinted with

permission fom ref.158. Copyright © 2004 Elsevier.

2.3 Scanning electron microscopy (SEM) and Ener¢-dispersive X-

ray spectroscopy(EDX)

Scanning electron microscopSEM) was used to investigate the morphology of
samples and to determine theimposition by EDX spectroscopA focused beam
of electrons, which is generated by an electror (with much smaller acceleratir
voltages of 0.1 - 38V compared to TEJ), rasters over the sample surface inc-
tangular scan patterihe electrons interact with electrons in the sarapieé product

various signals which are detected. ‘produced secondary electr (Ex, < 50 eV)
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are used for imaging the surface of a specimeBDOX spectroscopy X-ray radiation
is detected resulting from electron transitionswieetn inner shells of atoms. All
SEM/EDX measurements were done by Christian Minkél{ Munich) and Viola

Duppel (MPI-Stuttgart). The samples were locatedaosample holder, sputtered
with graphite and examined with a JSM-6500F miappsc (Jeol, maximum vol-
tage: 40 kV) or a Zeiss Merlin instrument. Quaitatand semi quantitative mea-
surements were carried out with an integrated Epecsometer (Model 7418, Ox-

ford Instruments).
2.4 Solid-State NMR spectroscop}?*®*

Using solid-state NMR the investigation of localeanments of NMR active cores
is possible. Nuclear spins interact with a magnél. Spatial vicinity and/or a
chemical bond between two atoms influence the actens between different nuc-
lei. In general, these interactions are orientatlependent. In crystals and powders
these molecules are not rotating and thereforeethessotropic interactions have a
substantial influence on the behavior of a systémualear spins. Through this the
number of different chemical environments for aonatthat exist can be differen-

tiated.

By application of magic angle spinning (MAS) atamgle of 54.74° the anisotropy
of interactions in a solid can be averaged out targe extent, breaking down the
powder pattern of the static sample into the igptroesonances and a spinning side-
band pattern, which is reminiscent of the powddtepa. The intensity of NMR sig-
nals of nuclei with low natural abundance and memmic ratio can be increased

by cross-polarization experiments (CP). Here, tlagmetization of an abundant nuc-
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leus (e.gH) is transferred on the rare spin (€3) to enhance the sensitivity of the

latter.

The samples were grinded to a fine powder and feemes! in ZrQ rotors (J = 4 or

2.5 mm). The spectra were recorded on a DSX Avd0@0espectrometer (Bruker) at
room temperature. Depending on the examined nueledsample, the contact time,
rotation frequency, number of scans and recyclayddiffer. All parameters for the

different measurements are summarized in TableS3and S3.
2.5 Solution NMR spectroscopy

In contrast to solid state NMR, in solution NMR Bmtian motion leads to an aver-
aging of anisotropic interactions. These interadican be neglected here on the
time-scale of the NMR experiment. Organic molecwdehkible in organic solvents
(such as ¢DMSO) were analyzed by solution NMR spectroscopth wegard to
phase purity and identificationH, *C and**N spectra were recorded on a Varian
Gemini 200, Varian Gemini 300, Bruker DRX 200, BeukAMX 400 and Bruker
AMX 600. TMS {H, *C) and nitromethane™ N/ **N) were used as external stan-
dards. Measurements were carried out by Christexentann, Peter Meyer and Prof.

Konstantin Karaghiosoff.

)164

2.6 Infrared Spectroscopy (IR

IR spectroscopy is based on the fact that the esead the most common vibration-
al transitions of molecules (covalently bonded atgmups) are located in the IR-
range of the electromagnetic spectrum. IR spectrthé range of 650 — 4000 ¢m
were recorded on a Spectrum BXIl FT-IR spectromé®arkin Elmer) equipped

with an ATR device (Dura Samplll R Il diamond, bmigh Detection).
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2.7 Atomic Force Microscopy (AFM)*®°

Atomic force microscopy (AFM) gives information aliothe height profile and
morphology of a sample. Resolution in both vertaadl lateral directions is on the
order of a fraction of a nanometer. A cantilevearscover the sample controlled by
piezo-electronic elements. When the surface difressduring the scan process, the
cantilever changes its orientationzidlirection, which is registered by a laser system
and a photodiode. A computer collects the dateotwstruct a three dimensional im-
age of the sample. The samples were spincoated\Wafers and AFM images were

recorded on an Asylum Research MFP 3D Stand Alori&pping mode”.
2.8 Mass Spectrometry (MS}®*

In mass spectrometry (MS) ions are generated fr@anaple which are separated by
mass and electric charge and registered by a detdtdlecular ions, quasi molecu-
lar ions and cluster ions can arise from the samdpléeng the ionization process.
Fragmentation occurs only as a secondary procéssintividual MS methods differ
In ion sources, separating processes and detegttenss. All measurements were

done by Dr. Werner Spahl and Brigitte Tschuk.
2.9 Differential Thermal/Thermogravimetric Analysis (DT A-TG)

In differential thermal analysis the temperatur@aample is compared with an inert
reference material, both heated with the same Téaie.change of mass as a function
of temperature is measured in a thermogravimetjgeement. For a combined
DTA-TG measurement, a thermoanalyzer TGA- 92-2&¥idram) with a DTA sys-

tem was used. All samples were heated with a rafie°@ - min' from RT to 800
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°C, while the sample was contained in an unseale@sAcrucible and the measure-
ments were conducted under helium atmosphere. @hdts were evaluated with
device specific software (Data Acquisition). All asirements were carried out by

Sophia Makowksi.

2.10Elemental analysis: CHNS and Inductively coupled @sma

atomic emission spectroscopy (ICP-AES)

The elements H, N, C were determined by oxidatipipg of the exactly weighted-
samples with He as carrier gas. Subsequently, G&D and Nwere detected sepa-
rately using a thermal conductivity detector. Alese processes were carried out
with an elementar analyzer system VARIO EL by theraanalytical laboratory of
the Department of Chemistry (LMU). The weight pertcef bromine was analyzed
by oxidative pulping, followed by potentiometritréition (Metrohm 888 Titrando) of
the evolved hydrogen bromide. The quantitative rdetgation of the metals was
carried out by inductively coupled plasma emisspectrometry (ICP-AES). Here,
the wavelength of transition states is recordedvéen the outer shells of an atom.
The elements are evaporated at very high tempestwhereby the atoms in the
molecules dissociate into ions and atoms. Thesergtd atoms emit at wavelengths
which are specific for each element. By compariggih a reference, quantitative
statements about the content of the elements assiljpe. The zinc content was
measured on the wavelengths 202.548 nm and 218r857Tespectively. All mea-
surements were done by Hartmut Hartl (LMU-Munichi),Marie Luise Schreiber

(MPI-FKF Stuttgart).
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3 Operative procedures

3.1 Orbital Shaker

For exfoliation of samples into nanosheets twotattshakers from GFL (type GFL
3005 and type GFL 3017, Gesellschaft fur Labortécl@mbH, Burgwedel), were

used.
3.2 Ultrasonic Bath

Exfoliation was also effected with an ultrasonithb@Elmasonic S 100 Hltrasonic)
with a power of 550 W and a tank volume of 9.5rit¢Elma Hans Schmidbauer

GmbH & Co. KG, Singen).
3.3 Furnace

Solid-state reactions were carried out in sealedsgampoules under vacuum or ar-

gon in a home-built tube furnace with an Eurotheomtrol module.
3.4 Centrifuge

To collect products from reactions carried out igamic solvents, the solvents were
removed from the product by a centrifuge type Sig¥0K Spin control Comfort
(Co. Sigma Laborzentrifugen GmbH, Osterode am Haith) a fixed angle rotor
(no. 12158) at a maximum angular frequency of 26y20n and a maximum gravita-

tional force of 60,628 x g.
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3.5 Spin coating

To produce smooth thin films for AFM measuremetits, samples were spin-coated
on substrates such as silicon wafers. Spincoatiag performed on a WS-650SZ-

6NPP/LITE spin coater (Laurell Technologies Corpiory.
3.6 Chemicals

All chemicals used are listed in Table 3.1.Theyevpurchased from commercial

sources and used without further purification.

Table 3.1Source of supply and purity of the chemicals useithis work.

Chemical Formula Purity Supplier
Aceticacid GH40, p.a. Bisterfeld-Graen
1H-Benzimidazole @HsN> 99% AlfaAesar
5-Bromo-1H-benzimidazole #EisBrN, 97% Aldrich
Butanoicacid GHsO, 99% AlfaAesar
Cetyltrimethylammoniumbromide | CigH4NBr 98% Fluka

(CTAB)

Cetyltrimethylammoniumchloride | C;gH4NCI 98% Molekula

(CTAC)

Chloroform CHC} p.a. Merck
2-Chloromethylbenzimidazole g8-,CIN; 96% AlfaAesar
Decyltrimethylammoniumbromide | Cy3H3oNBr 98% Aldrich

(DTAB)

Dodecyltrimethylammoniumbromide¢ CisH3sNBr 98% Aldrich

(DTAB)

Ethanol GHeO p.a. Aldrich
n-Heptane GHie 99% Merck
1-Hexanol GH140 98% Aldrich
Imidazole GH4N2 99% Aldrich

2-Methylimidazole GHsN> 99% Aldrich
5-Nitrobenzimidazole @HsN30- 98% AlfaAesar
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Chemical Formula Purity Supplier
Sodium azide Nai 99% AcrosOrganics
Sodiumnitrite NNa@ 99% Appl. Chem
TetradecyltrimethylammoniumbromigleC,7H3sNBr 98% Aldrich
(TTAB)
Tetrahydrofurane HsO p.a. AcrosOrganics
Toluene GHs p.a. Merck
TrimethyloctadecylammoniumbromidgieC,;H4sNBr 98% Aldrich
(TMODA)
Zincacetatedihydrate #1006ZNn 99.5 Merck
Zincoxide Zn0O puriss. Merck
Zincpropionate 6H1004Zn 98% AlfaAesar
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4 Towards Mesostructured Zinc Imidazolate Frameworks

This chapter is based on the article “Towards Mesdgictured Zinc Imidazolate
Frameworks”, published as a highlight in Chemistry — a European Journal,
2012, 18 (7), 2143-2152by Sebastian C. Junggeburth, Katharina

Schwinghammer, Kulpreet S.Virdi, Christina Scheu aml Bettina V. Lotsch

4.1 Abstract

The transfer of supramolecular templating to themeof metal-organic frameworks
opens up new avenues to the design of novel higcalty structured materials. We
demonstrate the first synthesis of mesostructuiedimidazolates in the presence of
the cationic surfactant CTAB, which acts as a tedgpgiving rise to ordered lamel-
lar hybrid materials. A high degree of order spagrthe atomic and mesoscale was
ascertained by powder X-ray diffraction, electrafiraction, as well as solid-state
NMR and IR spectroscopy. The metrics of the unikscebtained for the zinc me-
thylimidazolate and imidazolate species are 11.43+0.45 A b =9.55+0.35 A,
c=27.19+0.34 A, and = 10.98+0.90 Ap = 8.95+0.95 Ac =26.33+0.34 A, respec-
tively, assuming orthorhombic symmetry. The derigddicture model is consistent
with  a mesolamellar structure composed of brominerminated zinc
(methyl)imidazolate chains interleaved with motibyaigid cationic surfactant
molecules in allkans conformation. The hybrid materials exhibit unugudligh
thermal stability up to 300 °C, at which point CTAdlost and evidence for a ther-
mally induced transformation into poorly crystaflimesostructures with larger fea-

ture sizes is obtained. Treatment with ethanolctff¢éhe extraction of CTAB from
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the material, followed by facile transformationargure microporous ZIF-8 nanopar-
ticles within minutes, thus demonstrating a unitja@sition from a mesostructured

into a microporous zinc imidazolate.
4.2 Introduction

In recent years, metal-organic frameworks (MOFskehgarnered attention owing to
their exceptional porosity and hence, applicatioteptial, and continue to intrigue
due to their rational synthesis and plethora ofidate framework topologies.
Although currently a major thrust in MOF chemisisythe extension of pore sizes
from the micropore to the mesopore regime, onlyratéd number of MOFs with
pore sizes larger than 2 nm have been reportedted®d™*"° Along similar lines, the
design of hierarchical MOFs with bimodal pore sdistributions featuring micro-
and mesopores would be highly desirable for apydioa where facile diffusion of
molecules, coupled with molecular specificity, ikeyy requirement, such as in catal-
ysis!’*172 As opposed to MOFs, siliceous materials constiuteabundant class of
compounds that cover different pore size regimetebfuring topologies on the mi-
cro-, meso- and macroscale, where microporoustescind mesoporous silica are
amongst the most famous representatives of ordeoedus materiald*3> While
zeolites comprise 3D crystalline silicate and alaitcate frameworks with pore
sizes typically below 2 nm, periodic mesoporougai(PMS) are replicas of liquid
crystal-like mesophases. They combine periodic rootlethe nanoscale through ar-
rays of mesopores composed of amorphous silicaswalhce their discovery by
Kresge and co-workers at Mobile in 1992, PMS of M@&M (mobile compound of
matter) type excel by their ease of synthesis, atgity, and chemical as well as

thermal robustnes:*®> Depending on subtle variations in the reactionditions,



such as temperature, precursor ratio and pH, heehdMCM-41), cubic (MCM-
48)3* and lamellar (MCM-50)>mesophases can be obtained, and myriad silica and
non-silica mesophases have been realized to date.

Given the successful track record of supramoledelaplating for the design of me-
sostructured materials, the transfer of mesophasesis to the realm of micropor-
ous materials in general and metal-organic framksvam particular is intriguing.
Among the few examples of mesostructured coordingtiameworks reported so far
is a Prussian Blue analogue obtained from spetiificaesigned cationic
templates’* Metallomesogens constitute a closely related aésompounds, fea-
turing metal-containing ionic liquids with predoraimtly lamellar structures, where
metallo-supramolecular metal-ligand arrays are waited between amphiphile
layers. These organic-inorganic hybrid architecurehich have been prepared, for
example, from alkylimidazolium surfactants and was metal salts, combine liquid
crystal templating with coordination chemistry, ydten at the expense of stable,

highly condensed structur&s:*"®

Recently, Ryoo et al. have developed an interesfisgs of hierarchically micro- and
mesoporous MFI zeolite nanosheets stacked intaredl arrays mediated by gemini-
type surfactants”’*"® Along similar lines, hierarchically porous silieatwere ob-
tained from layered zeolites pillared by arylicedquioxanes, thus generating multi-
functional hybrid materials combining acidic andsioaproperties in the inorganic

and organic compartments of the structure, respsgti’®

Similar biphase architectures may be expected gubalass of MOFs that combines

coordinative bonds with zeolite-like topologies,ristened zeolitic imidazolate
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frameworks (ZIFsf%° %" ¥%0Owing to the formal replacement of the bridging/-ox
gen in zeolites by imidazolate (IM) units, the cagad hence, pores in ZIFs are
augmented versions of the secondary building unitzeolites. As the local geome-
try, in particular the bonding angle of the Zn-INk-Zinits in ZIFs largely corres-
ponds to the Si-O-Si linkage in zeolites, the desifjzinc imidazolate (Zn-IM) ana-
logues of MCM-type or even hierarchically poroussoghases in the presence of a
structure-directing agent appears highly plausiblee chemical diversity of imida-
zolate-derived ligands containing functional grouesders zinc imidazolates inhe-
rently functional, as opposed to pure mesoporolisasarchitectures. Whereas the
latter typically have to be converted into theirfaoge-modified analogues by post-
functionalizationt?® 8! the corresponding mesostructured zinc imidazol&kesr

functional groups already homogeneously attacheldetdramework.

Considering the well-established structural analogiyveen zeolites and ZIFs on the
one hand, and the large family of periodic mesopsrsilicates and mesolamellar
zeolites on the other hand, we would like to adsitee elusive class of mesostruc-
tured imidazolate frameworks, dubbediFs. Although these hybrid materials
present bimodal organization rather than hieraedtporosity, they may nevertheless
lay the grounds for the future synthesis of micaod mesoporous metal-organic

frameworks.

Here we report on the synthesis and characterizafithe first lamellaMIF species
and document their close relationship to micropsraeolitic imidazolate frame-

works.
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4.3 Results and Discussion

4.3.1 Synthesis and Characterization

In an attempt to study the nucleation and growtlZIléfs using micellar nanoscale
reactors, a zinc precursor and imidazole ligandeweombined under reverse
microemulsion conditions using CTAB, CTAC or othemethylalkylammonium
bromide surfactants with C10 to C18 alkyl chainseauulsifiers"*® Reflux of the
microemulsion at 100 °C for 2 h furnished a whiteqgipitate, which was isolated
and washed to remove excess surfactant. The liganaetal ratio significantly af-
fects the product composition in the system Zn/ME&WAB, leading to ZIF-8 for a
2 : 1 ratio, while a new phase, denoted mesostredtunidazolate frameworbMIF-

1) in the following, starts to nucleate at ligandnetal ratios of 1 : 1 and smaller.
When using water as a reaction medium instead pfahe/1-hexanol, quantitative
formation of ZnO is observed. If CTAC is employiedtead of CTAB, a product
similar to MIF-1, denotedVIIF-3, is obtained. Reaction of zinc acetate and imida-
zole (IM) at equimolar amounts under otherwise imeconditions gives rise to a

zinc imidazolate species denoted\li§-2 in the following.
4.3.2 X-ray powder diffraction

The products MIF-1 (Zn/MelM/CTAB), MIF-2 (Zn/IM/CTAB) and MIF-3
(Zn/MelM/CTAC) obtained with a ligand to metal @tof 1 : 1 were characterized
by X-ray powder diffraction (XRD) (Fig. 4.1, S1 aB@). All XRD patterns show no
resemblance with any of the starting materials,dwthey correspond to the respec-

tive ZIFs (ZIF-8 and ZIF-4 for MeIM and IM, respeatly),'*’ indicating the forma-

34



tion of new phases and essentially total conversidhe starting materials. Notably,
all XRD data exhibit a set of four sharp, equidistpeaks starting at low angles,
which are assigned to the (D&eries of reflections of a lamellar mesophasee Th
small peak widths and the appearance of reflectignso the 4th order indicate a
rather high degree of long range order along thekstg direction and hence, layer

registry.

2.633nm i c

2.701 nm

2.719 nm

2 4 6 8 10 12 14
201/ °

Figure 4.1 XRD powder patterns of different lamellaviiFs: a) CTAB/MelM (MIF-1), b)
CTAC/MelM (MIF-3), and ¢) CTAB/IM MIF-2). The first peaks correspond to the bas-
al spacing of the lamellar mesostructures.

The presumed 001 peak®)(2 4.2° forMIF-1 and 2 = 4.4° forMIF-2) correspond
to lamellar structures with a basal spacingigfi = 27.19 A forMIF-1 anddoo; =
26.33 A forMIF-2, respectively. A similar scenario holds fdiF-3 (dgo: = 27.01
A), thus giving rise to an increasing basal spaawith increasing ligand and
halogenide size in the order CTAB/IM < CTAC/MelMG&TAB/MelM (Fig. 4.1).
This preliminary finding suggests the incorporatioh ligand and surfactants,

including counter ions, into the as-obtained matsri
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Figure 4.2 XRD powder patterns dflIFs based on MelM ligands obtained in the presenagiffer-
ent surfactants with varying chain lengths£&GNBr - C,1H4eNBTr), suggesting the in-

corporation of the surfactants and their role agolates.

Interestingly, the observedyy values closely correspond to that of crystalline
CTAB (P2,/c, a= 5.638(1) A,b=7.260(2) A,c=52.072(7) A;f = 93.7°, hence
doz = 26.03 A, 2= 4.4°), which is known to crystallize with an artipllel bilayer
arrangement of interdigitated hydrophobic chainsassted by a polar headgroup
layer. For comparison, prototypic MCM-50 silica fgated by CTAB exhibits a
basal plane spacing of around 31 A, whereas otireellar mesophases obtained
with CTAB or CTAC as structure directing agents tsuas zinc phosphates,
aluminum phosphates, GEKTAB superstructures (X = S, Se), metallotropauid
crystals, or zinc oxide, exhibit basal spacinggyitag from only 17 A up to 48 A%

188 The observed variations in basal spacing are gépettributed either to differ-
ent compositions of the inorganic layer sandwichetiveen the surfactants, or the
formation of phases with different surfactant lapacking (singlevs. bilayer), or
different degrees of interdigitation and tilt argylef the hydrophobic surfactant

chains'®” ¥ Notably, for all compounds the intensity of the2Qfeaks is lower than
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that of all higher order (®Preflections (Fig.4.1), which may be indicative“atci-
dental extinction” resulting from a particular ctelkation of scattering factors for

the organic and inorganic layers, respectiéfy'*

In order to verify the incorporation of surfactaamd formation of layered phases
templated by the respective surfactant, differeasophases were synthesized in the
system MelM/CTAB using alkylammonium surfactantshadifferent chain lengths
(Ci3H3oNBr - CyiH4eNBr). As expected, the (O0reflections for surfactants shorter
than CTAB are shifted to higher angles, while thpsetaining to surfactants with
longer chains are shifted to lower angles (Fig,4a)ich adds evidence to the incor-
poration of the surfactants into the products andla geometric arrangements of

the different surfactants.
4.3.3 IR spectroscopy

The presence of surfactant in the products is atsombiguously evidenced by IR
spectroscopy (Fig. 4.3 and 4.4). The strong CHsedineg vibrations of CTAB
(CTAC) at 2850 citand 2915 cii (v(CH,)) are the dominating feature of the IR
spectra ofMIFs, whereas the broagNH) stretching region characteristic of solid
imidazole and 2-methylimidazole extending from 3260" down to 1800 ci is
essentially absent, as analogously found in ZIR@ 2IF-4 (Fig. 4.3and4.47* This
clearly suggests the presence of deprotonated noligie moieties in the products,
although different local environments comparedhi® tespective ZIFs are likely as

seen by slight shifts in the band positions.
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Figure 4.3IR spectra of aMIF-1 (CTAB/MelM), b) CTAB, ¢) MelM and d) ZIF-8.
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Figure 4.4 IR spectra of a)MIF-2 (CTAB/IM), b) CTAB, c) IM(H), d) ZIF-4, e)MIF-3
(CTAC/MelM), f) ZIF-8, g) CTAC and h) MelM(H). Theand at 1665 cthin d) is due

to DMF contained in the pores of non-activated Zl&fter synthesis.
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4.3.4 Solid-state NMR spectroscopy

The solid-staté*C CP-MAS NMR spectra dflIF-1, MIF-2, MeIM/IM and CTAB,

as well as that of ZIF-8/ZIF-4 are shown in Figu4es and 4.6. In the following, the
NMR spectra ofMIF-1 will be discussed exemplarily, while the majordimgs
equally hold forMIF-2. The presence of both CTAB and MelM is again comdd,
and it is evident that the spectrum ofb®i~s is not a mere overlay of the spectra
of their constituents. Two of the three low-fieigrgals pertaining to MelM (150.1,
148.0 and 124.8 ppm for C3-C1) MiF-1 are deshielded with respect to the free,
proton-bearing base MelM (144.1, 125.0 and 115r6,ppab. 4.1) and show a
different splitting pattern. The strongest MelMrsads inMIF-1 correspond closely
to those found in ZIF-8 (150.0 and 125.2 ppm), Wwhisuggests complete

deprotonation of the MelM ligand and a similar atination environment.

The peaks at 150.1/148.0 ppm are both tentativedigaed to C3, yet owing to the
observed splitting we infer at least two crystallgghically nonequivalent MelM

sites inMIF-1 .

The above scenario is confirmed by il solid-state NMR spectrum recorded for
MIF-1 (Fig. 4.7), which exhibits only two signals, onerfaining to the two nitrogen
atoms in MelM (-169.9 ppm) and the other one to BT(A331.3 ppm). This clearly
points to the deprotonation of the MelM moiety,denng the chemical shifts of the
two nitrogen atoms almost identical. However, thdtlwv of the MelM nitrogen is
significantly broader (109 Hz) than that of the (& Aitrogen (29 Hz) and also than
the MelM signal in ZIF-8 at -179 ppm (30 Hz). THiading corroborates the as-

sumption that although the MelM unit does not Begaroton, the nitrogen atoms are
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not equivalent. Furthermore, the MelM signalNHF-1 is shifted downfield with
respect to that of MelM in ZIF-8 by -9.2 ppm. Itshheen noted earlier that the
chemical shift of the basic nitrogen in imidazolewvery sensitive to the local envi-
ronment and subtle changes in the hydrogen bonstiemgth. According to these
studies, the observed deshieldingMi=-1 would be consistent with coordination of
the imidazole moiety to Z# ions, which due to differences in their coordioati

sphere are slightly less strong Lewis acids thasetin ZIF-8-92194

H
c3 o ci b
c ., o c4
(CH,)N"CH,CH, CH,{CH,),CH, CH, s20 ©

cr C2 C3 C4 C5-15 C16' C1T
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Figure 4.5 Solid-state™C CP-MAS NMR spectra of aMIF-1 (CTAB/MelM), b) MelM(H), c)
CTAB, d) ZIF-8. Signals marked with an asterisk spening-side bands.
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Figure 4.6 Solid-state**C CP-MAS NMR spectra of dylIF-2 (CTAB/IM), b) IM(H), c) CTAB, d)
ZIF-4,e)MIF-3 (CTAC/MelM), f) MelM(H), g) CTAC, and h) ZIF-8. Seent signals be-
long to DMF contained in the pores of non-activaZd-4. Signals marked with an aste-

risk are spinning-side bands.
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Table 4.1 Experimental™®>C NMR chemical shifts (in ppm) of ZIF-8, IM(H), MelI(H), CTAB,
CTAC, TTAB, TMODA, and variouMIFs.

ZIF| IM |Mel | CT| CT | TT | TMO | MIF- MIF- MIF-1B MIF-1C MIF- MIF-
-8 M | AB | AC | AB | DA |2(CTAB/|1(CTAB/M | (TMODA/ | (TTAB/M | 3(CTAC/M | 1(CTAB/M
IM) elM) Melm) elM) elM) elM), 320
°C
Caom| 150| 133 144. 140.2 150.1 149.5 150.2 151.3 145.9
atic .0 .3 1
148.0 147.8 147.7 149.0 134.1
125|127 125. 126.9 124.8 125.0 124.8 126.2 125.8
2.2 0
125.3 1215
113| 115.
0| 6
Caiiph 62.5/63.9|62.5| 62.5 66.4 66.5 66.6 66.5 66.6
atic
63.0
- | 53.854.7 52.5 52.5 52.5 52.5 52.5 46.2
51.0
32.0/33.6/32.0| 32.0 32.8 32.8 32.7 32.2 335 29.4
14. 135
6

"The exact assignment of the -@gtoup of MeIM in1, 1B, 1C and3 is hampered by signal overlap
with the methylene groups of the surfactant.
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Table 4.2Experimentat*C NMR chemical shifts (in ppm) and assignmentsgieirig to the surfac-
tant moiety inMIFs and the respective surfactants CTAB/CTAC.

C1 C2 C3 C4 C5-Clb Ci16 C1v

CTAB - 62.5 290.1 23.9 31.24 23.1 16.1
34.1

MIF-1 52.5 66.5 26.3 23.1 30.57 23.1 15.3
CTAB/MelM 34.2

MIF-2 52.6/51.3 66.1 26.9 23.9 29.9-| 22.8 15.3
CTAB/IM 34.2

MIF-3 52.5 66.8 27.3 24.8 31.11 23.8 16.3
CTAC/MelM 35.1

CTAC 53.8 63.9 26.2 25.0 29.1y 24.0 15.4
36.2
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Figure 4.7 Solid-state™N CP-MAS NMR spectra of a)lIF-1 (CTAB/MelM), b) ZIF-8, and c) CTAB. Signals

marked with an asterisk are spinning-side bands.

It has been pointed out previously that the chehshdts and peak widths of the different
carbon atoms of the surfactant are a sensitiveegpoblthe conformation of the template con-
fined in inorganic hosts and host-guest interfagigtractions->>' The 3C signals of all
MIFs show a downfield shift of the inner-chain methyeand terminal carbon of the
surfactant chain (C4-C15 and C16 and 17, for lalgetiee scheme in Fig. 4.5) by about 1-
2 ppm with respect to that typically found for CTAMRolecules occluded in hexagonal
mesostructures, and are consistent with those feamidmellar mesostructures. In particular,
a chemical shift of the methylene carbons aroung@h has been assigned to a more mobile
gaucheconformation found predominantly in hexagonal masatures, whereas a peak~at
33 ppm corresponds to a more rigid te#lns conformation, which is found in well-ordered
lamellar morphologie¥®® % Free CTAB and CTAC with an established tadlns
conformation exhibit peaks at 32.0 ppm and 33.6,pmspectively. The chemical shifts of
the respective methylene carbonsMiFs-1/2 (Fig. 4.5and 4.6) andMIF-3 (Fig.4.6) are

found around 32.8 ppm and 33.5 ppm, respectivdiychvclearly indicates a predominant all-
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trans conformation at room temperature. Furthermore,dfemical shift of the methylene
carbon C2 is significantly shifted downfield in &lIFs compared to CTAB/CTAC (Ta-
ble 4.2). This can be taken as evidence of andatien between the surfactant head groups
and the inorganic slabs sandwiched between ti&Restricted motion due to an ordered,
close packed surfactant arrangement as well asgstnterfacial interactions are further con-
firmed by the high cross-polarization efficiency ©2 and C1 irMIF-1 compared to the free

fl.96—197
k)

surfactan as well as by the observed line broadeningMik-1 compared to CTAB

(115 Hzvs.60 Hz).
4.3.5 Elemental analysis

Whereas ZIFs based on bivalent metal ions feat@talno ligand ratios of [¥] : [IM]=1 :

2, the rational composition dfliIFs 1-3 was consistently and reproducibly determined as
[Zn®]:[IM7]: [Br/CIT: [CTAT] =1:1:2:1 (CTA=GH4N"; Tables 4.3 - 4.8). The Zn :
Br ratio of 1 : 2 was further corroborated by eryedgspersive X-ray spectroscopy (Fig. 4.9).
Hence, the tentative formula ®IF-1 and MIF-2 is given by [Zn(MelM)Br]JCTA and
[Zn(IM)22Bro]JCTA, respectively. Thus, the incorporation of esgehalogenide ions (e.g.
CTAB + Br) at the expense of ligand anions with respectlEe& the assumption of a tetra-
hedral zinc coordination environment, and electubradity arguments require the formation
of zinc imidazolate chains Zn(IN}) rather than zinc imidazolate networks Zn(kMas ob-
served in ZIFs. We assume anionic corner-sharingNgnBr,” chains electrostatically
bonded to positively charged CTAons. Similar zinc imidazolate chains, albeit witih sur-

factant templates, have been reported in the titezgsee below)?®
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Table 4.3Elemental analysis dflIF-1 with formula M(Gg HaBr,NsZn) = 590.83 g- mal.

N C H Br Zn
1% sample |  7.15 46.69 7.82 26.96 10.43
2" sample|  7.05 47.42 8.06 28.22 11.39
3%sample| 7.16 46.86 7.84 28.41 11.50
average 7.12 46.99 7.91 27.86 11.11
calc. 7.11 46.76 8.02 27.05 11.07

Table 4.4Elemental analysis dfIF-2 with formulaM(C,,H45BroN3Zn) = 576.81 g- mal.

N C H Br Zn
exp. 7.33 45.73 7.57 27.98 11.45
calc. 7.28 45.81 7.28 27.71 11.33

Table 4.5 Elemental analysis oMIF-3 in the system (CTAC/MelM) with formula Mg Hy; CIbNsZn) =

501.93 g-mot.
N C H Cl Zn
exp. 8.36 55.02 9.12 14.13 13.55
calc. 8.37 55.04 9.44 14.13 13.03

Table 4.6 Elemental analysis ofIF-1 A in the system TMODA/MelM with formula M(§Hs5.BroN3Zn) =

618.89 g-mot.
N C H Br Zn
exp. 6.70 49.10 8.50 26.87 10.17
calc. 6.79 48.52 8.31 25.82 10.56

Table 4.7 Elemental analysis oMIF-1B in the system TTAB /MelM with formula M(GH43BroNsZn) =

562.78 g-mot.
N C H Br Zn
exp. 7.44 45.04 7.89 29.39 11.40
calc. 7.47 44.82 7.70 28.4 11.62
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Table 4.8 Elemental analysis oMIF-1C in the system DTAB/MelM with formula M(GH3gBroNsZn) =
534.7268 g- mal.

N C H Br Zn
exp. 7.80 42.96 7.39 30.08 11.77
calc. 7.86 42.68 7.35 29.89 12.23

4.3.6 Transmission electron microscopy

The information extractable from the XRD pattemmgasured in reflection mode, was limited
by the preferred orientation of the lamellae pedieular to the [001] direction. Therefore,

SAD experiments were conducted in TEM to gatheplame information about the crystal
structure. As has been reported for similar lameliasophase¥®MIFs are extremely unsta-

ble under the electron beam and hence, imagingdl Was strongly hampered. Most of the
areas imaged implied the region to be amorphoughndan be attributed to electron beam
damage induced destruction of the structure. Howemesome areas the initial crystalline
structure and its disintegration could be depiatéth SAD by a rapid change in the diffrac-

tion pattern from rectangular arranged spots tiuskfd rings within seconds.

To extract information on crystallinity, phase pyiand possible long range order of the sam-
ple, SAD measurements were therefore performed eiMMand IM structures for very short
acquisition times. These SAD patterns unambiguoaskertain the existence of a highly
crystalline majority phase in thdIF samples studied (Fig. 4.8). The relatively higiisaan
the patterns can be attributed to the very shaytiattion times for capturing the images and

the acquisition to be undertaken as soon as therregs exposed to the electron beam.
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Figure 4.8 SAD patterns taken parallel to tbaaxes forMIF-1 (left) andMIF-2 (right). Due to beam sensitivity

only short acquisition times were possible resgltmhighly noisy patterns.

The lattice plane distancds, di, for MIF-1 andd,, do, for MIF-2 were determined to be
11.43+0.45 A, 9.55+0.35 A and 10.98+0.90 A, 8.9850A respectively (Fig.4.8). The toler-
ance values for these measurements are considdrablgr than in conventional SAD ex-
periments, however beam sensitivity hindered mareurte measurements. The value
10.98 A has previously been reported as the trhostd parameter of a zigzag zinc imida-
zolate chaint® As such, we assume that the found values représerin-plane lattice pa-
rameters of the respective unit cells (see beltiwye assume the structure to be orthorhom-
bic (see next section) the alternating intensityhe spots in Figure 4.8 (left) likely stems
from the symmetry-allowed 200 / 400 reflectionsimggvrise to high intensity and the 100 /
300 reflections resulting in less intensity. Forathorhombic structure the 100 / 300 reflec-
tions are forbidden, however due to the thickndshedsample and dynamic scattering, points
representing these planes become visible in elediiffraction patterns with intensities con-
siderably less than the00 (h=2n) planes. The EDX spectrum from a crystalline domai

MIF-1 is shown in Figure 4.9, which clearly indicates glresence of Zn and Br.
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Figure 4.9EDX spectrum oMIF-1 showing the presence of Zn and Br.

4.3.7 Structure Discussion

On the basis of the above spectroscopic evidendeddinaction results from TEM, we put
forward a tentative model for the structureMif-2 based on simulations using the software
packageMaterials Studio(Fig. 4.10)°°° The structures of othévllFs may be constructed
analogously. According to elemental analysis, waua® Zn-IM chains rather than Zn(IM)
nets to constitute the inorganic slabs. The metidke unit cell can be extracted from XRD
and TEM, respectively, yielding= 10.98 A andb=8.95 A, andc = 26.3 A. For simplicity,
we use a primitive orthorhombic unit cell as workimodel, although we cannot exclude mo-
noclinic metrics as found in CTAB. Since the obserbasal spacing is reminiscent of that in
crystalline CTAB, an interdigitated monolayer agament featuring an antiparallel stacking
of surfactant molecules rather than a tail-todtddyer arrangement likely constitutes the sur-
factant slal}®® As stated above, the metrics of #iteplane is consistent with the metrics of an
IM-Zn-IM zigzagchain running along tha axis. Theb parameter is then determined by the
spacing of adjacent chains, which is influencedth®y packing of the surfactant molecules

extending along the stacking directibl According to this model, two [ZnBM] " units may

be accommodated in a single unit cell, which rezgitivo CTA molecules according to ele-
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mental analysis and for charge compensation. FoZthiBr bond length within the tetrahe-
dral Zn environment a value of 2.3 A was adoptembating to common Zn-Br bond lengths,
and Br'H contacts in our model (3.1 A) slightly exceed sen of Van der Waals radii for Br
(1.83 A) and H (1.10 Aj°***?H-atoms were added by the software andHHdistances be-

tween different alkylchains are set to about 2.&4AB: 2.5 A).
| P N j\(—lc
%
%‘%;2‘{3
| O U
DR %AD Y

Figure 4.10 Structural model oMIF-2 (CTAB/IM) viewed along [010], constructed with tipepogramMate-

¢
A

rials Studio

Assuming a basal spacing of 26.3 A obtained fronDXdRd arall-trans conformation of the
CTA" cations ascertained by solid-state NMR, the CTA@earules have to be inclined with
respect to the axis, forming a tilted monolayer arrangement. fih@ngle with theab-plane
can be determined by adding up all space increnggwes by bonds and van der Waals con-
tacts along the axis and taking into account the projected lermftthe CTAB molecule
along the same directidfi>?**Using this scheme, a tilt angle of rougkly2° for the CTA
molecules can be extracted (CTAB: 65°). The SAESuite imply a perfect registry between

the organic and inorganic slabs, which is rarelyeoed in lamellar mesophases.

CTAB is characterized by an ABAB-type stacking drahce, the observed (QGeflections
are indexed based on the conditiom: 0& 2n. In principle, we cannot distinguish between an
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AAA-type stacking (00 | =n) with a basal spacing of 26.3 A and an ABAB-typacking
with extinction of the 001 reflection due to a gliglane and a doubled basal spacing of
52.6 A. An AAA-type model structure constructed dson the above considerations is
shown in Fig. 4.10. Although details of the struetsuch as conformation and tilting of the
Zn-IM chain, exact CTAtilt angle and, in particular, the relative arramgent of the CTA
and [ZnBgIM] " units cannot be predicted unambiguously baseth@nlata available, the pro-
posed arrangement represents a reasonable modasteon with the experimental data, in-

cluding powder XRD (Fig.4.11).

(001)

2 ©03) O @0 (020

2 4 6 8 10 12 14 16 18 20
20/°

Figure4.11Indexing of a XRD powder pattern dfIF-1 (CTAB/MelM) measured in a rotating glass-capillary
in Debye-Scherrer geometry.

4.3.8 Thermal behaviour

The thermal behaviour was investigated situ by combined DTA-TG measurements
(Fig. 4.12 and 4.13) as well az situexperiments in sealed glass ampoules.A slight hoass
(6%) associated with an endothermic event is seeand 210 °C inMIF-1, followed by
further decomposition in two steps at 300-350 °@gsloss of 44%) and above 420 °C. Mass
loss inMIF-2 is less well resolved and proceeds in three bstads between 210 °C and
450 °C. The mass loss slightly above 200 °C magu®eto the commencing decomposition

of CTAB into cetyloromide and trimethylamine andbsequent gradual loss of the
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decomposition product (boiling point of cetylbromidl90 °C) as observed in pure CTAB

(Fig. 4.12b).
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Figure 4.12DTA/TG of a)MIF-1 (CTAB/MelM), b) CTAB, ¢) MelM(H) d)MIF-2 (CTAB/IM), €) CTAB and
f) IM(H).

Notably, the thermal stability of alMIFs exceeds that of the individual components
(MelM/IM and CTAB/CTAC, respectively) alone, indibag an exceptional thermal
robustness of the hybrid material compared to omeellar mesophasé® 2°°Small endo-
thermic events around 100 °®iF-1) and between 70 and 100 °®1E-2) may correlate
with a reversiblérans < gaucheconformational phase transition due to enhanceilityoof

the CTA chains familiar from other lamellar mesophases.

This is corroborated bgx situXRD studies recorded &fiIF-1 heated in evacuated glass am-
poules in steps of 50 °C up to 320 °C. No change® wletectable in the XRD pattern of as-
obtainedMIF-1 up to a temperature of 290 °C, at which point dgoosition of the samples
into a brownish resin commenced. A white sublimades identified by NMR as CTAB. The
amorphous product obtained after heating for 30 ai@20 °C still contains residual CTAB
and MelM as confirmed by IR and solid-state NMRg(F.14 and 4.15). Based on the TG
results and consistent with elemental analysihefdalcinated product, about 70% of CTAB

is lost upon calcination up to 320 °C, indicatirgention of about 30% within the material
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(Tab. 4.9). The XRD patterns of the residue exhalsimall shoulder to the primary beam de-
cay at very small angles (0.6° — 0.8%alues of 14.6 nm — 11.0 nm), which suggestsdhe f
mation of a disordered mesostructure with a larigéridution of pore sizes upon thermal
treatment (Fig. 4.16). Porosity may be generated bgarrangement of the zinc imidazolate
chains into 2D or 3D mesophases concomitant wittigh&CTAB release. However, the ob-
served mesostructure may also be due to texturabpeeosity originating from gradual

framework destruction as CTAB and its volatile deposition products are released.

TG/ %
8355° 588558
O
o MO DM ANON B
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Figure 4.13DTA-TG curves of aMIF-3 (CTAC/MelM), b) CTAC and c) MelM.
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Figure 4.14IR spectra oMIF-1 (CTAB/MelM) a) heated to 320 °C, b) as-obtainedCd AB, and d) MelM.
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Figure 4.15 Solid-state’*C CP-MAS NMR spectra oflIF-1 (CTAB/MelM) a) as-obtained, and b) heated at
320 °C.

Table 4.9Elemental analysis of the decomposition produdtitf-1 after heating at 320 °C, corresponding to

the composition ¢ H.7.8r1aNsZn. The composition is consistent with that caltedafrom the

DTA/TG data.
N C H Br Zn
exp 8.1 31.9¢ 5.24 37.9% 17.27
calc 8.2 31.7( 4.8C 37.7: 17.7¢

un-calcined
calcined

1.0 15 2.0 2.5 3.0 3.5
20/°

Figure 4.16 XRD of MIF-1 (MelM/CTAB) before calcination (black line) andtaf calcination (gray line). The

rising background below 0.5° is due to the primary beam.
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4.3.9 Conversion into ZIF-8

In order to explore the framework stability upomoing CTAB, MIF-1 was treated with
ethanol at 100 °C. Remarkably, the obtained protiucted out to be pure ZIF-8. Hence, the

reaction occurring in ethanol can be describechkyfdllowing formula:

[Zn(MeIM) 2B, ]CTA — % ZIF 8 + % ZnBs + CTAB 0)

MIF-1 was completely converted to ZIF-8 within 1 h, vehithen using an ultrasonic bath at
80 °C the reaction was completed within 5 min. €baversion yield is about 80-90%. How-
ever, upon treating the lamellar network with sgy@cids like HBr and HCI in EtOH, it was
completely destroyed and a clear solution was pbti’® Treatment with mild solvents such

as CHC}left the structure intact.

Throughout the CTAB extraction process, a white gewwas observed at all times,
suggesting a heterogeneous transformatiorMt#-1 into ZIF-8. Figures 4.17 and 4.18
outline the structural evolution of ZIF-8 as a ftiao of ethanol treatment time. In the
sequence of IR spectra a gradual disappearante & TAB C-H stretching bands (2850 cm

112915 cnt) and an increase of the ZIF-8 signature in thgdiprint region is observed.

The formation of ZIF-8 is evidenced in the XRD patis by the gradual increase of the most
prominet ZIF-8 peak (011) as time progressed (£i§8). At the same time, the intensity of
the (00) peaks ofMIF-1 diminish. The onset of ZIF-8 formation is visiblgea after 5

minutes of ethanol treatment at 100 °C. The faat #harp ZIF-8 reflections are observed
even at short reaction times suggests that theftranation proceeds by direct conversion of

MIF-1 rather than dissolution &fIF followed by nucleation and growth of the new phase
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Figure 4.17IR spectra obtained after refluximglF-1 in EtOH at 100 °C for different times: a) Untregté) 5
min., ¢) 10 min., d) 1 h, e) 2 h, and f) ZIF-8.
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Figure 4.18XRD patterns illustrating the structural evolutiohZIF-8 after refluxingVlIF-1 in EtOH at 100 °C
for different times. a) Untreated, b) 5 min., c)rbth., d) 1 h, e) 2 h, and f) simulated powder pat-

tern of ZIF-8.
Accordingly, the intensity of the 011 reflectionasnsistently higher than that of the 112 and
222 reflections at all times, which is differenbrft a homogeneous nucleation and growth
scenario described by Venret al. for the synthesis of ZIF-8 from methanol solu-
tions?°’Analysis of the 001MIF-1) and 011 (ZIF-8) peak areas as a function of tieveals
an exponential decay or increase, respectivelyesponding to a first-order reaction kinetics

(Fig. 4.19). TheMIF-1 - ZIF-8 transformation was also followed by SEM hkihg images
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after different ethanol treatment times (Fig. 4.200reactedMIF-1 exhibits a characteristic
platelet-like morphology consistent with its lanaelistructure. After extraction for 1 h, the
coexistence of material with a layer-like morphgl@nd particles is visible, whereas after 2 h
only agglomerates of particulate material are okeerFrom these images, we infer the gra-
dual formation of rather monodisperse, spheric&-&Inanoparticles with dimensions around
100 nm from an intermediate stage of ZIF-8 parsi@denbedded in a matrix of unreacted la-

mellarMIF-1 .

® MIF (CTAB/MelM)

100 ® ZIF-8

80|

60 |

20

Percentage of MIF/ %
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Figure 4.19Kinetics of the transformation dfllIF-1 (MelM/CTAB) into ZIF-8 as a function of time. Yon-
version was calculated by integrating the area utitee011 and 001 peaks of ZIF-8 avitF-1,
respectively.

Figure 4.20SEM images oMIF-1 treated with EtOH at 100 °C for different timesttéated (left), 1 h (mid-
dle), 2 h (right). Note the different length scales
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4.3.10 Discussion

The facile transformation oMIF-1 into ZIF-8 without prior dissolution of the stamt
material suggests a close topological relationgl@jween the zinc imidazolate network in
MIF-1 and ZIF-8. HencayllFs may be considered a metastable precursor for ZEdatter
being generated by extraction of CTAB from the ilager space. In addition, the
transformation may be considered an alternativehvpay for the synthesis of ZIF
nanocrystals, which is feasible in different sobgeand under a range of reaction conditions.
Nevertheless, the stoichiometry MiFs found by elemental analysis and EDX does not
allow for Zn(IM),-type networks with connectivities in three dimems. 1D zinc imidazolate
chains terminated by bromine ions on either sideuact for both the observed elemental
composition and geometric requirements: The indmatabs sandwiched between the
surfactants show layer thicknesses around 5.4 Asistent with an interdigitated CTAB
monolayer, which is likewise found in CTAB and seleother metallomesogens based on,
for example, the [Zn(H2n-11M)-Cl,] moiety!*® The observed exceptional thermal stability of
the lamellarMIFs is further testament to the strong electrostatieraction between the Zn-
IM chains and cationic surfactants, which is caesis with anionic [Zn(IM),2Br,]" chains
sandwiched between cationic CTfolecules “glueing”’ them together. This could atse
plain the fact that even at temperatures as hi@g2asC, still about 30% of CTAB is retained
in the structure. The observation of crystallinendms in theMIF samples by SAED is re-
markable, as it implies a periodic mesophase wisictot only ordered on the mesoscale like
MCM-type materials, but in addition it exhibits midational order on the atomic scale. In
general, this type of ordered arrangement on t#ferdnt lengthscales is barely found in me-

sophase materiaf§® Also, the observed crystallinity implies excelléayer registry between

58



the inorganic and organic slabs, which is consisteth strong interactions at the inorganic-

surfactant interface as suggested by our model.

4.4 Conclusion

With the above first example of a zinc imidazolatesophase we have transferred the con-
cept of mesostructured silica materials to zinaewmblates, which is rationalized by the simi-
lar Si-O-Si and Zn-IM-Zn bonding geometries. Thige structural analogy between micro-
porous ZIFs and zeolites has been demonstratelddchald for mesostructured silica mate-
rials on the one hand, and mesostructured zincairoidte coordination networks on the other
hand. Comprehensive characterization of the obdaihié materials gives evidence of a la-
mellar hybrid structure composed of bromine-terr@dazinc imidazolate chains, which are
sandwiched by cationic surfactant layers. The alegkfacilein situ transformation into ZIF-

8 nanocrystals suggests a close topological relship betweeMIFs and ZIFs, thus boding
well for a new generation of mesostructured imid@zoframeworks derived from different
types of imidazolate linkers. What is momMlFs can adopt a range of functional groups at-
tached to the imidazole linkers, demonstrated bgréthe use of methylimidazole, which are
introduced into the framework in a one-step reacéind homogeneously distributed, render-
ing post-modification and grafting reactions as ifenfrom functionalized silica materials
unnecessary. Although evidence for the transfoomaif mesoporous into microporous mate-
rials is still pending, the grounds have been tardfurther studies in this system, which will
include the synthesis of 2D and 3D zinc imidazolaesophases and surfactant removal in

order to liberate mesoporous imidazolate frameworks

59



4.5 Experimental Section

Cetyltrimethylammonium bromide (CTAB, 16Hs,NBr, Fluka 98%), cetyltrimethylammo-
nium chloride (CTAC, @H4:NCI, Molekula), decyltrimethylammonium bromide (DBA

C13H30NBIr), tetradecyltrimethylammonium bromide (TTABaA&3gNBr), dodecyltrimethy-

lammonium bromide (DTAB, GH34NBr), trimethyloctadecylammonium bromide (TMODA,
Co1H46NBr, all Aldrich, 98%), imidazole, 2-methylimidazo(both Aldrich, 99%), 1-hexanol
(Aldrich, 98%), n-heptane (99%), chloroform (Merck, p.a.), and zeuetate dihydrate
(Zn(OAC), * 2H,0, Merck, 99.5%) were purchased from commercialtses and used with-

out further purification.

SynthesesTwo separate microemulsions were formed by addia@ M aqueous IM/MelM
(675uL) and 0.10 M aqueous zinc acetate dihydrate (8735to two separate mixtures
containing 0.05 M CTAB (0.993 g), 0.50 M 1-hexarmhd 0.50 Mn-heptane (50 mL each).
The separated microemulsions were stirred vigoyo@ist 10 min at room temperature,
subsequently combined and refluxed at 100 °C fior When using MelM a white precipitate
can be observed after 5 min of stirring, while atelprecipitate is observed when using IM
after cooling to room temperature. The white powdes isolated by centrifugation at 13
000 rpm for 10 min, and washed with cold ethanotldoroform. The yield of the air-dried
powder was 35 mg (90 %). For surfactants other B®8AB the same concentrations were
used. ZIF-8 was obtained by reaction of MelM andcznitrate in methanol according to
literature protocold?® ZIF-4 was produced according to the procedurerieest by Park et
al.'® CTAB extraction experiments with ethanol werefpened by refluxing (100 °C oil-

bath temperaturé)llF (400 mg) in ethanol (25 mL) for up to 24 h in amd bottom flask
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Instrumental Combined differential thermal and thermogravimeamalyses (DTA/TG) were
carried out on a TG-DTA thermo balance (type 92R4Retaram). All samples were heated
at a rate of 3 °C mihunder a helium atmosphere. Powder X-ray diffrac(®RD) data were
collected on a D8 diffractometer (Bruker) and Stagowder diffractometer (Stoe), both us-
ing Cu-K, radiation. Infrared (IR) spectra in the range 650000 cm® were recorded in
reflection geometry using a Spectrum BXII FT-IR sjpemeter (Perkin Elmer) equipped with
a DuraSamplIR Il diamond ATR device (Smith Deteg}lidetermination of the elements H,
C, N, Cl and Br was carried out by oxidative pufpimsing a commercial elemental analyzer
system with helium as carrier gas (VARIO EL, EletaeAnalysensysteme GmbH). The zinc
content was determined by inductively coupled pksatomic emission spectrscopy (ICP-
AES) on a VISTA simultan spectrometer (Varian). AM-6500F scanning electron
microscope (SEM, Jeol) with integrated EDX dete¢t@xford type 7418) was used to obtain
particle size and morphology information. The saitev package Material Studio 5.5
(Accelrys) was used for setting up a suitable stmat model*C and*°N solid-state cross
polarization magic angle spinning nuclear magnetgonance (CP-MAS NMR) spectra were
recorded at room temperature with a DSX Avance BUGspectrometer (Bruker) equipped
with a commercial 4 mm MAS NMR double-resonancebprat a magnetic field of 11.7 T,
the chemical shifts being referenced with resped@MS (*C) and nitromethané\) as ex-
ternal standards. The different NMR parametergHersingle measurements are summarized
in Table S1 (Supporting Information). For transnaeselectron microscopy, samples were
prepared by drop coating the solutions on Cu gsidls lacey carbon backing (Plano GmbH).
TEM experiments were performed on a JEOL 2011 regwpe equipped with a LgBhermal

source, operated at 200 kV.
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4.7 Supporting Information

MelM
Zn(OAc), *2H,0
ZIF-8
——— CTAB, monoclinic

Al ——— MIF(CTAB/MelM)

it

0 10 20 30 40 50 60
20/°
Figure S1XRD powder pattern oMIF-1 (CTAB/MelM), ZIF-8 and the starting materials Z§©), - 2H0,
MelM and CTAB.
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Figure S2XRD powder pattern ofIF-2 (CTAB/IM) , ZIF-4 and the starting materials Zn(©A- 2 HO, IM
and CTAB.
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Figure S3°C solid-state NMR spectra obtained fdtFs based on surfactants with different chain lenggs.
TMODA(C,1H46NBr)/MelM (MIF-1B), b) CTAB(CoH4:NBr)/MelM (MIF-1), and c) TTAB
(Cy/HzgNBr)/MelM (MIF-1C). Signals marked with an asterisk are spinning-biands.
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Table S1Experimental parameters for the solid-sté@and™N CP-MAS NMR measurements.

¥c Rotational Contact time reclay delay  scans
frequency [usec] [sec]
IM 6 kHz 5000 4096 16
MelM 8 kHz 2000 4 14268
CTAB 10 kHz 5000 5 740
CTAC 6 kHz 5000 5 379
ZIF-8 8 kHz 2000 4 15713
ZIF-4 10 kHz 5000 8 16
MIF -1 CTAB/MelM 8 kHz 5000 5 10080
MIF -2CTAB/IM 8 kHz 5000 5 220
MIF -3CTAC/MelM 6 kHz 5000 5 9393
MIF -1C TTAB/MelM 8 kHz 5000 5 1364
MIF -1B TMODA/MelM 15 kHz 5000 5 1254
MIF -1 CTAB/MelM, 320°C 8 kHz 5000 5 10164
15N
MIF -1CTAB/MelM 6 kHz 10000 4 15024
ZIF-8 10 kHz 10000 2 292
CTAB 6 kHz 10000 4 16536
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5 Ultrathin 2D Coordination Polymer Nanosheets by Sufactant-

Mediated Synthesis

This chapter is based on the article “Ultrathin 2DCoordination Polymer Nanosheets by
Surfactant-Mediated Synthesis”, published inJournal of the American Chemical Society,
2013 135,6157-6164 by Sebastian C. Junggeburth, Leo Diehliephan Werner, Viola

Duppel, Wilfried Sigle and Bettina V. Lotsch.

5.1 Abstract

Low-dimensional nanostructures offer a host ofiguiing properties which are distinct from
those of the bulk material owing to size-confineimefiects and amplified surface areas.
Here, we report on the scalable bottom-up synthafsidtrathin coordination polymer nano-
sheetsvia surfactant-mediated synthesis and subsequentiaidol Layers of a 2D zinc
coordination polymer are self-assembled in therliaweellar space of a reverse microemulsion
mesophase into stacks of nanosheets interleav&dGAIAB at regular intervals, thus giving

rise to a lamellar hybrid mesostructure with adatperiod o8 nm and an underlying highly

crystalline substructure. The basic structural fna8 composed of 2D acetato-
benzimidazolato-zinc layers of tetrahedrally conadied zinc joint together by anionic acetate
and benzimidazolate ligands. The hierarchical stirecwas studied by PXRD, TEM, EDX,
EELS, AFM and solid-state NMR spectroscopy, reveph high level of order on both the
atomic and mesoscale, suggesting fairly strongant®ns along the organic-inorganic hybrid
interface. Exfoliation of the hybrid material ingamnic solvents such as THF and chloroform
yields sheet- and belt-like nanostructures witkeritsizes between tens and hundreds of na-

nometers and a height of about 10 nm measured W, A¥hich precisely maps the basal
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spacing of the lamellar mesostructure; further kation results in nanobelts with minimum
sizes around 4 nm. Finally, the sheet-like nanctitres behave as morphological chamele-
ons, transforming into highly regular multiwallesacdination polymer nanotubes upon

treatment with organic solvents.
5.2 Introduction

It is commonly accepted in nanoscience that thesighi/properties depend on the size of the
nanomateriaf’® Therefore, methods for controlling the size disttion of nanomaterials are
key prerequisites to gain access to a plethoratefesting properties and size-dependent phe-
nomena inherent to nanomaterials. While bottomymhesis methods are highly versatile
and allow for a broad range of materials to be @geed, they often give rise to products with
a broad size distributioft® In contrast, physical top-down methods to nanori@sesuch as
electron beam or nanoimprint lithography offer ghhlevel of size control and accordingly
yield higher levels of monodispersity. However, thaterials choice is limited for the latter
and fabrication procedures are often elaborate cnsdy. Integrating bottom-up with top-
down techniques within ehemicalsetting involving solution processing technigueshiere-
fore highly desired. Exfoliation of layered bulk teaals into their 2D constituents can be
considered as such a “best of both worlds” approasht combines the versatility of “bot-
tom-up” solid-state synthesis with the high premisformation of essentially monodisperse
nanostructures by “top-down” delamination of preafed nanosheet building blocks. Never-
theless, control over the monodispersity is nogvstraightforward. Strong interlayer forces
within the bulk material and insufficient contrdl the kinetics of exfoliation tend to break up
the solid irregularly into nanosheets with diffarémcknesses and lateral dimensions. To alle-
viate such short-comings, the template-directetbboup — or direct — synthesis of 2D nano-

sheets has recently entered the stage as a powa#tguiative to produce size-controlled na-
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nosheets, which takes advantage of the lamellaophese of a surfactant acting as a tem-
plate for thein situ generation of nanosheéts?°Using this protocol, the layered assemblies
can be broken up into individual nanosheets muesleeas the surfactant layers act as prede-
termined breaking points and stabilizing agentsresgae-agglomeration of the nanosheets at
the same time. In addition, and as opposed to +stdp intercalation-exfoliation protocols,
the direct synthesis of 2D nanomaterials involvemgle step and hence can be carried out as

one-pot reaction.

Layered materials carry a range of attractive dropic properties, including mechanical
strength along two dimensions, size or shape-degreredectronic and optical properties, and
high surface are&8° Processing schemes for layered materials are atdrihd their suscep-
tibility to soft chemistry protocols such as sutfat-assisted synthesis, intercalation, ion-
exchange and exfoliation qualifies them for a numioé applications ranging from
catalysis’’ adsorptiorf?> chemical or biosensiA@ to solid-state nanoreactdrs,
anion/cation exchangef¥, electrode materiafé® and molecular sievé8.The large family of
layered materials amenable to soft chemistry psingsncludes oxide and non-oxide species
such as graphite, layered silicatéstitanates?® perovskite$® chalcogenide$?%* and
layered double hydroxides (LDHSY-?**many of which have been exfoliated into individual
nanosheets by exfoliation involving intercalatiomdaion-exchange of the pristine layered
materials, or simply by mechanical or solvent-metizexfoliation. Although bulk coordina-
tion (or “hybrid”) polymers composed of metal ioasd organic linkers jointia coordinative
bonds, which have an inherent 2D structure are ddmin reports about their exfoliation into
2D nanostructures remain suspiciously scarce. Th&lmrganic framework MOF-2 and
[CwBr(IN)2], (IN =isonicotinato) are the first layered coordinatframeworks that have been

mechanically exfoliated down to the single sheeell&*>**while other groups used 1D and
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2D nanomorphologies of Zn-BDC (BDC = 1,4-benzenadioxylate) as platforms for small
molecule detectiofi®?*” Cheetham and co-workers recently reported on #ieliation-
mediated synthesis of a range of highly crystalladense hybrid framework nanosheets based
on dimethylsuccinic acid, which offer a host ofergsting magnetic, electronic and mechani-

cal properties, the latter studied by nanoindemagixperiment§*®244

In this contribution, we present the direct sudatimediated bottom-up synthesis of 2D
coordination polymer nanosheets as well as mulladahanotubes with a unique level of size
control. In the present context, the term coordamapolymer refers to a metal-organic sub-
structure composed of metal centers (heré)zoordinated to organic linkers (here benzimi-
dazole and acetate). Moreover, we demonstrateeifialiation proceedsia a mesostructured

hybrid phase featuring hierarchical order on thesaseale as well as the atomic scale, me-
diated byin situ liquid-crystal templating during the formation ofhéghly crystalline, 2D

layered acetato-benzimidazolato-zinc phase underse microemulsion conditions.

5.3 Results and Discussion

5.3.1 Mesostructure Synthesis and Characterization

As reported previously, the reaction of methylinzdia (MelM) and imidazole (IM) with zinc
acetate under reverse microemulsion conditions yl(detethylammonium bromide
(CTAB)/n-heptane/l-hexanol/water) leads to the formationmasostructured imidazolate
frameworks MIFs) with a basal spacing of roughly 27 A, composedbBfzinc coordination
polymers interleaved with CTAE?® Surprisingly, switching to benzimidazole (BelM) las
gand gives rise to a mesostructured material withamatically enlarged lattice constant of
~ 84 A, dubbedBelM-MIF . The observed basal spacing does not correspotypital la-

mellar mesostructures containing single layer (260k bilayer (52 A) arrangements of
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CTAB.1%% 183188pagides a series of low angle reflections assediatth the mesostructure,
the XRD of the white product additionally showswamber of high angle reflections, indica-
tive of a hierarchically structured material ordkt®th on the meso- and on the atomic scale

(Fig.5.1, black line).

[Zn(BelM)OAc],
BelM-MIF

Relative Intensity

r L 1 L i
10 20 30 40 50 60
2theta / °

Figure 5.1 XRD powder patterns of mesostructurBdiIM-MIF and the underlying 2D layered coordination
polymer[Zn(BelM)OACc] . 00 reflections of the lamellar mesostructure are mankith an asterisk.
The patterns at low angles (0.5 to & %vere measured in reflection mode, at high an¢fés 60°

20) in transmission mode.

Next, solid-state NMR and IR spectroscopy as welireass spectrometry were used as local
probes to elucidate the composition and bondingfsat BelM-MIF . The solid-staté>C
CP-MAS NMR spectrum oBelM-MIF (Fig. 5.2, bottom) clearly indicates that both el
and CTAB are contained in the material; the preserfcCTAB was also confirmed by mass
spectroscopy (GH4N'peak at 284.81/2). On comparing the spectrum BEIM-MIF with
those of BelM and CTAB, it is evident that the dpam is not a mere overlay of the spectra
of the starting materials. IBeIM-MIF , the'*C positions next to N1/N3 (C8/C9 and C2) are
shifted to lower field (139.5 ppm/140.3 ppm vs. B3@pm (pristine BelM) for C8/9 and
147.3 ppm vs. 141.7 ppm (pristine BelM) for C2) d@he remaining benzene signals (C4/7 at
114.7/113.6 ppm and C5/C6 at 121.5 ppm/120.4 ppm)split. We therefore conclude that

the chemical shifts and multiplett pattern of'fiiesignals are indicative of anionic [BelMis
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found in ZIF-7 (Zn(BelM)) (see Table 5.1), suggesting complete deprotamatiaBelM in
contrast to proton bearing BeIM(&) The shifting and splitting pattern of the CTAEC
signals ranging from 55.1 ppm to 14.3 ppm is simitaother mesostructured systems con-
taining CTAB (Table 5.2§°% ' Notably, the'*C-MAS solid-state NMR shows two additional
peaks at 182.9 and 19.3 ppm, which originate frogtae anions (OAc), and a minor peak at
178 ppm suggesting the presence of a small amdyrbtonated HOAc moieties. For com-
parison, HOAc (in CDG) has signals at 178.4 and 20.0 pphand solid Zn(OAg) 2H,0 at
183.7 and 19.3 ppm (Table 5.1), respectively. Qlislyy by using zinc acetate as starting ma-
terial OAcis incorporated into the system. What is more, O#eems to play a crucial role
for the formation of this compound as no precipitatas observed using alternative zinc
sources such as ZnCEnBr, Znk, or Zn(NQ),. While MelM-MIF and IM-MIF are ternary
systems Zn/(Me)IM/CTAB despite the presence ofateeions in the microemulsion synthe-
sis!®®C-NMR indicates thaBelM-MIF is in fact a quarternary system comprising Zn,
BelM, OAc, and CTAB.

Table 5.1 Experimental and literaturé®C CP-MAS NMR chemical shifts (in ppm) oBelM-MIF ,
[Zn(BelM)OAc] , BelM(H), ZIF-7, HOAZ* and Zn(OAc) - 2H,0, referenced to TMS.

13C MAS NMR | CH,6CO, | 6CH5CO, oC2 oC4,7 0C5,6 0C8.,9
BelM-MIF 182.9; 178.5 22.9 147.3:152|0 114.7:118.6 121.54120139.5; 140.3
[Zn(BelM)OAC] 182.9 23.1 147.6 114.6;113]4 121.5;12p.4 140.8;53
ZIF-7 149.9 114.9 122.5:125.3 138.1;140.3
BelM(H). 141.7 118.1;112.5 122.4;12009 134.9
HOAC!® 178.1 20.8
Zn(OAc), 2H,0 183.7 19.32
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Figure 5.2 **C CP-MAS solid-state NMR spectra of BelM-MIF and B)[Zn(BelM)OAc] . Signals of the

methylene chain partly overlap with the methyl graaf acetate. Signals marked with an asterisk

are spinning side bands.

Table 5.2Experimentaf*C NMR chemical shifts (in ppm) and assignmentsaieirig to the surfactant moiety
in BeIM-MIF and the surfactant CTAB, respectively.

CTAB 5
3¢ NMR CTAB ™ onocinic  BelM-MIF
Cr 55.1
c2 62.5
ok} 29.1 26.2
c4' 23.9 !
C5-C15’ 31.2-34.1 29.99-32.3
C16’ 23.1
c17’ 16.1 14.4

Yinvisible due to overlap with the GHjroup at 22.9 ppm of Zn(OAg)

IR measurements are in agreement with the abodinfle (Fig. 5.3) and show the presence

of small amounts of CTAB iBelM-

MIF through the two characteristi¢CH,)-stretching

vibrations at 2850 cttand 2915 cil.*®® Furthermore, characteristic BeIM and OA¢Q=0)-

stretching at 1542 cii1454 cn) deformation and wagging modes are visible infihger-

print region. In line with the NMR measurementss #ibsence of broadOH) andv(NH)
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stretching modes assignable to hydrogen-bondedrmio¢aring acetic acid and benzimida-

zole above 1800 cihpoints to fully deprotonated BelM and OAc moiefi&s

1000 3500 3000 2500 2000 1500 1000
Wavenumber / cm™

Figure 5.3IR spectra of aBelM-MIF and b)[Zn(BelM)OAC] .

5.3.2 Basic Layered Structure

In order to shed light on the crystalline atomiedscstructure of the hybrid material as seen
by high angle XRD we carried out the synthesis uilde same reaction conditions as stated
above, yet with a gradually decreasing amount oABTstarting from a 0.025 M solution
(= 100%) of CTAB in an-heptane/l-hexanol/water microemulsion. Incorporanf CTAB
starts at a CTAB content of 40% (0.06 M) or highedicating the formation of micellarme-
sophases, which likely act as templates for then&bion of the observed mesostructure. The
XRD powder pattern of the product obtained withthg addition of CTAB is depicted in
Figure 5.1 (grey line). Clearly, the pattern nogdenshow<0Il-reflections, indicating the ab-
sence of a mesostructure. The composition of thenmawas ascertained to correspond to
the formula[Zn(BelM)OAc] by elemental analysis (see Table 11). Strikingtgst of the
high angle reflection positions and intensities idemntical to those dBelM-MIF , indicating
the same underlying atomic ordering scheme in teeastructured and the CTAB-free ma-

terial. The close structural relationship betweentivo materials is confirmed by thi€ sol-
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id-state NMR measurements, which exhibit the sah@eenecal shifts and splitting patterns of
the anionic building blocks [Belyl and [OAC], and, hence, similar chemical environ-
ments(Fig. 5.2). The XRD pattern @n(BelM)OAc] was indexed and refined by a Pawley

Fit (P2./c, a= 10.814 Ap=9.833 A ,c = 8.813 A = 98.96° (Fig. 5.4)).

hki_Phase 0.00 %
20.000|
15.000;
0
S 10.000|
o]
(&)
5.000
o |
A 4
]V’ |
5,000 L 1|1 ULICL0 0000 U O D OO0 A D A

10 20 30 40 50
2Th Degrees

Figure 5.4 Pawley fit of the XRD powder pattern pIn(BelM)OACc] , yielding space group and lattice parame-
tersP2;/c, a= 10.814 Ab=9.833 Ac=8.813 A = 98.96°.

The metrics match well with that of a known pe@bacetaton,-benzimidazolato-
zinc(cobalt)(1l)] coordination polymer with comptish [M(BeIM)OAc] (M = Co**/zn?"), 24>
247 consisting of M(BelMy, chains running along and M(OAc);, chains running along,
which are connected by tetrahedrally coordinatediovis, forming a 2D non-interpenetrated
network (Fig. 5.5a). In this layered hybrid framelyothe 2D layers are oriented normal to
the [100]-zone axis, connected by weak van der $\Vimaéractions (Fig. 5.5b). We therefore
infer that the basic atomic-scale structureBeiM-MIF is composed ofZn(BelM)OACc]
layers, which are interleaved periodically by CTABough liquid-crystal templating during

the synthesis under reverse microemulsion condit{eae below).

In line with these findings, elemental analysis JEAf BelM-MIF vyields a
[Zn?"] : [BeIMT] : [OAcT] : [CTA'Br] atomic ratio of roughly 7:7.5:6.5:1 (Tales),

while the composition of the CTAB-free material wadetermined as
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[Zn?] : [BeIMT] : [OAcT]=1:1:1 (Table 5.4). The fact that the ligaindmetal ratio is es-
sentially the same for both compoundsl(: 1: 1) is consistent with the high tendency of
high formation previously observed for hybrid corapds in the system Zn/(Be)IM/RGH*

246, 248249 The EA data of BelM-MIF significantly differ from the MIF- systems
Zn/MelM/CTAB and Zn/IM/CTAB as the latter do notrdain acetate ions, but have a much
higher CTAB content®® Also, the elemental composition BEIM-MIF is distinct from that
of the 3D =zeolitic imidazolate frameworks (ZIFs), hish show ratios of
[Zn?"] : [BeIM Jofl : 2.1%°

Table 5.3 Elemental analysis dBelM-MIF , yielding an elemental composition of {[ABelM);5OAC)s g -
CTAB}, corresponding to the formulaggHgeBriN10;37n; with M = 2084.37 g/mol.

Zn N C H o) Br

1Ssample 22.35 10.85 48.37 4.66 9.56 421
2"sample 23.69 10.86 48.12 4.67 9.04 3.62
3%sample 21.65 10.44 49.31 5.09 9.87 3.64
Average 22.56 10.72 48.60 4.81 9.49 3.82
calc. 21.96 10.75 48.69 4.79 9.98 3.83

Table 5.4 Elemental analysis of[Zn(BelM)OAc] with elemental composition ¢HgO,N,Zn and
M = 241.55g mot.

Zn N C H o)

1Ssample 26.79 11.65 44.63 3.27 13.21
2"%sample 27.21 11.43 44.58 3.30 13.48
3%sample 27.49 11.38 44.54 3.27 13.32
Average 27.38 11.54 44,54 3.34 13.12
calc. 27.07 11.60 44.75 3.34 13.24
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Figure 5.5A) Packing diagram ofzn(BelM)OAc] along the [100pxis highlighting the 2D sheets formed

Zn(BelM),;, chains and Zn(OAy;, chains connected by ZntetrahedraThe benzene rings of

BelM are omitted for clarity. B) View along [001hswing the weak van der Waals interactioe-

tween different sheefé’

5.3.3 Transmission Electron Microscop)

The above results suggest that layers of the coatidn polyme([Zn(BelM)OAc] constitute
the basic structural units, while the presence DAE gives rise to a superstructure wita-
noscale periodicity, which modulates the atomicatiydered, layered arrangement
[Zn(BelM)OAc] along the stacking direction. To probe the intaiion between atom-
scale and mesoscale structurdBelM-MIF we carried out transmission electron microsc
(TEM) measurements along with EDX/EELS line scand high angle annular dark fie
(HAADF)-STEM measurementMeasurements invariably reveal tlthé sample is extree-
ly sensitive to the electron beam, thus requiringdom selection of crystals and short d-
sition times for the diffraction measurements, resglin part in imperfect alignment of tl
sample with respect to the be: TEM bright field measurements add evidence to the ap-
tion of a lamellar mesostructure (F 5.6a). Although the morphology of the materialem-
bles that of closely stacked and slightly splicedsrat first sight, a tilt series enabling us

view the assembly at three different angles cordithe presence of thin slabs stacked or
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of each other (Fig. 5.6b-d). Notably, the slabsehawendency to roll up at their edges, thus

conveying the impression of a curled or rod-likerpmlogy.

The morphology and elemental distribution withie timesostructure was analyzed by com-
bined EDX/EELS line scans carried out on crossisecpecimen of the material embedded
in a polymer matrix (Fig. 5.7, resolution ~1 nmhelTEM cross-section image ascertains that
the material is built up from lamellae featuringp@riodic material contrast with a period of
the dark and bright region ef 8 nm. Notably, the elemental distribution profil@eng the
cross-section indicate a higher amount of Zn in dagk regions (bright regions in the
HAADF image indicating elements with high&y, while the carbon content peaks in the
smaller, bright regions (dark regions in the HAADRage indicating elements with smaller
Z). A slightly higher nitrogen content in the dadgions may be inferred from the nitrogen
distribution (Fig. 5.7), thus suggesting that zamd the nitrogen containing ligand BelM re-
side in the larger slabs, whereas the surfactdatemca spacer. Hence, the Zn containing dark
slabs are composed [@n(BelM)OAc] layers stacked along the [001] zone axis of theitlyb
mesostructure, which are interleaved at regularvais with a layer of CTAB, thus breaking
up periodically the stacking of tjgn(BelM)OAc] layers of the pristine 2D structure as out-
lined in Scheme 5.1. This hypothesis is confirmgdskelected area electron diffraction
(SAED) patterns collected along [001] of the mesastire, giving rise to diffraction patterns
of the k0) planes of the stacked lamellae. Indeed, sinaratdf the corresponding in plane
SAED patterns for pristingZn(BelIM)OAc] (along [100] in the CTAB-free struc-
ture)compare well with those observed experimentalt the mesostructured material, thus
confirming the atomic level ordered structure a thmellae, consistent with the composition

and structure gizn(BelM)OAc] (Fig. 5.8).
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Figure 5.6 a) Side view onto the lamellae and TEM tilt sellie-e) of BeIM-MIF showing the lamellar mo-
structure. The images were obtained by rotatincTEM holder starting from b-25°, to ¢) 0°, to d)
+25°, and e) back t@5° (inset)

Evidence of the mesostructure is obtained by SABRems taken parallel to the lamel
along [010] to probe the stacking period and sigdtt bn the mutual arrangem of the Zn-
hybrid layers and CTAB, respectively (F5.9. The SAED pattern can be indexed ore-
ries of 00l reflections, corresponding to a lattice sing of approx. 80 +#, which is consis-
tent with the mesostructure seen by XRD (5.1). The modulated intensity distribution w
strong 007 and weak®06 and 008 reflections suggests the presenaesaperstructure is-

ing from a more subtle scattering contrast alomgstiacking directior

& =CTAB
=5-6 um
=10 nm
=0.5 um —_
Izs nm

J

7

[Zn (BelM)OACc]

Scheme 5.1Schematic illustration of the composite mesostmectaf BeIM-MIF , composed of layers
[Zn(BelM)OACc] (in red) stacked along [001], and separated ati@egutervals by CTAB (black
Typical lateral dimensions of the anisotropic sheme shown on thleft; the basal spacing of

8 nm (10 nm for a stack covered by CTAB at the tnd bottom) is indicated on tlright.
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Figure 5.7 A) EDX line scan of the Zn -line intensity acrosBelM-MIF layers in a polmer matrix, B) EELS
line scan across an HAADF image (C)BelM-MIF . The elemental distribution of Zn, N and

was measured across several light and dark lamsltedial resolutior 1 nm).

.......

Figure 5.8 SAED pattern (right) oBelM-MIF sonicated for 5 min in CHgland simulation of theOkl) plane
(left) using the structure model [Zn(BelM)OACc] .

Figure 5.9 A) SAED pattern and profile (BeIM-MIF viewed abng [010] perpendicular to the corresponc

lamellae (B) with al-value of 82 A.
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We associate the intensity modulation with the soupstion of the layer stacking periodicity
in the [Zn(BelM)OAc] substructure (~ 1.1 nm) with the mesostructureodeof ~ 8 nm,
which results from the ordered insertion of CTABvieen the layers at regular intervals after
roughly five to six layers dZn(BelM)OAc] . In other words, the systematic disruption of the
layer stacking sequence of the 2D layered coondingtolymer by CTAB insertion gives rise
to a regular mesostructure, where the modulatezhgitly distribution is reminiscent of the

layer stacking period in the pristine acetato-bendazolato-zinc substructufé’
5.3.4 Surfactant Extraction

To confirm the above model and to examine the gtheaf interaction between the surfactant
and hybrid layers within this stacked arrangemeatcarried out surfactant extraction expe-
riments aiming at the complete removal of CTAB frtma mesostructure, which should result
in pure[Zn(BelM)OAc] . Remarkably, the surfactant could only be remdwedefluxing the
material in EtOH or CHGIfor many hours, which was verified BYC solid-state NMR by
monitoring the intensity of a characteristic CTARmal at 55.1 ppm (representing the —
N(CHas)s"-group of CTAB) relative to the acetate peak of tiybrid layers at 182.9 ppm for

increasing reflux times (Fig. 5.10/5.11).

As outlined in Fig. 5.12, CTAB is gradually releds#uring the course of several hours under
reflux in EtOH, and is completely removed afterid8vhich is confirmed also by the XRD
patterns of the extracted sample (Fig. 5.13 andeTab). On the one hand, this again high-
lights the close relationship betwegin(BelM)OAc] andBelM-MIF , as the latter is neatly
transferrable into the former by surfactant extoactOn the other hand, the harsh conditions
necessary to fully remove the surfactants inditlaé¢ strong interactions between the surfac-

tants and th&Zn(BelM)OACc] layers exist, which may even be an indicationraftgng of the
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surfactants into the zinc-hybrid layers by direatnting of Bf to the neighboring
[Zn(BelM)OAc] layer, while CTA is electrostatically attached to the layeia CTA" -

Brinteractions.
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Figure 5.10Solid-staté*C CP-MAS NMR spectra of &3elM-MIF andBelM-MIF refluxed in ethanol for b)
16 h, ¢) 32 h and d) 48 h. Signals marked withsaaregsk are spinning side bands.
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Figure 5.11°C MAS solid-state NMR spectra of BpIM-MIF andBelM-MIF after refluxing in chloroform
for b) 16 h and c) 32 h. Free CTAB can easily lsalved in chloroform. Signals marked with an
asterisk are spinning side bands.
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The'®N CP-MAS NMR spectra dZn(BelM)OAc] andBelM-MIF (Fig. 5.14, Table 5.6) are
largely in line with this hypothesis. The signaband -194.3 ppm can be assigned to the de-
protonated nitrogen atoms N1/N3 of BelM (-194.4 pfon BelM in [Zn(BelM)OAc], -
192.4 ppm for ZIF-7, while proton-bearing BelM(Hashtwo signals at 145.2 and 223.5 ppm
for N1/N3, respectively). The minor signal at -1IBppm may evidence a slight charge redi-
stribution at the BelM nitrogen sites in the oy@n(BelM)OAc] -layers, which are in direct
contact with CTAB, due to an increased Zn coordomasphere. However, the presence of
impurity phases giving rise to this signal cannetdxcluded. The quaternary nitrogen of
CTAB is not visible in thé®N NMR spectra, which may in part be due to the &mmcentra-
tion of CTAB compared to the hybrid layers, but naso point to a significantly decreased

mobility of the surfactant through grafting to the-containing layers.
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Figure 5.12Time evolution of the extraction of CTAB from metosturedBelM-MIF . The CTAB content of
the mesostructure is extracted from solid-state NlwHasurements and plotted for increasing reflux

times.
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Table 5.5Elemental analysis @delM-MIF , refluxed for 32 h in EtOH. The resulting elemém@mposition is
about the same as fitn(BelM)OAc] with M[Zn(CH;CO,)C/HsN,] = 241.55 g mot).

Zn N C H Br @]
1%sample 25.19 11.65 45.99 3.83 0 11.11
2"°sample 25.83 11.50 46.39 3.98 0 10.37
average 25.51 11.58 46.19 3.91 10.74
calc. 27.08 11.60 44.75 3.34 13.25
Cc
b

5 10 15 20 25 30 35 40 45
2theta / ©

Figure 5.13 XRD powder patterns of aBelM-MIF , b) BelM-MIF refluxed for 48 h in EtOH and c)
[Zn(BelM)OAC] .
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Figure 5.14Solid-state®N CP-MAS NMR spectra of §Zn(BelM)OAc] and b)BelM-MIF .
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Table 5.6 Experimental™N NMR chemical shifts (in ppm) oBelM-MIF , [Zn(BelM)OAc] , BelM(H), and
ZIF-7, referenced to nitromethane.

N NMR / ppm 3N
BelM-MIF 194.3; 187.2
[Zn(BelM)OAC] 194.4
BelM(H) 145.2; 223.5
ZIF-7 192.4

5.3.5 Exfoliation

The lamellar morphology of the mesostructure wishrolled up edges together with the struc-
ture model outlined above suggests that the lamella held together only weakly by van der
Waals interactions between the hybrid materialthedCTAB layers. Therefore, exfoliation of
the multilayer stacks or even individualn(BelM)OAc] layers should be feasible by em-
ploying mechanical and solvent-assisted exfoliapootocols. To probe this hypothesis, ex-
foliation experiments oBelM-MIF were carried out using different solvents, inchgdetha-
nol (EtOH), dimethylformamide (DMF), water, chloooim (CHCE), toluene (Tol), tetrahy-
drofurane (THF). The samples were shaken for 78ti a milky colloidal suspension was
obtained. The exfoliation efficiency decreasesha following order: THF > Tol > CHGI
Exfoliation in strongly polar solvents (i.e. watemd DMF) was unsuccessful, as the solvent
molecules apparently cannot efficiently penetragéwvieen the hydrophobic interlayer space
flanked by nonpolar benzene and methylgroups, éied by CTAB. The colloidal character
of the suspensions obtained by exfoliation in TH#, and CHC{ is evidenced by the Tyndall
effect upon irradiation with a laser beam, with fimely dispersed nanosheets being the rea-

son for scattering of the incident laser light (FdL5).
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Figure 5.15Demonstration of the Tyndall effect of a suspemsibBelM-MIF in Toluene. While the red laser
beam is invisible in the supernatant in (A) beferfoliation of BeIM-MIF , it is scattered by the

colloidal suspension (B) containi®eIM-MIF nanosheets.

The colloidal suspensions were subsequently spitedoon Si-wafers (~ 1.5 x 1.5 @nfor
characterization by atomic force microscopy (AFMigure 5.16 shows typical AFM images
of the morphology oBelM-MIF after shaking in Tol and THF and subsequent spatteg.
The deposited particles display anisotropic latdnadensions up to ~04om x ~5 - 6um (for
Tol) with a belt-like morphology and a rhomboedsalface area of up 116n x 1.5um (for
THF), respectively. Mainly anisotropic nanobeltsr&vebserved by AFM after exfoliation in
Tol and THF, rather than sheets with equidistaetré dimensions as seeia TEM on imag-
ing the powdered sample without previous soluti@atment. We attribute this fact to the
mechanical disruption of the sheets during thecatdiun/shaking process, which reduces their
lateral size and gives rise to the observed ribdltaped morphology. Notably, the measured
heights for the deposited nanostructures are vaifpun and amount to roughly 10.2 nm,
which is consistent with the thickness of one damkl two bright lamellae, as determined by

EDX/EELS measurement (Figs. 5.7A and 5.7B).
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Figure 5.16 AFM surface topographies @delM-MIF exfoliated in different solvents. Top row: nanosise
exfoliated in Tol: a) AFM image showing strongly isotropic nanosheets (i.e. nano-
belts/nanoribbons), b) height profile; bottom rawnosheets exfoliated in THF: a) AFM image, b)

height profile.

Similarly, we observe a surface step of around 2anrtine top of most nanobelts, which we
tentatively attribute to a layer of CTAB as wellvaater covering the belts at the top and like-
ly also at the bottom. To test whether the nanebedn further be delaminated into smaller
stacks of[Zn(BelM)OAc] layers, the wafers showing ribbon-like nanostrieguwere im-

mersed in an EtOH solution for 5 h. The resultifgVAimages are shown in Figure 5.18.

While the shape and lateral size of the nanostresttemains largely unchanged, the surface
of BeIM-MIF roughens during the washing process. The meas$igtts after the washing
step range from 4 — 7 nm, indicating that the naftelxan in fact be reduced in height even

further by ablating singlZn(BelIM)OAc] layers from the top of the ribbon.
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Figure 5.17 TEM images ofBelM-MIF exfoliated in THF. The material exhibits variousnoemorphologies
including nanobelts (A), sherand intergrown belts (B+C), as well as multiwaltethotubes (D
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Figure 5.18 AFM images oBelM-MIF after shaking in Tol and spiteating (shown in Fit5.16), and subse-
quent immersion of the -Wafer in an EtOH solution for B. The two different displays (A and
show imaging and the corresponding height profdémng three (A) or two (B) different line

(shown in red).
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Figure 5.19SEM images of exfoliateBelM-MIF (A), showing the formation of nanoscrolls next tmobelts
with varying lateral dimensions. (B) Non-exfoliatBéIM-MIF , revealing the regular stacking of

tightly packed slabs.

5.3.6 Nanotube Formation

A peculiar feature observeda TEM is the formation of nanotubular structures rafieom
extended sheets or belts (Fig. 5.17D). SEM imagesal that these nanoscrolls are formed by
self-rolling of one or more belts, similar to canbnanoscrolls formed by rolling up of gra-
phene (Fig. 5.19A3*?*2The nanoscrolls share the same in-plane struanddayered meso-
structure as the nanosheets and belts, from whahgeem to roll up into open, tubular struc-
tures with diameters ranging between 400 and 6Q0Tinms is consistent with the previously
observed tendency of the sheets to buckle at duges. Interestingly, the underlying peri-
odicity of the lamellar mesostructure in the tulsesrger than that observed for the sheet-like
lamellar mesostructure and amounts to roughly 10Mate that nanotube formation is not a
guantitative process and is only observed for sampihich have been shaken in an organic
solvent for exfoliation. We therefore infer thatnacrolling occurszia a solution-mediated
process during which the CTAB layers are likelypgted off (Fig. 5.19Bss. 5.19A). Together
with charge inhomogeneities and surface straindgadiby a loss of CTAB, this may lead to a
higher tendency for spiral wrapping of the sheetsetduce the surface free energy through
increased van der Waals forces. The formation ofdination polymer nanotubes next to

extended sheet-and belt-like structures highligimspotential of this bottom-up synthesis for
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the creation of a diverse range of nanomorphologibsch cin be tuned by varying the n-

thesis conditions.

Scheme 5.2Schematic of the tentative formation mechanism efsostructurecBelM-MIF by surfactant-
mediated liquid crystal templating under reverseroemulion conditionsCTAB forms a lamella
mesophase in the hydrophobic solvent, enclosingstaie water reservoirs (blue) as confinewc-
tion space in which the coordination polymer nueleaThe consolidated structure (right) iim-
posed ofZn(BelM)OAc] layers (red) interleaved with CTAB bilayers.

5.3.7 Formation Mechanismr

The coordination polymer mesostructure was obtaiumader inverse microemulsion cd-
tions in the presence of large amount0.01 gew%)of CTAB, which points to the centr
role the surfaeint plays in mesophase formation. The observedllanmeesostructure feer-
ing a precise pattern of hybrid inorganic slabgileaved with organic slabs is line with
CTAB acting as a lamellar template, which is regtied by the spatially confined ction of
Zn(OAc) and BelM in the interlamellar space of the surfactaesophase. The tentat
formation mechanism is outlined in Sche 2, highlighting the action of the CTAB mno-
phase as confining template, which directs the wahébrmation of the lyered Zn-hybrid
phase within the water reservoirs sandwiched betwiee organic liquid crystal phase. T
mechanism is in line with the observed hierarchstaicture, which forms as a conseque
of both geometric confinement and interfacial femerey minimization at the orgar-hybrid

interface.
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5.4 Conclusion

In summary, we have demonstrated the formationtuégarchical coordination polymer me-
sostructure, which is obtained under reverse mimttgion conditions by surfactant meso-
phase templating. The lamellar mesostructure wigkraodicity of 8 nm results from incorpo-
ration of CTAB into a crystalline layerddn(BelM)OAc] structure at regular intervals, thus
giving rise to stacks of nanosheets with a pregidefined number of layers, each stack being
separated by CTAB. As opposed to the bonding $itiaah the mesostructured imidazolate
frameworks reported previous(MIF-1 andMIF-2), the presence of acetate ionsBielM-
MIF apparently enables the formation of robust 2D shaets, which form the underlying
building blocks of the mesostructure reported irs thvork, thus giving rise to a material
which is ordered on both the atomic scale and nuas®sThe stacks of nanosheets can be
isolated by ultrasonic treatment, featuring a umifsize distribution of around 10 nm as de-
termined by AFM under ambient conditions. Notaliye observe the formation of multi-
walled nanotubular structures by rolling up of @@ slabs owing to their highly flexible
morphology, a phenomenon which has rarely beenrebddo date in the context of crystal-

line 2D coordination polymers®
5.5 Experimental Section

Cetyltrimethylammonium bromide (CTAB,16H4,NBr, Fluka 98%), benzimidazole (Fluka,
99%), 1-hexanol (Aldrich, 98%)-heptane (99%), chloroform (Merck, p.a.), THF (Merc
p.a.), toluene (Merck, p.a.) and zinc acetate didgd(Zn(OAc) - 2H0, Merck, 99.5%) were

purchased from commercial sources and used withaier purification.

Material SynthesisBelM-MIF was synthesized in a typical procedure addingri.BelM

(0.60 M in 1-hexanol) and 2.7 mL zinc acetate drayel (1.2 M in water) to a suspension
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containing a mixture of 0.05M CTAB/heptane/l-hediar(200 mL). The established
microemulsions were stirred vigorously for 10 mihraom temperature and refluxed at
100 °C for 16 h. A white precipitate can be obsdratter 5 min of stirring. The white powder
was isolated by centrifugation at 13,000 rpm fomii@ and washed with cold ethanol. The
bulk material [Zn(BeIM)OAc] was synthesized lik&elM-MIF but without adding the

surfactant. The latter reaction works also by ngxBelM and Zinc acetate dihydrate in a

ratio of 1:1 in either chloroform or ethanol.

Instrumental.Powder X-ray diffraction (XRD) data were collected a D8 diffractometer
(Bruker) and Stadi P powder diffractometer (Stbe}h using Cu-lg radiation. For transmis-
sion electron microscopy (TEM), samples were pregdry drop coating the solutions on Cu
grids with lacey carbon backing (Plano GmbH). TEype&riments were performed on a Phi-
lips CM 30 ST microscope equipped with a kdBermal source operated at 300 kV. SAED
simulations were carried out with the software EMAIDX linescans and EELS measure-
ments were performed with a VG HB 501UX microscdper. cross-section experiments the
sample was embedded in Epo Fix resin, trimmed @_EiRl Trim 2) and cut with an ultrami-

crotome (Leica EM UCG6). The resulting sample thessiwas ~ 50 nm.

3¢ and™N solid-state cross polarization magic angle spigmuclear magnetic resonance
(CP-MAS NMR) spectra were recorded at room tempegawvith a DSX Avance 500 FT
spectrometer (Bruker) equipped with a commerciamM MAS NMR double-resonance probe
at a magnetic field of 11.7 T. For the chemicaltshihe samples were referenced with to
TMS (*°C) and nitromethand¥\) as external standards. The zinc content wasrdited by
inductive coupled plasma atomic emission spectisdd@P-AES) using a VISTA-PRO
simultan spectrometer (Varian). Determination & étements H, C, N, Cl and Br was carried

out by oxidative pulping using a commercial eleraéanalyzer system with helium as carrier
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gas (VARIO EL, Elementar Analysensysteme GmbH). difilerent NMR parameters for the
single measurements are summarized in Table S2p@#py Information). Atomic Force
Microscopy (AFM) measurements were carried oupptng-mode on an Asylum MFP-3D
AFM (Asylum Research, Santa Barbara) with an OlysnfuMicro Cantilever (300 kHz re-

sonant frequency, 26.1 N/M spring constant).
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5.7 Supporting Information

Figure S4SAED images of thehk0) plane oBelM-MIF after refluxing in ethanol for Zh (right). The SAED

patterns are consistent with the simulatior [Zn(BelM)OACc] .
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Figure S5 SAED patterns (left: simulation, middle: experinjeabhd TEM image (right) oBelM-MIF after

refluxing in chloroform for 3 h.
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Table S2Experimental parameters for tH€ and*N solid-state NMR measurements.

¥c Rotational Contact time recycle delay  scans
frequency [usec] [sec]
BelM(H) 10 1000 24 1024
ZIF-7 15 5000 4 15713
BelM-MIF 10 5000 2 512
BelM-MIF (16 h,EtOH) 10 5000 1 512
BelM-MIF (32 h,EtOH) 10 5000 1 512
BelM-MIF (48 h,EtOH) 10 5000 1 512
[Zn(BelM)OAC] 10 5000 64 48
15N
BelM-MIF 10 5000 2 10100
ZIF-7 10 10000 1 35264
[Zn(BelM)OAC] 10 5000 32 1520
BelM(H) 10 10000 4 1680
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6 Toward BelM-MIFs based on carboxylic acids with exénded alkyl

chains

This chapter is a continuation of the previous on#hat in the following sections carbonic
acids with extended alkyl chains such as propa®ioH, CHCH,CO,H) and butyric (Bu-
toH, CHCH,CH,CO,H) acids will be used instead of acetic acid, whics used as a struc-
tural building block in chapter 5. It is known frotine structural model dZn(BelM)OACc]
shown in Figure 5.5 that the methylgroups of aeetae oriented along tteeaxis of the unit
cell. Therefore, for the substituted structureg&i(BelIM)R] (R = Pro and Buto) an in-

creasea-axis is expected, while the other structural paatems should be largely unaffected.

6.1 Propanoic acid (Pro)

6.1.1 X-Ray Powder Diffraction and TEM measurements

The same conditions as in the system Zn/BelM/OAcevapplied, except that Zn(OAw)as
mixed with BelIM(H) and zinc propionate (Zn(Pspinstead of the corresponding acetate salt
in a ratio of 1: 1. The reaction was either carraait under microemulsion conditions with
CTAB/1-hexanolh-heptane, or under the same conditions withoutgutie surfactant. The
XRD powder patterns of the isolated products in tdmmary system Zn/BelM/Pro, named
[Zn(BelM)Pro] , and in the quaternary system CTAB/Zn/BelM/PranedBelM-MIF(Pro) ,
respectively, are depicted in Figure 6.1. All XRDwaler patterns show no residues of the
starting materials and do not correspond to knowsstructures (e.g. Zn(BelM) named
ZIF-7 or ZIF-11)'%° Indexing and a Pawley Fit of the powder patterfizo{BelM)Pro] was
possible (Figure 6.2) and revealed the lattice patarsP2/c; a = 11.69 A,b = 9.92 A,

c=8.77 A5 =92.36°.
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Figure 6.1 XRD powder patterns of &elM-MIF(Pro) measured on a D8 Bruker Advance in reflection mode
and b)BelM-MIF(Pro) and c)[Zn(BelM)Pro] both measured in a capillary in transmission mode.
The rise in intensity @6~ 2° is due to the primary beam. The two reflectionthe reflection mea-
surement marked with a line are also visible imgraission mode but with significantly lower in-
tensity. The comparison of a) and b) gives an isgiom of preferred orientation in reflection mode,

possibly due to the glass slides.
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Figure 6.2 Pawley Fit on powder XRD data §n(BelM)Pro] vyielding space group and lattice parameters
P2J/c;a=11.69 Ab=9.92 A c=8.77 A p=92.36% GoF = 2.315

The phase is isotypic witfZn(BelM)OAc] .>*® As already known from the acetate system a

relationship between the layered coordination pelyfdn(BelM)Pro] and the mesostructure
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BelM-MIF(Pro) is observable. All wide angle reflection positiarfsthe ternary system can
also be assigned in the quaternary mesostructiystdrns. The mesostructure exhibits addi-
tional reflections a0 values of 6.2°, 9.2° and at small angles at 3dl(corresponding to d
value of 28.7 A), which was verified by an X-ray asarement at small angles (Figure 6.1a).
In contrast tdBelM-MIF (reflection atd ~80 A) no further reflections at smaller anglesave
observed. The measurement in Bragg Brentano gegpralsio demonstrated the highly pre-
ferred orientation of the material, which is vigitlly measuring the sample on glass slides in
reflection mode in contrast to a rotating capillarytransmission mode. While all reflections
are having the same positions (compared to trasgmisnode measurements), reflections at
high 26 values show a much lower intensity compared tecéftns at smalkd. The structur-

al relationship between the lattice parameterdefternary and quaternary phase were con-
firmed by TEM measurements: In a sampleB&#IM-MIF(Pro) all lattice parameters of
[Zn(BelM)Pro] and additionally the stacking reflections at -2 were observed (Figure
6.3 and Table 6.1). The-values obtained from TEM measurements fit wellhwtlhe XRD

powder pattern.

Overview TEM images showing the morphology of thatenial clearly indicate a foliated
material which is growing anisotropically in latedamensions. The sample is highly unstable
under the electron beam and thus recording of SAems was only possible in “blind
mode” by scanning randomly and without proper atfignt of the sample. Short acquisition
times are the reason for a high signal/noise @@ to decomposition of the material by the

electron beam.
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Figure 6.3 TEM/SAED images oBelM-MIF(Pro) . A1-A4) TEM images showing the slab like morpholaxf
BelM-MIF(Pro) and the corresponding SAD image. Further SAED esagveal the following lat-

tice parameters: By-parameter (~9.7 A) and-parameter (~8.8 A), Cd-parameter (~12.2 A) and
D) the stacking reflection (~27 A).

Table 6.1d-values obtained from XRD and TEM measuremenBedM-MIF(Pro) .

201 ° dvalues / A dvalues / A
XRD XRD TEM measurements
3.1 28.7 27.0
7.38 11.97 12.3
11.74 7.53 7.72;7.67
13.64 6.49 6.74; 6.75; 6.63
14.70 6.02
14.86 5.96 5.60
17.30 5.12
18.30 4.84 (10.03;. 10.3; 10.1;. 10.0;
9.95; 9.94 9.57; 9.98)
19.08 4.65 4.63
19.73 4.50 (9.03; 8.94; 8.49; 8.99; 8.86;
8.83)
20.25 4.38
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20/° dvalues / A dvalues / A

XRD XRD TEM measurements
20.94 4.24 4.16

21.75 4.08 4.10;

22.06 4.03 4.06; 4.03
22.23 3.99 (7.96; 7.72; 7.71; 8.05)
22.42 3.96

22.61 3.93

23.48 3.79

23.90 3.72 3.75

24.24 3.67

24.85 3.58

27.66 3.22 3.31; 3.33; 3.28; 3.24
28.13 3.17 3.15; 3.16 3.20
28.53 3.13 3.13

28.76 3.10

29.04 3.07

29.39 3.04

29.52 3.02

6.1.2 Solid-State NMR Spectroscopy

The solid-state"*C CP-MAS NMR spectra oBelM-MIF(Pro) and [Zn(BelM)Pro] are
shown in Figure 6.4. Both spectra correspond tselhaf the (CTAB/)Zn/BelM/OAc systems.
They do not show the signals of the starting mateBelM(H) or Zn(Prg) (compare with
Table 6.2), indicating a complete conversion. la tange between 150 ppm to 110 ppm the
signals of BelM can be identified, yet in companido proton bearing BelM(H) all signals
are shifted to lower field. Especially the sign& Getween the two coordinating nitrogen
atoms is shifted from 141.5 ppm in BelM(H) to 14ppm,which is an indication of anionic
[BelM']. The assignment of the individual benzimidazaebon signals are shown in Table
6.2. The signals of anionic [Plaare visible in[Zn(BelM)Pro] at 10.4 ppm dCHs-CH,-
COy), 29.7 ppm (CHICH,-COy), and 185.2 ppm (C4HCH,-6CO,), which is different from
the free acid HPro (8.9 ppm, 27.6 ppm and 181.5)mmd Zn(Proy(9.1 ppm, 26.5 ppm and
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185.3 ppm). The observed values for [Pave similar to the corresponding signalBielM-

MIF(Pro) .
C1
C3 89 ,_ CHyCH,CO, (2
56 C1-C2-c3 B
wl\\ CTAB+Pro
A

200 180 160 140 120 100 80 60 40 20 0
Chemical Shift / ppm

Figure 6.4 Solid-state’*C CP-MAS NMR spectra of ABelM-MIF(Pro) and B)[Zn(BelM)Pro] . Signals

marked with an asterisk are spinning-side bands.

All in all, the splitting patterns and chemical fshiof anionic [BelM] and [Prd] are the same
in the ternary and quarternary systems, indicatingimilar chemical environment of the
building blocks and a structural relationship, whis also visible in the XRD powder

patterns.
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Table 6.2Experimental and literaturéC NMR chemical shifts (in ppm) @delM-MIF(Pro) , [Zn(BelM)Pro] ,
BelM(H), ZIF-7, HPro and Zn(Prg)

SCHy-CH,-

CHg-0CH,-

CHy-CH,-

BC NMR co co 5CO, 6C2 5C4,7 6C5,6 6C8,9
BelM- 185.2 151.7 | 114.9 123.0 140.9

MIF(Pro) 104 297 181.4 147.6 | 114.4 120.8 139.4

[Zn(BelM)Pro] 105 30.0 185.1 147.7 113.8 120.3 140.0

ZIF-7 149.9 114.9 122.5:125.3|  138.1;140.3

BelM(H). 1415 115.4 122.9 137.9
HPro* 1815 276 8.9

Zn(Pro), 9.1 26.5 185.3

In the spectrum oBelM-MIF(Pro) additional signals of CTAB are visible. The shift o

CTAB in the solid-statéC CP-MAS NMR ranging from 55.1 ppm to 14.3 ppmiisikar to

other known mesostructured systems containing CTAB?°Some signals of the methylene

chains of CTAB partly overlap with the alkylsignaEPro (Table 6.3). Especially the signal

CH3-0CH,-CO, at ~30 ppm exhibits the same shift as the metleylgarbons C5-C15’ in

CTAB. In the solid-staté°N CP-MAS NMR spectra only the signals of anionie[R]

N1/N3 (-194.3 ppm/-187.2 ppm fdelM-MIF(Pro) and -194.6 ppm fofZn(BelM)Pro] ,

respectively), but not the signals of the [R-N@#-group of CTAB located at

~ -331.3 ppm®® are visible (Table 6.3; Figure 6.5BelM-MIF consists of alternating

[Zn(BelM)OACc] » (n=5-6) and CTAB building blocks (Scheme 5.1, ChaplerThe signal at

-194.4 ppm represents tH&n(BelM)OACc] , units. The broader signal at -187.2 ppm (also

visible in BelIM-MIF ) could be an indication for a slight charge redsttion at the BelM

nitrogen sites in the out@Zn(BelM)Pro] layers, which are in direct contact with CTAB.
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Figure 6.5Solid-state®N CP-MAS NMR spectra of gZn(BelM)Pro] and b)BelM-MIF(Pro) .

Table 6.3Experimental®™N CP-MAS NMR chemical shifts (in ppm) and assignteeuertaining to the surfac-
tant moiety inBelIM-MIF(Pro) and the respective surfactant CTAB.

N NMR / ppm ON;
BelM-MIF(Pro) -187.2;-194.5
BelM-MIF -187.2; -194.3
[Zn(BelM)Pro] -194.6
[Zn(BelM)OAC] -194.4
BelM(H) -145.2
ZIF-7 -192.4

6.1.3 Elemental analysis

As for the ternary Zn/BelM/OAc system elementallgsia (EA+ICP) was also performed for

the ternary system Zn/BelM/Pro,yielding a molaiaatf [Zn*"] : [BelM]:[RCO,]=1:1:1
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(R = CH; or CH;CHy), which again corroborates the isotypic structueddtionship between

the two compounds (Table 6.4).

Table 6.4Elemental analysis ¢Zn(BelM)(Pro)] with formulaM(CioH100,N,Zn) = 255.58 g mal.

Zn N C H 0
1¥sample 22.29 10.76 48.56 4.56 13.83
2"sample 25.28 10.42 44.93 3.86 15.51
average 23.79 10.96 46.99 3.94 12.53
calc. 25.58 10.96 46.99 3.94 12.53

6.1.4 Conclusion

It can be seen from the elemental analysis (EA F))JGolid-state NMR spectroscopy and
XRD that the quarternary system CTAB/Zn/BelM/Pran ¢ee traced back to the 2D layered
compoundZn(BelM)Pro] (thickness: 1.2 nm) interacting with CTAB, forming a periodic
mesostructured compound similar BeIM-MIF , yet with a mesostructure period of ~29 A
instead of 84 A. Therefore, the CTAB layersBelM-MIF have an average thickness of
about ~1.7 nm. A model of a regular periodic mesmstire with a repeat distance of ~ 30 A
can only be verified by assuming strictly alterngtiCTAB monolayers with individual

[Zn(BelM)Pro] sheets (Figure 6.6).
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Figure 6.6 Structural model for periodiBelM-MIF(Pro) .

6.2 Butyric acid (Buto)

6.2.1 Synthesis of zinc butyrate (Zn(Buto))

The system discussed in the previous chapter 6slinaasferred to Zn/BelM/Buto by replac-
ing HPro with butyric acid (HButo, G€H,CH,CO,). As Zn(Buto) is not commercially
available, it was synthesized under reflux condgiin EtOH?>® The product was analyzed
with solid-state™C CP-MAS NMR (Figure 6.9¢), elemental analysis (€ah5) and XRD.
Four carbon signals were observed in'fi@ CP-MAS NMR of Zn(Buto)t13.5 ppmdC1’),
19.3 ppm §C2"), 37.1 ppm £C3’), 184.6 ppm 4C4’), which are all shifted compared to
HButo (13.7 ppmdC1’), 18.4 ppm £C2"), 36.2 ppm C3’), 180.7 ppm {C4’)). Within the

limits of accuracy, no impurities were found in tKBRD powder pattern. The conversion of

the reaction was quantitative.
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Table 6.5Elemental analysis of [Zn(Butg)with formulaM(CgH140.Zn) = 239.58 g mal.

Zn O C H
Exp. 25.4 28.7 40.0 5.9
calc. 27.3 26.7 40.1 5.9

6.2.2 [Zn(BelM)Buto] and BelM-MIF(Buto)

A layered compound in the ternary system Zn/BelMdBuas obtainedia a solid-state reac-
tion by mixing Zn(Buto)and BelM in a ratio of 1 : 1 in closed glass ampsulnder argon,
followed by heating to 180 °C for 16 h. Excess batycid was washed away with EtOH
from the resulting colorless powder, nanigd(BelM)Buto] . The reaction is also possible in
methanol. The analogu¢an(BelM)R] (R = OAc, Pro) can be synthesized by a solid-state
reaction in closed ampoules as well. This synthpsisedure may be a good way in future
experiments to obtain single crystals for strucgokition from unknown and more complex

hybrid systems.

When working under microemulsion conditions (Se@dfimental Section 6.4.3) in the qua-
ternary system CTAB/Zn/BelM/Buto, a colorless powdeas obtained, dubbeBelM-

MIF(Buto).

106



10 20 30 40
2theta / °

Figure 6.7 XRD powder patterns of g¥n(BelM)OAc] , b) [Zn(BelM)Pro] , c)[Zn(BelM)Buto] and d)BelM-
MIF(Buto) .

6.2.3 X-Ray Powder Diffraction

The XRD powder patterns ofZn(BelM)Buto] and BelM-MIF(Buto) are shown in
Figure 6.7. They were both compared with the stgrtinaterials and other related com-
pounds, and both show no impurity of known compau(gtarting materials, ZnO, etc.),
which is an indication for the total conversiontbé reactants. The XRD powder pattern of
[Zn(BelM)Buto] was indexed on space grougife, a = 11.69A,b = 9.92A ¢ = 8.77 A,
£ =92.36°, which confirmed that isotypic structuresre obtained for the carbonic acid ho-
mologues in the compounds of typén(BelIM)R] (R = OAc, Pro and Buto) (Figure 6.8).
Comparing the powder patterns [@n(BelM)Buto] and BelM-MIF(Buto) , however, no
similarity is observed unlike in the systeBeIlM-MIF and[Zn(BelM)OAc], which illu-

strates the absence of a pronounced structuraiomhip between the two systems.
107



50.000
45.000
40.000
35.000
30.000
25.000
20.000
15.000
10.000

5.000
0
5.000{ |

10 20 30 40 50 60
2Th Degrees

hkl_Phase 0.00 %

Counts

Figure 6.8 Pawley Fit on powder XRD data §fn(BelM)Buto] , yielding space group and metric parameters
P2/c,a=11.69 Ab=9.92 Ac=8.78 Ap=92.36°, GoF = 1.128.

6.2.4 Solid-state NMR Spectroscopy

The solid-state°’C CP-MAS NMR measurements confirm the assumpti@t tio obvious
structural correlation betwedBelM-MIF(Buto) and [Zn(BelM)Buto] (Figure 6.9) exists.
The chemical shifts of the anionic [BelMn [Zn(BelM)Buto] are expected to appear be-
tween 150 ppm and 110 ppm, which matches well wighchemical shift of the C2 atom at
147.2 ppm indicating the deprotonation of BelM(Hhe splitting pattern of the NMR signals
assigned to [BelM matches the pattern found in the analogd@mBelM)R] (R = OAc, Pro)
systems (chapter 5+6.1). For 1@ carbon chemical shifts in the alkyl range thrigaals of
the alkylchain of [Butd are observed (14.0 ppmdG1’), 18.9 ppm 4C2’) and 36.9 ppm
(0C3)). The signal of the deprotonated carboxyl grdoC4’) is shifted to lower field at
184.8 ppm (Buto(H) 180.7 ppm), similar to the shiftZn(Buto) (184.6 ppm). The assign-

ment of the individual carbon signals can be foum@lable 6.6.
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Figure 6.9 Solid-staté®C CP-MAS NMR spectra of @&elM-MIF(Buto) . The shift and the splitting pattern of
the anionic [BelM] signals indicate the formation of a ZIF networkhmunknown topology. Buto
and CTAB are not contained in the network. NMR s$gzeof b)[Zn(BelM)Buto] and c¢) Zn(Buto)

The solid-staté°C CP-MAS NMR spectrum oBelM-MIF(Buto) only shows the signals of
anionic [BelM] in the range of 150 ppm to 110 ppm and no trddeutyric acid, neither de-
protonated nor protonated. The chemical shifts gpidting pattern of [BelM are in good
agreement with[Zn(BelIM)R] (R= OAc, Pro) and ZIF-7 (Zn(BelM), portending that
[BeIM] is coordinated in anionic form to the Lewis afith**]. Additionally, no signals of
CTAB in the range of about 66 ppm - 20 ppm areblsiThus, the conclusion was made that
under these conditions f@elM-MIF(Buto) it was not possible to form either the expected

mesostructured compound, liBeIM-MIF or BelIM-MIF(Pro) nor[Zn(BelM)Buto] .
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Table 6.6 Experimental and literature-derivedC NMR chemical shifts (in ppm) oBelM-MIF(Buto) ,
[Zn(BelM)Buto] , BeIM(H), ZIF-7, HButo and Zn(Butg)

OCH; | CHeC | CHs | CHa-
| He | CHy | CHy
13C MAS NMR CH, 2 2 “ | sc2 | scaz| scs6 5C8.9
CHz' CHz- 5CH2- CHZ'
co, | €O | co | sco,
BelM-MIF(Buto) * 1498| 1151 1222 1412
114.9| 12009 1401
[Zn(BelM)Buto] 140 | 189 | 369 1848 146.
113.8| 1203 139.2
ZIF-7 1499| 1149 12251258 138.1:140.3
BelM(H) 1415| 1154 1229 137.9
HButo* 137 | 184 | 362| 180.7
Zn(Buto), 135 | 193 | 371| 1846

* measured in CDGJ";BelM-MIF(Buto) is a ZIF-network with unknown topology.

6.2.5 Elemental analysis

The oxygen weight percent is indirectly determinag O% = 100(%) - Zn(%) — H(%) —

C(%) — N(%). No oxygen was found BelM-MIF(Buto) , again indicating the absence of

the carbonic acid (Table 6.8). The elemental amalysBelM-MIF(Buto) reveals a ratio of

[Zn?"] : [BeIM] of 1: 2, which is commonly found in dense imidkes and ZIF com-

poundst®® However, forfZn(BelM)Buto] a ratio of 1 : 1 : 1 of the individual building loks

[Zn?"] : [BelM]: [Buto] was found (Table 6.7), which is in agreement vifita above data.
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Table 6.7Elemental analysis of [Zn(BelM)(Buto)] with formub(C,,H:,0,N,Zn) = 269.60 g ma!.

Zn N C H o
Exp. 23.42 10.36 48.96 4.52 13.16
calc. 24.25 10.39 49.00 4.49 11.87

‘Table 6.8 Elemental analysis dBelM-MIF(Buto) synthesized under microemulsion conditions. Theltgs
from solid-staté*C CP-MAS NMR spectroscopy and elemental analysiiie the synthesis of an
unknown ZIF phase (Zn(BelM)with formulaM(Cy4H10N4Zn) = 299.64 g mal.

Zn N C H
Exp. 22.41 17.76 56.04 3.88
calc. 21.82 18.70 56.12 3.36

6.2.6 Conclusion

The coordination polymeiZzn(BelM)Buto] , which is isotpyic with [Zn(BelIM)R] (R=0Ac,
Pro), was isolated in a solid-state reaction aradatterized by XRD, solid-statéC CP-MAS
NMR and elemental analysis. However, the resuttsifelemental analysis and solid-st5@
CP-MAS NMR point out that under microemulsion cdiugis in the presence of CTAB a
dense benzimidazolate or ZIF compound with commosiZn(BelM), possibly featuring a
3D network was formed, rather than a hierarchicaligro-mesostructured compound com-
posed ofiZn(BelM)Buto] and CTAB, as observed for the other carbonic aditis. powder
pattern ofBelM-MIF(Buto) was compared to the powder patterns of the twonvkndlF
compounds with benzimidazole, ZIF-7 and ZIF?¥4No similarities were found, which sig-
nify that the ZIF network topology of the presentemnpound is unknown. Interestingly, by

replacing ZA* with Cc* in the system CTAB/Co/BelM/OAc, and also in thenggy system
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Zn/BelM/OAc, when a solution of BelM in 1-hexanolasy covered with a solution of
Zn(OAc), in water, a powder pattern identical BelIM-MIF(Buto) was obtainedBelM-

MIF(Buto) was not further characterized.
6.3 Chapter Summary

In this chapter the relationship between the layereordination polymer$Zn(BelM)R]

(R = OAc, Pro, Buto) was presented. In the strectffZn(BelM)OACc] , the alkylchains of
the acetate groups are oriented parallel to thekisig direction of adjacent sheets (along the
a-axis). According to the increase in alkyl chaindéh of the carboxylic acids in the order
OAc - Pro—-> Buto, a gradual increase of theaxis can be observed. The metric parameters
in the lateral dimension® @ndc-parameter) are unchanged within measurement errors
Contrary to the system CTAB/Zn/BelM/Buto, microesiah conditions in the system
CTAB/Zn/BelM/Pro furnish a mesostructured compoyBeIM-MIF(Pro) ). The diffraction
pattern of this structure shows additional refl@asi corresponding to a lamellar mesostruc-
ture with a stacking distance of 29 A compared 40A8in the acetate system. It was also
shown that the structure &elM-MIF(Buto) is not related to th&Zn(BelM)R] structures
(R = OAc, Pro, Buto) in that it does not show theme layered morphology based on

[Zn(BelM)R] building blocks as seen in chapter 5.

6.4 Experimental Section

6.4.1 Synthesis of Zn(Buto)

ZnO (10 g, 0.112 mol) was mixed with butyric acd8.63 mL, 0.368 mol) in 200 mL ethanol
under reflux conditions for 2 h. The white precipd, collected by centrifugation, was washed

with ethanol and petroleum ether and dried at reemperature.
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6.4.2 Synthesis of [Zn(BelM)R], R = Pro, Buto

0.118 g BelM (1.0 mmol) and 0.211 g Zn(Rr(¥).0 mmol) (or 0.239 g Zn(Butg)were tho-
roughly ground and filled in a dried Duran glasBey@x= 10 mm, g:. = 7 mm). The tube
was evacuated, sealed under argon atmosphereiagth lof 12 cm and placed in an inclined
tube furnace. The oven was heated with a rate % 601" to 180 °C, held for 10 h, cooled to
105 °C with a rate of 1 C-rand cooled to room temperature with 60 °C'- Fhe colorless

product was washed with ethanol and dried overtraghoom temperature.
6.4.3 Synthesis of BelM-MIF(R), R = Pro, Buto

BelM-MIF (R) was synthesized in a typical procedure by agiéid mL BelM (0.60 M in 1-

hexanol) and 2.7 mL zinc propionate (or zinc bugyg1.20 M in water) to a suspension
containing a mixture of 0.05 M CTAB in-heptane/1-hexanol (200 mL). The mixture was
heated for 16 h and yielded a white precipitatee ©hite powder was isolated by

centrifugation (10000 rpm for 5 min) and dried omeght at room temperature.

113



7 The mesostructured zinc benzimidazolate ,BelM-MIF-D*

A mesostructured zinc benzimidazolaB=(M-MIF-40) , distinct fromBelM-MIF described

in chapter 5, was obtained under the same syntbetiditions as those used for the synthesis
of BelIM-MIF . Either BeIM-MIF or BelM-MIF-40 were isolated, a mixture of these two

phases was never observed. Experimental paransteinsas reaction temperature and solu-
tion composition were modified to optimize the t&@e conditions for each phase, however
no coherence was recognized and it was therefdrpassible to ascertain the exact synthesis
conditions for this phase. As the reproducibilifyttus particular phase is limited, this chapter

only contains a brief overview of the results ohéa so far, which are discussed in the con-

text of the related compourigeIM-MIF .
7.1 X-Ray Powder Diffraction and TEM measurements

BelM-MIF-40 , a white solid, was characterized by XRD powdérattion (Figure 7.1).

0o 10 20 __ 30 40
2theta/°

Figure 7.1 XRD powder pattern adBelM-MIF-40 .
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The XRD measurement shows a series of equidi®@nteflections at small angles starting
from ad-value of 38 A (approximately half @delM-MIF : ~80 A), which indicates the for-
mation of a periodic hierarchically structured campd. Rather broad reflections were ob-
served at high angles, which implies that the neltés not well ordered on the molecular
level in comparison t8elM-MIF . However, the basal distance of 38 A does notespond

to known lamellar bilayers (52 A) or single layepdels (26 A) containing CTAB®: 183188
The TEM bright field measurement (Fig. 7.2A) shdthet the material is built up of alternate
lamellae of different thicknesses discernible by varying contrast, which was also observed
for BeIM-MIF . This array of alternating layers presumably repnés a CTAB layer sand-
wiched between hybrid layers §@n(BelM)OAc]. SAED images (Fig. 7.2B+C) revedl
values which match well with the values deducednfrine XRD powder pattern. Further

TEM tilting experiments show that the lamellar sture is present in one direction whilst the

structure resembles nanosheets in the two othecttins (Fig. 7.2D+E).

Figure 7.2 TEM images oBelM-MIF-40 showing A) a side view onto the lamellae (stackiigiance ~37 A),
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B+C) SAED patterns showing the extracttdalues, and D+E) a TEM tilt series BEIM-MIF-40
representing the lamellar mesostructure. The imagae obtained by rotating the TEM sample

holder starting from +5° to -10°.

7.2 Solid-state NMR Spectroscopy

The solid-staté*C CP-MAS NMR spectrum oBelM-MIF-40 (Figure 7.3) shows that the
compound contains BelM (150 - 100 ppm), acetaté8@¢ydpm) and CTAB (~65 — 20ppm).
By comparing the spectrum of the product with t&pective spectra of the starting materials,
it is evident that the spectrum is not a superpsivf the starting materials. The shifting and
splitting pattern of CTAB ranges from 55.1 ppm #®3lppm in the'*C CP-MAS NMR of
BelM-MIF-40. A similar splitting pattern is observed also ine'fC NMR spectra of

numerous mesostructured systems containing CPAB®

All *C NMR peak positions of BelM close to the deprotedagposition N1/N3 such as C8/C9

and C2 are shifted to lower field (146.6 ppm/14fpen vs. 134.9 ppm for C8/9 and

151.7. ppm vs. 141.7 ppm for C2). The other signathe benzene ring (C4/7 at 114.7/113.5
ppm and C5/C6 121.3 ppm/120.3 ppm) are split. ‘fBepeak positions are shifted and have
almost the same multiplett pattern as anionic [BEfVin [Zn(BelM)OAc] , which suggests

complete deprotonation of BelM.

The solid staté*C CP-MAS NMR spectrum shows two peaks in the caylade range at
182.9 and 178.3 ppm, which originate from acetate **C NMR (liquid, CDC}) of HOAc
shows signals at 178.1 and 20.8 ppm andi8eCP-MAS NMR of Zn(OAc) 2H,0 at 183.7
and 19.3 ppm, respectively. Extraction experimdikesin BelM-MIF-30, which reveal that
protonated acetate is a crucial part of the strectwere not carried out. Therefore, an
impurity of HOAc cannot be excluded. Similarly B8dIM], the signal at 182.9 ppm suggests

that the acetate anion is coordinated t6*Zm the alkylrange of th&’C CP-MAS NMR of
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BelM-MIF-40 only signals up to 22.5 ppm are visible. Freeqmmated HOAc should reveal a
signal in the range of alkyl groups at around ~2{#®* The coordination polymer
substructure ofBelM-MIF comprises infinite -(OAg).Zn-(OAcC)/-Zn-(OAC), chains,
which show &*C NMR signal at 183.7 ppm. The signal at 178.3 apBelM-MIF-40 could

represent chains disconnected and terminatedbgrmation (-(OAc)-Zn-(HOAC)).

In the solid-staté®N CP-MAS NMR spectra oBelM-MIF-40 two signals are visible for
deprotonated BelM at -194.4 (split) and -187.1 ffigure 7.4). Similar values were found
for ZIF-7 (-192.4 ppm) anfZn(BelM)OAc] (-194.5 ppm), respectively, whereas for proto-
nated BelM(H) different signals were observed (-24&nd -223.5 ppm for N1/N3). Consi-
stent with the shifts observed BelM-MIF-40 , BeIM-MIF shows two signals at -194.3 and
-187.2 ppm. The signal at -187.1 ppm foundBetM-MIF could indicate a different chemi-
cal environment as in the outfZn(BelM)OACc] -layers, which are in direct contact with

CTAB due to thdZn(BelM)OACc] |CTAB interface.

6 8
2
P
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Figure 7.3Solid-state*C CP-MAS NMR spectrum d8elM-MIF-40. Signals marked with an asterisk are spin-

ning side bands.
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Figure 7.4 Solid-state®N CP-MAS NMR spectra dBelM-MIF-40 .

7.3 IR Spectroscopy

The IR spectrum shows the presence of CTABa@hM-MIF-40 through the two characteris-
tic v(CH,)-stretching vibrations at 2850 ¢hand 2915 cil. Additionally, the fingerprint re-
gion shows characteristic BelM and OA¢G=0)-stretching at 1542 chil454 cnt) defor-
mation and wagging modé®. The®*C NMR reveals the presence of protonated OAc in the
structure. In the IR spectrum BeIM-MIF-40 the broad/(OH) andv(NH) stretching modes
above 1800 ci(Fig. 7.5) are hardly discernible. This indicateaimly the absence of hydro-

gen-bonded proton bearing acetic acid and benziulda
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Figure 7.5IR spectrum oBelM-MIF-40 .

7.4 Elemental analysis

The elemental analysis &elM-MIF-40 represents a ratio of [Zf] : [BelM] : [OAc] :
[CTAB] =4:45: 3.5 : 1 (Table 7.1). The elemananalysis is similar to that faelM-
MIF , where also a slight excess of [B&]MWith respect to [OA¢ was observed ([Z] :
[BelIM] : [OAC]:[CTAB] =7 :7.5:6.5:1). As foBelM-MIF , the ratio of metal to li-
gands [ZA'] : [BelM] : [OAc] in BelM-MIF-40 is about the same as [An(BelM)OAc] ,

namely ~1:1:1.
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Table 7.1 Elemental analysis ofBelM-MIF-40 with formula {[(Zn, (BelM),sOAcs;5)]-CTAB} and
M(C115Hl4gBr2N20014Zn8) =2718.4217 g/m0|

Zn N C H Br O

1%sample 19.0 10.4 51.9 5.9 5.9 6.9
2"dsample 194 10.5 51.6 5.6 5.9 7.0
3rdsample 19.0 10.5 51.6 5.8 6.1 7.1
average 19.1 10.5 51.7 5.8 5.9 7.0
calc. 19.2 10.3 50.8 5.6 5.9 8.2

The results from XRD, elemental analysis and sstate NMR ofBelM-MIF-40 reveal a
close relationship t@elM-MIF , yet a reliable structural model for this phasencd be de-
vised at this stage. We suggest, however, BedM-MIF-40 can be derived fronBelM-
MIF , featuring a different amount of [Zn(OAc)BelM] kg within the hybrid stacks which
are interleaved with CTAB, giving rise to a lamellmesostructure with a periodicity of

roughly 4 nm.
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8 BelM-MIF-30— A lamellar mesostructured zinc benzimdazolate phase

As outlined in chapter BelM-MIF was synthesized with a 0.50 M CTAB solutionnn
heptane/1-hexanol under microemulsion conditioysinBreasing the concentration of CTAB
from 0.5 M to 1 M, a white powder could be isolatedmedBelM-MIF-30 . The reaction is

highly reproducible.
8.1 XRD powder diffraction and TEM measurements

The XRD powder pattern @delM-MIF-30 is depicted in Figure 8.1a. It shows a new phase
which has a lower crystallinity thaelM-MIF and reveals no obvious structural relationship
to the latter. The powder pattern was compared thighpatterns of the starting materials. No
agreement could be found, indicating a completevexsion of the starting materials. Index-
ing of the powder pattern was not possible owingtddow quality and the low number of
reflections. TEM measurements (Figure 8.2A) shoat this compound consists of equidis-
tant lamellae with a spacing of30 A, which is consistent with the presuntéi-reflection,
the first in the series of thrél-reflections in the XRD powder pattern. The samplex-
tremely sensitive to the electron beam, requiringrisacquisition times for SAED measure-
ments. Therefore, recording of SAED images wasiblesenly in blind mode, with a random
orientation of the sample with respect to the bearmmin plane SAED images, which were
rarely obtained, hexagonal metrics can be deduEgglre 8.2B). In different experiments
BelM-MIF-30 were treated with TEOS (tetraethylorthosilicate)onder to stabilize the la-
mellar structure by pillaring and therefore makstuitable for TEM measurements. On hie-
rarchically structured MFI zeolite sheets the ctidation effect of TEOS was already de-
scribed by Naet al'”®In an ideal case the surfactant can be removeglevety after stabili-

zation of the material, while the inorganic arctitee remains in good order (Scheme &%),
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254 whereas without TEOS the lamellar compound woulllapse. However, in our case it
seems that the TEOS-stabilized hybrid materialtils destroyed under the electron beam.
Even TEM measurements of the sample still contgitine surfactant and TEOS were unsuc-

cessful.

5 10 15 20 25 30 35 40 45
2theta / °

Figure 8.1 XRD powder patterns delM-MIF-30 a) unwashed, b) boiled in EtOH for 2 h and c)4d.

Figure 8.2A) TEM measurements &elM-MIF-30 . B) SAED images oBelM-MIF-30 .

122



CTAB

Hybrid material

1. TeOS

—
2. Extraction

Hybrid material

Scheme 8.1A) lllustration of the pillaring principle and Bx&action of a lamellar material, without pillariroy

when no intercalation of TEOS between the hybridemals takes place.

Table 8.1 Comparison of thal-values from XRD oBelM-MIF-30 with d-values obtained from SAD/TEM

images.

20 from XRD/° | dfrom XRD/A | dvalues from TEM /A
3.0 29.04 29
6.0 14.66 0Ol-reflections
9.1 9.71
10.1 8.69 8.5
17.6 5.03 4.9
20.1 4.40
21.5 4.13 4.2 > Inplane+eflections
26.8 3.31 3.2
30.6 2.92
35.5 2.52 2'5j

8.2 Solid-state NMR spectroscopy

The solid-statd*C CP-MAS NMR spectrum oBelM-MIF-30 shows the signals of BelM

(from 150 ppm to 110 ppm), the signals of acetate @TAB, which gives a first impression

of the analogy tdelM-MIF (Figure 8.3). All signals for BelM are shifted coamnpd to
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proton bearing BelM(H), especially the signal C2 1&1.4 ppm (C2 at 141.5 ppm in
BelM(H)), which indicates anionic [Bel¥ This is also confirmed by the presence of only
one signal for the two nitrogen atoms N1/N3 of [@glat -187.5 ppm in thé&®N CP-MAS
NMR (BelM(H): -145.20 and -223.53 ppm, Figure 8l4ple 8.3). IBelM-MIF two signals
are observed at -194.3 and at-187.2 ppm. As spedula chapter 5, the signal at -194.3 ppm
may represent the inngtn(BelM)OAC] , sheets while the latter one may indicate a chamge
the chemical environment of the [Bel\sites of the outefZn(BelM)OAc] sheets at the
boundary[Zn(BelM)OAC]|CTAB . The *®N NMR signal at -187.5 ppm iBelM-MIF-30
would indicate the proximity of CTAB and hence migar chemical environment of [Bel}

as in the CTAB-facing layers BelM-MIF .

The*C NMR splitting pattern of [BelN is different from that observed in the [Zn(BelM)R
(R = OAc, Pro, Buto) class of compounds, which e¢atis different chemical environments
through the arrangement of different secondarydingl blocks. The assignments of the

carbon signals are summarized in Table 8.2.

Table 8.2 Experimental and literature values 61C NMR chemical shifts (in ppm) foBelM-MIF-30,
[Zn(BelM)OACc] , BelM(H), ZIF-7, HOAc and Zn(OAg)- 2H.0.

3C MAS NMR CHSCO, | 3CH,CO, 5C2 5C4,7 5C5,6 5C8,9

BelM-MIF-30 178.2 225 151.4 114.7 121.6; 123)2 140.8
BelM(H). 141.7 118.1;112.5  122.4;120.9 134.9
HOAC* 178.1 20.8

Zn(OAc), 2H,0 183.7 19.3

* measured in CDGI
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Figure 8.3Solid-state*C CP-MASNMR spectra oBelM-MIF-30 : a) unwashed, b) boiled in EtOH fc h and

c) 4h, respectively. Signals marked with an asterigkspinnini-side bands.

For acetate twaignals are visible at 17¢ ppm and 22.ppm, similar to protonated HO/
(178.1 ppm, 20.8pm) and different from deprotonated [C] (183.7ppm, 19.:ppm for
Zn(OAc)). The protonated HOAc iBelM-MIF-30 is either a crucial part of the structure
animpurity, which can be washed av with organic solvents.TherefoBelM-MIF-30 was
treated with different solver at RT like CHC} or EtOH and th€C NMR spectra indicat

thatBelM-MIF-30 still contains HOACc

Table 8.3 Experimental ®™N CP-MAS NMR chemical shifts (in ppm) oBelM-MIF, BelM-MIF-30,
[Zn(BelM)OACc] , BelM(H), and ZII-7.

*N NMR / ppn ON;
BelM-MIF -30 -187.5
BelM-MIF -194.3; 187.2
[Zn(BelM)OAC] -194.4
BelM(H) -145.2
ZIF-7 -192.4
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Figure 8.4 Solid-state”®N CP-MAS NMR spectrum dBelM-MIF-30 .

Other experiments were undertaken whetM-MIF-30 is boiled in EtOH.**C CP-MAS
NMR measurements of the boiled products show tmatsupposed impurity of HOAc can
hardly be washed away. At the same time, XRD measents suggest that the mesostructure
of BeIM-MIF-30 starts to decompose (Figure 8.1b). Figure 8.3lcates that the sample still
contains HOAc after reflux for 2 h in EtOH, no HOAan be observed. However, the quality
of the network crystallinity suffers under thesenditions (Figure 8.1b+c) compared to
unwashedBelM-MIF-30 (Figure 8.1a). All these experiments portend tH&Ac is an
integral part of the structure. [An(BelM)OAc] anionic [OA(] is twofold coordinated, the-
reby forming one-dimensional Zn(OAgjchains. In MIF-1, MIF-2 and MIF-3, the
coordination polymer substructure is likely compmbsaf Zn(IM),.-chains in which the
termini of the [ZA"] tetrahedrons are occupied by Bons!® This finding could be a hint
that in BelM-MIF-30 the [Br] ions are substituted by protonated [HOAc]-groufsme
examples for similar structures can be found in titerature: [Zn(HIM)(oda)}
(oda=oxydiacetate, IM = imidazole) consists of Ztgp chains, in which the Zh
tetrahedrons are terminated by protonated imidazuits®>° In [Zn(IM)e](HB).the zinc ion is

coordinated to six imidazole ([I§) ligands and then-hydroxycarboxylato unit (BB =
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benzylic acids) is present as a monoanionic coiamté?’ The splitting pattern and tHéC
NMR chemical shifts of CTAB ranging from 65.6 to.2ppm are known values for
mesostructured systems containing CTAB.'* The signals partly overlap with the gH

signal of HOAc at 22.5 ppm.
8.3 Elemental analysis

With regard to the results from the solid-st&le CP-MAS NMR, the elemental analysis

yields a ratio of [ZA"] : [BelM™ ] : [HOAc] : [CTAB] =2 :3: 2 :1 (Table 8.4).

Table 8.4Elemental analysis @delM-MIF-30 with formula {[(Zn,(BelM);- HOAG)|*CTAB} and
M(CasHesOsN7Zn,Br) = 966.71 g- mal.

N ¢ H Br Zn 0

1S'sample 10.0 55.6 7.0 9.3 12.9 5.4
2"%sample 9.7 56.2 6.8 8.1 13.4 5.8
3%sample 9.8 55.9 7.2 8.1 13.1 6.0
average 9.8 55.9 7.0 8.5 13.1 5.7
calc. 10.1 54.7 6.8 8.3 13.5 6.6

8.4 Discussion

The extraction experiments show that HOAc is aiaefyzart of the structure. Removal of this
component by extraction leads to a collapse osth&ture. From the XRD powder pattern a
lamellar structure was inferred, indicated bY@l series with a distance of 30 A between
different layers. TEM measurements indicate a hemagn plane structure of the hybrid
material consisting of Zn/BelM/OAc (Scheme 8.2A)y Bssuming a fourfold coordinated
Zn** tetrahedron and a plane layer with a hexagonatieneonsisting of Zn/BelM/HOAc

building blocks, three edges of a fZhtetrahedron have to be bridged with each other
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via[BelM ]3> (Scheme 8.2B). The fourth terminal end of the?[¥netrahedron is occupied
with an [HOAcL; unit. CTA'Br  is not charged and may be sandwiched betweenythédh
coordination polymer. This model, however, desaitiee system deficiently as it creates an
excess of positively charged Znunits. By using an elemental composition of
{[Zn »(BelM)3OACc]*HOAC*CTAB]}, the model is neutrally charged, buhe deprotonated

acetate signal is not observed by solid-st¥eCP-MAS NMR.

CTAB Te,M
\ Zn
MiBe MiBe”~ " BelM Bl
7 e
T T
BelM BelM
/Zn\ /Zn
MiIBe BelM BelM
M/lBe \ZT/ e
BelM

Scheme 8.27A) Possible structure model BeIM-MIF-30 with a hexagonahplaneordering of the hybrid ma-
terial. (B) “Cleavage” of a possible molecular asbly of a hexagonal basal layer consisting of
Zn/BelM/OAc. The terminal (H)OAc group of the Zntetrahedrons was omitted for reasons of

clarity.
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9 Functionalization of poly[u,-acetatou,-benzimidazolato zinc(ll)]

In this chapter different functionalized benzimidkzderivates were used to install characte-
ristic groups on the polyp-acetaton,-benzimidazolato zinc(ll)] coordination polymer ke
ton, which can be used in further reactions asistapoint for postsynthetic modifications by
covalent bonding to the layered coordination polyraed, hence, also BelM-MIF . For
layered oxides or perovskites, which do not conliaikers with accessible functional groups
on the network skeleton, the intrinsic propertieshe network are the essential tool towards
applications. Post-synthetic modifications (PSM)dwmyalent reactions (see Introduction), as
they are known from MOFs, are not possible in thstems. In MOF chemistry PSM reac-
tions influence the physical and chemical propsrti¢ a material and therefore open up
another dimension of structural possibilities apgligations. Along these lines, the synthesis
of different prefunctionalizefZzn(XBelM)OAc] (X = Br, NH,, N3) materials results in a ple-

thora of possible PSM reactions on the layered camgs derived thereof.

9.1 2-Chloromethylbenzimidazole (CIMe-BelM) and 5-BromelH-

benzimidazole (BrBelM)

H
N
Cl i
Zn(OAc), + @E /> _ > no reaction
N

ClMe-BelM

H
N
Zn(OAc), * 5 /©:N/> ——»  [Zn(BrBelM)OAC]
r

BrBelM

Scheme 9.1Synthesis attempts with functionalized benzimidaziglands.

Firstly, the ligand 2-chloromethylbenzimidazo@l¥le-BelM) (Scheme 9.1) was used under

microemulsion conditionsnheptane/1-hexanol), but no reaction was notednEvieen the
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solvent was removed by rotary evaporation to ire@dhe concentration, no reaction could be
observed. The functionalization at the imidazofeyrprobably leads to a sterical hindrance,

such that the Z1i cannot coordinate with the two nitrogen atoms ef\NB

On the contrary, the benzene rings of [BgIM the structure ofZn(BelM)OAc] are orien-
tated parallel to the stacking directiarof different sheets. Therefore, it was expected tha
functionalization at the benzene ring as opposdtéomidazole ring would not lead to a sig-
nificant sterical hindrance and a product can b&aisd. Furthermore, the stacking parameter

is expected to increase with the introduced fumetization.
9.1.1 X-Ray Powder Diffraction

Further work was done in the system Zn/BrBelM/OfAm@uct namedZn(BrBelM)OAc] )

by replacing benzimidazole with 5-bromo-1H-benziazdle (BrBelM). The XRD powder
pattern of the isolated white powder is shown igufeé 9.1. The metric parametd?2;/c,
a=12.13p=9.62c=8.29A=94.78 were obtained by indexing of the
[Zn(BrBelM)OAc] phase and confirmed by TEM measurements; they ang similar to
those obtained for the unfunctionalized phase. Hawley fit shows that this phase contains

impurities. The sample was not washed with EtOH.
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Figure 9.1Pawley Fit on powder XRD data fEn(BrBelM)OAc] , yielding the space group and lattice parame-
tersP2)/c,a=12.13b =9.62,c=8.29 A = 94.78, GoF= 4.804.

9.1.2 Solid-state NMR Spectroscopy

The solid-statfC CP-MAS NMR spectra dZn(BrBelM)OAc] and protonated BrBelM(H)

are shown in Figure 59 (Table 25).

* * %

200 180 160 140 120 100 80 60 40 20 0
Chemical Shift / ppm

Figure 9.2 Solid-state”*C CP-MAS NMR spectra of A¥Zn(BrBelM)OAc] and B) BrBelM(H). Signals marked

with an asterisk are spinning-side bands.

These spectra reveal the signals of anionic [DAat 184.4/23.8 ppm (HOAC:
178.1/20.8 ppm) and the signals of BrBelM. In corgmn to protonated BrBelM(H) all sig-
nals in Figure 9.2A are shifted to lower field wimdicates that the spectra do not contain

the starting materials, but rather corresponddoreversion of the starting materials. Especial-
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ly the shift to lower field of the C2 signal frord@.9 ppm (for BrBelM(H)) to 148.1 ppm (for
[Zn(BrBelM)OACc] ) indicates the anionic character of the functiea ligand. The depro-
tonated state of BelM is confirmed by the solidesttN CP-MAS NMR spectrum of
[Zn(BrBelM)OAc] , which only exhibits a single signal at -191.3 ppwhile protonated
BelM(H) shows signals at -145.2 ppm and -223.5 gpable 9.2). Since similar shifts were
expected for proton bearing BrBelM(H) in the sadt@té°N CP-MAS NMR, no™N mea-
surement for BrBelM(H) was performed. The C2 signain *C NMR as well as the N1/N3
signals from™>N NMR, respectively, are in the range of known dépnated [BelN com-

pounds (Table 9.1+26).

Table 9.1 Experimental and literaturEC NMR chemical shifts (in ppm) dZn(BrBelM)OAc] , BrBelM(H),
ZIF-7, HOAc and Zn(OAg) 2H,0.

N CH; | JCH,
C NMR 5C2 | 6C9 | sC8 | 4C5 | oC4 | oCT | o6C6

0CO, CO,

[Zn(BrBelM)OAC

] 184.4 | 24.0| 1481 141.4 1373 124{3124.3 | 114.2 | 114.2

BrBelM(H). 140.9| 135.1] 1328 1256 119{7 114.3 1145
BelM(H) 141.5| 1379 1379 122p 1154 1154 1229
HOACc* 178.1 20.8

Zn(OAc) 2H,0 | 183.7| 19.32

"measured in CDG) 'very broad peaks.

Table 9.2 Experimental solid-state™®™ CP-MAS NMR chemical shifts (in ppm) oBelM-MIF,
[Zn(BelM)OACc] , BelM(H), and ZIF-7.

*N NMR / ppm 8N4
[Zn(BrBelM)OAC] -191.3
BelM-MIF -194.3; -187.2
[Zn(BelM)OAC] -194.4
BelM(H) -145.2
ZIF-7 -192.4
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9.1.3 Elemental analysis

The molar composition (EA+ICP) of[Zn(BrBelIM)OAc] was determined to be
[Zn?"] : [BrBeIM]:[OAc]=1:1:1 (Table. 9.3). This is consistent withe related

compounds [Zn(BeIM)R] (R = OAc, Pro, Buto).

Table 9.3Elemental analysis ¢Zn(BrBelM)(OAc)] with formulaM(CyH;0,N,ZnBr) = 320.45g mat.

Zn N C H Br o
1°sample 20.42 8.74 33.68 2.39 24.77 10.00
2"%sample 20.88 8.73 33.66 2.37 24.64 9.72
average 20.65 8.74 33.67 2.38 24.71 9.86
calc. 20.40 8.74 33.73 2.20 24.93 9.99

9.2 5-Aminobenzimidazole(NH:BelM)

The ligand 5-aminobenzimidazole (MBEIM(H)) was synthesized by reduction of
5-nitrobenzimidazole over PdfHScheme 9.2%" The integrals and the number of different
protons/different carbon atoms in th&/*C NMR spectra fit to NbBelM(H). No indications
of impurities were found, which was also confirnigdelemental analysis. HRMS (high reso-
lution mass spectrometry) reveal the exact masslfyBelM(H) (m/z133.0622 [M+H] for
C;H;N3). However, the chemical shifts in thid and**C NMR spectra of NpBelM(H) do

not correspond to known literature valdes?>®
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¥ H,, Pd/C H> NaNO,, NaN, N
_ —_
» y >
RT, 16 h N EtOH, HOAc, /C[
OoN N HzN 5°C,16h N3 A
l Zn(0Ac), J
NHy- MIF-BelM N3- MIF-BelM

"Click-Reaction" with Alkines

Scheme 9.Reaction scheme for the synthesis of BeIM and NBelM. Both BelM(H) ligands can react with
Zn(OAc), to form the functionalized [Zn(XBelM)OACc] (X = N NH,) systems.

9.3 [Zn(NH ,BelM)OAC]

Part of the synthesized compound was consumechérdaction with Zn(OAg) the other
part was used for the synthesis @BRIM(H). Synthetic work was performed under the sam
conditions as in the system Zn/BelM/OAc by mixing(@Ac), with NH,BelM(H) in a ratio

of 1: 1.

9.3.1 X-Ray Powder Diffraction

The XRD powder pattern of the isolated product, @edfZn(NH ,BelM)OAc], is shown in

Figure 9.3.
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Figure 9.3 Pawley Fit on powder XRD data fZn(NH ,BelM)OACc], vielding space group and metric parame-
tersP2/c,a=11.69 Ab=9.92 Ac=8.77 A s = 92.36°, GoF = 1.366.

The XRD powder pattern was indexed and refined Pyaaley fit. The space group and me-
tric parameters were determined R&/c, a=11.69 A,b=9.92 A, c=8.77 A, p = 92.36°.

[Zn(NH -BelM)OAC] is isotypic to[Zn(BelM)OAc] .24°
9.3.2 Elemental analysis

The compositional relationship [@n(BelM)OAc] was also confirmed by elemental analysis

(EA+ICP), which reveals a ratio of [/} : [NH.BelM] : [OAc]=1:1: 1 (Table 9.4).

Table 9.4Elemental analysis of [Zn(NiBelM)(OAc)] with formulaM(CsH1¢0,N3Zn) = 257.58 g- mal.

Zn N C H @]
exp. 24.1 16.2 41.8 3.6 14.3
calc. 25.3 16.3 41.9 3.9 12.4

9.3.3 Solid-state NMR Spectroscopy

The solid-stat'C CP-MAS NMR spectrum dZn(NH ,BelM)OAc] is shown in Figure 9.4.
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Figure 9.4 Solid-state**C CP-MAS NMR spectrum ofzn(NH ,BelM)OAc]. Signals marked with an asterisk

are spinning-side bands.

The spectrum demonstrates that JBEIM (~range 146 — 97 ppm) and anionic [OAat
182.6/23.4 ppm (HOAc: 178.1/20.8 ppm) are contaimethis phase. Comparing the solid-
state™*C NMR spectrum with the one of NBelM shows that all signals are shifted, indicat-
ing that the spectrum ¢Zn(NH ,BelM)OAc] does not contain starting materials. The two
signals in the solid-stateN CP-MAS NMR spectrum at -194.5 and -196.9 ppm lbaras-
signed to the deprotonated species of the two auatidg nitrogen atoms of the NBelM
ligand (Figure 9.6). FdZn(BelM)OAc] only one signal was observed for the two coordinat
ing N1/N3 atoms at -194.3 ppm. A further signal227.6 ppm can be assigned to the free

amine groug>%%%°

The spectrum demonstrates that JBEIM (~range 146 — 97 ppm) and anionic [OAat
182.6/23.4 ppm (HOAc: 178.1/20.8 ppm) are contaimethis phase. Comparing the solid-
state™*C NMR spectrum with the one of NBelM shows that all signals are shifted, indicat-
ing that the spectrum ¢Zn(NH ,BelM)OAc] does not contain starting materials. The two
signals in the solid-statéN NMR spectrum at -194.5 and -196.9 ppm can beyasdito the

deprotonated species of the two coordinating ngmogtoms of the NiBelM ligand
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(Figure 9.6). FoifZn(BelM)OAc] only one signal was observed for the two coordngat

N1/N3 atoms at -194.3 ppm. A further signal at -82pm can be assigned to the free amine

259-260

group:

1 A 1 A
200 180 160 140 120 100 80 60 40 20 0
Chemical Shift / ppm

Figure 9.5 Solid-staté®C CP-MAS NMR spectrum ofZzn(NH ,BelM)OAc]. Signals marked with an asterisk

are spinning-side bands.
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Figure 9.6 Solid-state”®™N CP-MAS NMR spectra dZn(NH ,BelM)OAc] .

9.3.4 Conclusion

The solid-stateC/*°N CP-MAS NMR spectra, the XRD powder pattern anel éhemental

analysis results clearly indicate tha@n(NH ,BelM)OAc] is quantitatively functionalized
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with an amino group at the benzene ring and thaspectra are distinct from the unfunctio-
nalized BelM compound. If this was not the case, gflitting patterns of both BelM species
(functionalized and unfunctionalized) would be bisiin the®>C NMR spectrum of Figure

9.5.

9.4 5-Azidobenzimidazole (NBelM(H))

The ligand 5-azidobenzimidazole EIM(H)) was synthesized by a modified Sandmeyer
reaction’®* Amino-benzimidazole quickly reacts with sodiunvitét (NaNQ) to form an aryl
diazonium salt, which decomposes in the presenseditim azide (NajJ to form the desired

azide substituted benzimidazole.

Although the observed nitrogen content shows aifsignt deviation from the theoretical
content (39.5 wt%, calc. 44.0 wt%8§C and*H NMR spectra indicate the absence of impuri-
ties of unsubstituted BelM, which would be perdelgtias a superposition of both compounds
in the ®°C/"H NMR spectra. Furthermore, the carbon/hydrogerghtepercent (C: 52.5; H:
3.3) is in agreement with the theoretical values 32.8; H: 3.2). The exact mass peak for

NsBelM(H) is observed by HRMS (ES1)/z160.0617 [M+H]for C;HsNs).
9.5 [Zn(N3;BelM)OAC]
9.5.1 X-Ray Powder Diffraction

The XRD powder pattern of the conversion @BRIM and Zn(OAc) in 1-hexanolt-heptane
to[Zn(N sBelM)OACc] is shown in Figure 9.7. The low crystallinity cha explained by the
reaction conditions. The synthesis was carriedabubom temperature. Similar systems with

XBelM (X = H, NH,, Br) were refluxed overnight at 100 °C. The ceargmeters were ex-
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tracted by a indexingP@i/c, a=12.26 Ab=9.60 A,c=8.73 A = 93.75°) and are isotypic

to the coordination polymgZn(BelM)OAc] .%*°

10 20 30 40 50
2theta / °

Figure 9.7 XRD powder pattern §Zn(N;BelM)OAc]. A reliable Pawley Fit on the XRD data was notgiole

due to insufficient crystallinity of the material.

9.5.2 Elemental analysis

Similar to[Zn(NH ,BelM)OAc] the use of BBelM(H) results in a material which is isotypic
with [Zn(BelM)OAc] . This is reinforced by elemental analysis (EA+IG#H)ich reveals a

ratio of [Zrf*] : [NsBelM ] : [OAc]=1:1:1 (Table 9.5).

Table 9.5Elemental analysis ¢Zn(N ;BelM)(OAc)] with formulaM(CsH-O,NsZn) = 282.57g- mal.

Zn N C H o
exp. 22.6 23.0 38.3 2.8 13.3
calc. 23.1 24.7 38.3 2.5 11.3

139



9.5.3 Solid-state NMR Spectroscopy

The solid-staté*C CP-MAS NMR spectrum dZn(N 3BelM)OAc] is shown in Figure 9.8.

OCH;CO, 89

§CH,CO,
"

200 180 160 140 120 100 80 60 40 20 O
Chemical Shift / ppm

Figure 9.8 Solid-state*C CP-MAS NMR spectrum dZn(N ;BelM)OAc] .

It clearly shows the presence o0§B¢IM (~range of 150 to 100 ppm) and anionic [GJAat
183.9/22.0 ppm (HOACc: 178.1/20.8 ppm). In comparismprotonated pBelM(H) all signals
are shifted, which is a sign that the spectrurfzo{N ;BelM)OAc] does not contain the pro-
tonated ligand. In comparison to the proton bealigand the signal of C2 at 142.8 ppm is
shifted to 147.5 ppm, which was observed for sévangoonic BelM systems. The anionic
character of [NBelMT] is also confirmed by the solid-statd CP-MAS NMR spectrum. The
signal at -193.5 ppm can be assigned to the depatdd species of the two nitrogen atoms of
the NsBelM ligand, which is in the range of known anioBelM compounds (Figure 9.9), as
protonated BelM shows signals at -145.2 ppm and&2@@m. Further signals at -136.1 ppm

(N2),-146.9 ppm (N4) and -290.4 ppm (N3) can bégassl to the azide grodp®?®°
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Figure 9.9 Solid-state”®N CP-MAS NMR spectrum dZn(N ;BelM)OAc].

9.5.4 IR-spectroscopy

IR measurements are in agreement with the solté-Stl CP-MAS NMR results (Figure
9.10) and show the presence of the azide moiedtyeitybrid compound through characteris-
tic vibrations at 2113 cifi{NaNs: 2097 cnit; N3BelM: 2106/2079 ci). Furthermore, charac-
teristic NsBelM and OAc ((C=0)-stretching at 1534 ¢hi475 cm') deformation and wag-
ging modes are visible in the fingerprint regiamlihe with the NMR measurements, the ab-
sence of broad(OH) andv(NH) stretching modes assignable to hydrogen-bormtetbn
bearing acetic acid andsBelM above 1800 cifagain indicates complete deprotonation of

Ns;BelM and OAc moietie$®*
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Figure 9.10IR-Spectra of a) Naj\ b) NsBelM(H), c)[Zn(N ;BelM)OAc] .

9.5.5 Conclusion

The solid-staté>C/*°N CP-MAS NMR spectra, the XRD powder pattern, fRespectrum and
the elemental analysis results clearly indicate ffha(N ;BelM)OACc] is quantitatively func-
tionalized with the azide group and tH€/*°N spectra show the absence of the unfunctiona-
lized BelM compound. In the latter case the spilitpatterns of functionalized and unfunc-
tionalized BelM compounds would be visible in thdic-state™*C/*°N CP-MAS NMR spec-

tra in Figures 9.8 and 9.9.
9.6 Outlook

Investigations on the reactions of Zn(OAw)ith different functionalized benzimidazole link-
ers were carried out. All obtained materials witbdmied benzimidazole linkers reveal struc-
tures isotypic to the poly-acetaton,-benzimidazolato zinc(ll)] coordination polym@f.In

all cases the additional functional groups do matrdinate to the zinc salt.
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The structure of this coordination polymer consisfs interlinked Zn-BelM,»-Zn and
Zn-OAc»-Zn chains, which form a flat periodic backboneg(Fe 9.11). The repeat distance
of the functional groups within the individual lagecorresponds to the lattice parameters
along the benzimidazole chainsb~(10A) and the acetate chainc~@ A) of
[Zn(XBelM)OACc] , respectively. PSM reactions can be carried outhos molecularly or-
dered backbone, giving rise to a high density ofctional groups[Zn(XBelM)OAc] (X=

N3) can therefore be considered as a functionalizatfadd with atomic periodicity. Recently,
the Cheetham group discussed several electroniarewhanical properties with regard to
two-dimensional hybrid materiafé®2** If functionalized[Zn(XBeIM)OAc] had semicon-
ducting characteristics, nanoscale light harvestivagerials could be constructed: For exam-
ple, with the aim of click reactions modified cldphyll molecules or dyes could be fixed on
the layers. These organic dyes are vital for photibeesis, which allows plants to absorb

energy from light (Fig. 9.11).

In the structure ofZn(BelM)OACc] the sheets are connected by weak Van der Waalsnte
tions. On an azido-functionalized matrix, a covalenosslinking of different sheets could be
achieved by the choice of polytopic short alkindenales. By using longer or shorter linkers
the interlayer distance should be tunable. Sinptare systems could be established by push-

ing different layers apart by suitable ligands (Feg9.11, middle).

By clicking with long chain polymers terminatedtla¢ end with alkine groups, this action can
be regarded like “knotting a wig”. Similar systemdst in nature for example on the foot of a
gecko. Due to adhesion forces the gecko can clapiodly upon smooth vertical surfaces.
Recently, researchers found the reason for thisghenorf°? On the sole of its foot the

gecko has tiny hairs which have morphologicallydwiehical micro- and nano-structures. The

development of a bottom-up method for gecko fepetynaterials — yet on a much smaller
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length scale — should be possible based on thetidmatized poly[i,-acetatoq,-

benzimidazolato zinc(ll)] coordination polymer (Eirg 9.11, left).

Polymers
inthe
pHm-range

Clicking with modified ) _
Dyes like Chlorophyil ” Tuningthe pore size between
Ssolarcelis different layers analogous to the

|| series of isoreticular MOFs

Figure 9.11Possible applications of the pre-functionalizederiat[Zn(XBelM)OAc] .2%2%4

9.7 Experimental Section

9.7.1 Synthesis of [Zn(BrBelM)OAC]

0.197 g BrBelM (1.0 mmol) and 0.219 g Zn(OAe)2HO (1.0 mmol) were thoroughly
grinded and filled in a dried Duran glass tubg:(g 10 mm, g = 7 mm). The tube was eva-
cuated, sealed under argon atmosphere at a lefidth @n and placed in an inclined tube

furnace. The oven was heated with a rate of 606 180 °C, held at this temperature for
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10 h, cooled to 105 °C with a rate of 1 °@4nd cooled to room temperature with 60 °€ h

The colorless product was washed with ethanol aiedl @vernight at room temperature.
9.7.2 Synthesis of NHBelM(H)

In a three neck flask under hydrogen atmospherd.Y~2 solution of 5-nitrobenzimidazole
(My= 163.13 gmot, 1.63 g, 0.01 mol) in ethanol (70 mL) was stir@er a palladium on
carbon catalyst (5%wt Pd, 0.5 g) overnight. Thegpees of the reaction was controlled with
thin layer chromatography. The suspension wasrditeover Celit8 and the filtrate was
washed with ethanol. The solvent was removed withtary evaporator under reduced pres-
sure. The organic residue, solved again in ethgtade, was washed with an aqueous NaH-
COsand dried over N&O,. After filtration and the removal of the solvetite product was

dried in an oven (60 °C) overnight.
'H NMR (400 MHz, ¢-DMS0)3$) 8.29 (s, 1H), 7.50 (d, 1H), 6.78 (d, 1H), 6.5@,(dH).

C NMR (100 MHz, ¢-DMSO) &) 153.3(G), 146.7, 143.8(), 138.6(G), 118.9, 112.1,

93.5.

HRMS for C;H;N3 (DEI*, m/2 133.0622 [M+H], calc: 133.0640.

Table 9.6Elemental analysis of NBelM(H) with formulaM(C;H;N3) = 133.15 g-mal.

N C H
exp. 31.6 63.1 53
calc. 31.6 63.1 5.3
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9.7.3 Synthesis of [Zn(NHBelM)OACc]

In a 100 mL flask 2.7 mL of a 0.6 M NBelM solution (in 1-hexanol) was mixed under stir-
ring with 5.4 mL 1.2 M Zn(OAg) solution (in water) in a solvent mixture ofheptane/1-
hexanol (9 : 1, 100 mL) and refluxed at 100 °C aight. The product was isolated by centri-

fugation (5 min/10000 rpm) and dried overnight mawven (40 °C).
9.7.4 Synthesis of NBelM(H)

A solution of NaNQ (51.7 mg) in water (1.5 mL) was mixed with a saotof NH,BelM
(100 mg) in 4 mL acetic acid at 278 K. The reactizas cooled in an ice bath to 273 K and
stirred for 30 min. A solution of NajN73.1 mg) in water (2 mL) was added and the mextur
was stirred overnight. 100 mL ethyl acetate waseddand the organic phase was washed
three times with an aqueous saturate@®; solution and dried over N&O,. After filtration

the excess solvent was removed by a rotary evaporat
'H NMR (400 MHz, CROD) ) 8.04 (s, 1H), 7.58 (d, 1H), 7.24 (d, 1H), 6.96,(dH).

“CNMR (100 MHz, CROD) §) 142.8, 137.0 (§), 138.3 (@), 136.2 (G), 117.3, 115.5,

105.6.

HRMS for C;HsNs (ESI, m/2 160.0617 [M+H], calc: 160.0623 ; (ESIm/2 158.0473 [M-

H]’, calc: 158.0467.

IR-Spectrum: Figure 9.10b

Table 9.7Elemental analysis of 8elM(H) with formula M(GHsNs) =159.06 g-md!.

N C H
exp. 395 52.5 3.3
calc. 44.0 52.8 3.2
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9.7.5 Synthesis of [Zn(NBelM)OAC]

In a 100 mL flask 1.35 mL of a 0.6 MsBelM stock solution (in 1-hexanol) was mixed with
0.75 mL of a 1.2 M Zn(OAg)stock solution (in water) in-heptane/1-hexanol (45 mL/5 mL)
and stirred at room temperature overnight. The yebdvas isolated by centrifugation

(5 min/10000 rpm) and dried overnight in an oved (@).
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9.8 Supporting Information

Table S3.Experimental parameters for the solid-state CP-M#&Sand'®N NMR measurements.

¢ Rotational Contact time recycle delay scans
frequency [usec] [sec]
BelM-MIF(Pro) 10 5000 1 200
[Zn(BeIM)Pro] 10 3000 8 200
Zn(Pro), 10 5000 5 40
BelM-MIF(Buto) 10 5000 4 100
[Zn(BelM)Buto] 10 5000 4 100
Zn(Buto); 10 5000 5 16
[Zn(BrBelM)OAC] 10 5000 16 492
BrBelM(H) 10 5000 32 100
[Zn(NH ;BelM)OAC] 10 5000 8 200
[Zn(N 3BelM)OAC] 10 5000 1 512
BelM-MIF-30 10 5000 2 204
BelM-MIF-40 10 1000 1 28
l5N
MIF-Pro 10 5000 2 10100
BelM-MIF-30 10 5000 2 230488
BelM-MIF-40 10 10000 1 12136
[Zn(NH ,BelM)OAC] 10 5000 8 6704
[Zn(N 3BelM)OAC] 10 5000 1 36724
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