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ABSTRACT OF THE DISSERTATION

Beyond Traditional Four-Connected Zeolitic Frameworks:
Design, Syntheses and Characterization of Porous Zeolitic Imidazodateworks and
Open-Framework Metal Chalcogenides

by

Tao Wu

Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, August 2011
Dr. Pingyun Feng, Chairperson

Zeolites have played essential roles in a number of industrisepses and
technological applications. The intensive research in crystatiiicroporous materials
has successfully extended such traditional inorganic zeoliteenticenducting open-
framework metal chalcogenides and hybrid porous coordination pdyi@er research
group has made a number of key advances in the development of hatalgenide
clusters and their self-assembled open frameworks. Some ofkéneselvances resulted
from this thesis work and are described here. This dissertatsm deals with the
synthesis of some unique families of porous frameworks based on coordination polymers.

Porous zeolitic metal imidazolate frameworks can be consideredtegrating
features of both traditional inorganic zeolites and porous coordination @aymecause
the Si-O-Si angle in zeolites is coincident with that of thddimg angle formed by the
Metal-Imidazolate-Metal unit. In this thesis work, two differatrategies are employed.

The first is the use of mixed, sterically tuned and complememtaidazole ligands,
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which results in several novel zeolitic topologies with both 3-ringlarge rings (>12).
The second is the use of novel tetrahedral nodes (e.g., Li and Bh hits to a new
family of boron imidazolate open-framework materials.

Open-framework metal chalcogenides are a new generatiorom@fanic porous
materials because their semiconducting properties could expandilitigeotiinorganic
porous materials into areas in which traditional insulating inocgaaolite materials
have had little impact. Key synthetic discoveries made inth@sis work include (1)
synthesis of a family of Sn- and/or S-doped Zn-Ga-Se clustetsframeworks and
demonstration of site-selective doping chemistry controlled byntieeplay of multiple
fundamental chemical and geometrical factors, (2) synthesiswof selenide 3D
superlattices based on dual-sized supertetrahedral clustedemnmhstration of charge
density tuning of chalcogenide clusters using three typesafje-complementary and
yet geometry-matching metal cations (di-, tri-, and tetranatms), (3) synthesis of the
largest discrete chalcogenide clusters with tunable band gésh vurther blurs the
boundary between molecular clusters and colloidal nanopatrticles, atite (gynthesis
of a new family of 3D covalent arrays of supertetrahedraleisistind negatively-charged

imidazolate ligands.
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Chapter 1
Overview of Crystalline Microporous Zeolitic Materials

1.1  Crystalline Microporous Materials

Porous materials are of particular interest due to their varindastrial
applications that arise from their inherent uniform porosity and higlace area. Porous
materials are regarded as solids or matrixes with an inter-connetteatk and confined
pores or channels, which could be utilized as chambers for trappiall gas or liquid
molecules, or as substrates for various size-and-shape-seletimical catalytic

reactions.

Micropores Mesopores Macropores

0 1 2 10 50 100 1000
Pore diameter (nm)

Figure 1.1 The IUPAC classification of porous materials on the basis @& po
diameter.

There are a variety of porous materials differing in chengoahposition, pore
geometry and size, and degree of crystallinity. According A0 notation’ materials
with pore diameter greater than 50 nm are called macroporogsiatsgtmaterials with

pore diameter greater than 2 nm and less than 50 nm are callegonoess materials,



and materials with pore diameter smaller than 2 nm are calletbporous materials
(Figure 1.1). Based on the difference in their chemical compositmorsus materials
can be classified into pure inorganic porous materials (such asnakihtcates) and
carbon-based materials (such as activated carbdnBprous materials can also be
divided as crystalline materials (such as inorganic zeolitetermals) and amorphous
materials (such as activated carbons) based on degree of crystdllifigyent from non-
crystalline materials, crystalline porous materials possesB-defined framework
structure and pore size.

In this chapter, | would like to focus on the recent progress infithe of
crystalline microporous materials, especially the matendth zeolitic frameworks
which are composed of four-connected metal ions or metal clusteredas and bi-
bridged inorganic anions or negatively-charged/neutral organic ligandskess. These
materials show rich compositional diversity with tunable microporcasmd interesting
optical properties, which demonstrate their potential application snagaorption and
separation, photocatalytic activity, etc.

1.1.1 Inorganic Zeolites

Zeolites, also called molecular sieves, are crystalline, yigbtous solids with
pore size below 20A.In general, these crystals consist of a three-dimensional pore
system with interconnected tunnels, cages, or pores with predséhed diameters.
They are constructed by corner-sharing S&d AlQ, tetrahedras. (Figure 1.2) These
tetrahedras are the basic building blocks for various zedlitetstes, such as zeolites A

and X (the most common commercial adsorbenB)e to the presence of trivalent



aluminium, zeolites usually exhibit a negatively-charged fraonkeywhich is balanced
by positive cations (such as alkali metal ions or alkalintheaetal ions or protonated

amines) and generates a strong electrostatic field distributing oneheairgurface.

0 0
N O/
OII"-I-Si/ \AQ'HO
Q 0

Aluminosilicates

SOD LTA RHO

Figure 1.2. Basic structure of inorganic zeolite and three representateadite
topologies.

Because of the typical structural features, zeolites exlabgorption, ion
exchange, and catalysis properties, which make them useful sepagation, detergent,
and petroleum industry. Firstly, zeolites can act as a spangdsorb and trap small
molecules in their crystal structures. This makes it usefdrasagents. Secondly, the
embedded cations in zeolites can be exchanged with other catiane tarfe the pore
size or the adsorption characteristics. The cations in the ckarareblso go through ion-
exchange. For instance, zeolites with sodium ions can be usedexssof&ning agent
for processing hard water by exchangind'Ga Mg** with Na". Their ability to soften
water makes them widely used in the global laundry detergarkem In addition, many

synthetic zeolites (such as ZSM-5) can also be used as tatalythe petrochemical



industry, for instance in fluid catalytic cracking and hydro-cragRi The protonated
zeolites, prepared by ion-exchange, can be used as catalystditatdaacid-catalyzed
reactions, such as isomerisation, alkylation, and cracking.

Following the great success made in zeolite molecular siev&882, Flanigen et
al. reported the synthesis of aluminophosphate molecular sievestbatied crystalline
aluminosilicate microporous materials to non-aluminosilicate composit Inspired by
this discovery, many research groups made considerable effosigtimesizing open-
framework materials by replacing framework cations (i.E" Ar Sf*) in zeolites with
other cations (such as &aGe'™, and B"), even transition metal cations (such a$*Co
Fe*, and Mri") were introduced® In addition, the usage of structure-directing agents
with various charge, size, and shape played an effective role litatawy the formation
of different zeolite frameworks. A large number of new porous materials, akpéodse
containing extra-large pores, chiral frameworks, helical pores, nanltidirectional
intersecting channels have been synthesized. In comparison withrattigomnal
aluminosilicate zeolites, the new family of crystalline oxapen-framework materials
exhibited a wider range of chemical and physical prope'ties.

1.1.2 Porous Coordination Polymers (PCPs)

Increasing demands for various applications of porous materialsshiaudated
great research interests in creating inorganic-organic hpbrous materials in order to
overcome some of the limitations of pure inorganic metal oxidkteematerials, such as
low surface area and small pore size. Since 1990s, a new ctagstafline microporous

hybrid materials, porous coordination polymers (PCPs, also calledl-anganic



frameworks, MOFs), have undergone a rapid development and explosivih o
PCPs represent an important and new type of inorganic-organic hyhbtetials, and
also represent a new development on the interface betweetutanl coordination
chemistry and materials science.

Like its name as embodied, PCPs consist of metal ions or metatlusters
coordinated to rigid or flexible organic molecules to form threeetlisional structures.
Unlike oxygen bridges in inorganic zeolites, abundant organic linkelPCPs, ranging
from organic acids with di- or multi-carboxylate or phosphonate functignoaips to N-
containing heterocyclic ligands, extensively enrich their pgmes and framework
structures. Beside large amount of optional and easily-tailocalgenic linkers, metal
ions in PCPs can also be chosen from light-weight alkaline anthallearth metal ions
to p-block main-group metal ions, and from transition metal ions to ladésneven
actinides. Many stable secondary building units (SBUs) composeetad oxide cluster
have been created in PCPs, and are further used as tectonsofal ésign of PCPs
with specific structure topology and pore siZe.

Compared to conventionally microporous inorganic materials, suchadditeze
PCPs have exceptionally high porosity, extraordinary low densitly, sugace area, and
uniform and tunable pore size, which seems to take advantage obtiertigs of both
organic and inorganic porous materials. To be noticed, among PChRswoaks,
organic ligands serving as linkers play an important role in comgaifieir pore size and
shape, and make it possible to further functionalize their pore sarido far, the surface

area of some PCPs can be extended into many times of thdsergénic porous



materials through using long and large organic ligands as lifkévrever, some
strategies, such as post-synthetic modification, have alsodes@toped to obtain new
functional materials. Such stable and tunable pores in a range ofstronglires give rise
to a great number of potential applications, such as gas separatid storage (hydrogen,

methane and carbon dioxide), catalysis, as well as drug defVéty.

MOF-5 MIL-101

Figure 1.3. Two representative porous coordination polymers. (Reproduced with
permission from ref. 37 copyright 2011 Royal Society of Chemistry)

Many reviews have been published which summarized the recenbpiesazit of
PCPs and their extensive applications in materials sciérit&@here are two important
PCPs that need to be mentioned here, MOF-5 and MIL-101, because the two
representative PCPs have induced wide research interest sxdetheir own structural
characteristics and properties. (Figure 1.3) In 1999, Yaghi repbeelttst exceptionally
stable and highly porous metal-organic framework, named M&FFBis material was

obtained through the reaction of zinc nitrate with 1, 4-benzenedicadtexatid in the



presence of hydrogen peroxide and DMF/chlorobenzene. Structugssiarsiows that
this material has primary cubic space group. Each oxide-centeetal wiluster is
connected to six organic linkers. The nitrogen gas sorption eeeestversible type |
isotherm. The surface area is as high as 290¢. mater, in 2005, Férey created a crystal
structure based on chromium terephthalate, MIL*0&hich has large pore sizes and
high surface area. The material is assembled by cornenghsarpertetrahedra, which
consist of C4O trimers and 1, 4-benzenedicarboxylic acids. The supertetrabeelra
microporous with an 8.6 A free aperture. MIL-101 has an augmemtee-timensional
MTN zeolite topology with a very large cell volume (70200%).AMIL-101 is highly
porous with BET and Langmuir surface areas of about 4100 + 200 and 5900 ¥00m
respectively.

1.2  Porous Zeolitic Metal Imidazolate Frameworks (PZMIFs)

Although both inorganic zeolites and porous coordination polymers, as two
important crystalline microporous materials, have attrackéensive attention for their
practical or potential applications, these porous materialati# their own limitations.
For example, small pore size and low surface area of zeale thus far restricted their
applications only to small molecules, and PCPs have relativelgr ltvermal stability
and hydro(solvo)thermal stability. In order to combine their regge@dvantages of
these two important porous materials, much increasing inté&sesbcused on the
syntheses of porous zeolitic coordination polymers (PZCPs). Alongrt&jsexploration
on porous zeolitic metal imidazolate frameworks (PZMIFs) catohech more attention

than other PZCPs.



1.2.1 Basic Design Concept on the Construction of PZMIFs

Coordination polymers constructed from tetrahedral building units and having
zeolitic topologies are scart&Many attempts to construct PCPs with zeolitic topology
based on the assembly of tetrahedral building units with lingiar or flexible bidentate
ligands have constantly led to the formation of a cubic diamond-likeagypolvhich is
regarded as the default structure for the assembly of extdrat@eworks from simple

four-connected nodes, particularly single metal ions connected by flerikded.**
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Scheme 1.1. Analogous geometrical configuration in metal imdazolate framework and
silicate zeolite.

In 2002, You and co-authors reported a novel four-connected metal imidazolate
framework, [Cg(Im)g).** Although this framework has no pore opening, it exhibits
neither the diamond topology nor the conventional zeolite structure, vehiegarded as
pioneering work on creating zeolitic coordination polymers with novetstre by using
imidazolate as bridging ligands. The strategy for creating sueltal imidazolate
frameworks is based on expanding the zeolite topologies by cdimtrot a tetrahedral
building block, TX, in which the T-X-T angle is about 145. Imidazole was chosen as the
linker X since the two-coordinate N atoms of this bidentatentigare oriented at an
angle of about 144, which is very close to the Si-O-Si angle of 14&aiites. (Scheme

1.1)



Based on above synthetic strategy, You et al continue explorimgidea to
construct new porous zeolitic metal imidazolate framewdtfkshowever, all of these
show no porosity until Huang and co-authors reported two PZMIFs in “2086ong
these, Zn(2-methyl-imidazolate)s a open framework with SOD topology, which is
coded as ZIF-8 by Yagfl. Notice that it is Yaghi's significant and fruitful work that
stimulated a widespread interests in this area.

1.2.2 Framework Compositions and Topologies

As embodied by its name, zeolitic metal imidazolate framksv¢ZMIFs) are
constructed from tetrahedrally-coordinated divalent metal ions, @, C&*, Cuf*,
Cd®") bridged by imidazolate (Ifor its derivatives. Scheme 1.2 lists all imidazolate
derivatives that have been used in the construction of PZMIFs. Thetwesgroups,
some hydrophilic and some hydrophobic, can be used to effectivedtite properties of

pore surface and its functionalization.
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Scheme 1.2. Imidazolate and it derivatives used in PZMIFs.



Table 1.1. Composition, structure, and framework density of some reported zeoliti
imidazolate frameworks arranged in decreasing framework density.

Composition Net® Zeolite® Cage Face T/V, nm3°  Ref.
Zn(im)(mim) zni — [6.12] 4.62 [47]
Zn(im), cag — [4.67] 3.68 [47]
Zn(im), cag — [4.67] 3.66 [52]
Zn(im), cb  BCT [6.87 3.64 [47,52]
Co(im)- nog — [5.6%.8"] 3.50 [42]
Zn(im) nog — [5.6%.8" 3.45 [52]
Zn(abim) da — [67] 3.31 [53]
Zn(nim) frl — [4%.6%.8 3.22 [53]
Zn(dcim) les — [6] 3.16 [53]
Zn(im), cb  BCT [6.87 2.80,2.78 [47,52]
Zn(im), dft  DFT (628" 2.66,2.56 [47,52]
Zn(phim) sod SOD [4.67 2.62 [50]
Zn(eim) ana  ANA [6.87 2.57 [46]
Zn(phim) sod SOD [4.69 2.50 [47]
Co(phim) sod SOD [4.67 2.51 [47]
Zn(mim), sod SOD [4.69 2.47 [47]
Zn(mim), sod SOD [4.69 2.44 [46]
Zn(im), gis GIS [4.87] 2.31,2.47 [47,52]
Zn(im), mer MER [42.87] 2.25 [47]
Zn(bim)(nim) gme GME [2.8°.12 2.09 [47]
Zn(purinate) lta  LTA [4%2.6%.89 2.04 [51]
Zn(phim), rho RHO [42.6°.87 2.01 [47]
Co(phim) rho RHO [42.6°.87 2.01 [47]
Zn(mim/eimy rho  RHO [42.6°.87 1.92 [46]
Zn(cbim) poz — [324% 81712 151 [54]
Zn(cbim) moz — [3%.4108 1279 1.29 [54]

@For definitions of three-letter abbreviations, see Reticular Gtgnttructure Resource
(http://rcsr.anu.edu.aul See ref. [f ¢ T/V is the density of metal atoms per unit volume.
The cage face symbol [."\n.] signifies that the cage has m faces that are n rings).
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Based on the general consideration on the charge of frameworks, diveht
(M?") ions are usually chosen as tetrahedral building unit to bathrceegative charge
of imidazolate ligands (Iif) for achieving neutral TX frameworks. Recently, the
Eddaoudi research group created zeolitic metal imidazolateedvarks with negative
charge, which is balanced by protonated amine filled in the charfiel.In such
materials, trivalent main-group metal ions3{)nare used as tetrahedral nodes and the
ligand 4, 5-imidazoledicarboxylic acids are used as the bridigikgrs. Later on, mono-

valent metal ions have been used to build PZMIFs by our groups (see chapter 3).

Figure 1.4. Selected crystal structures of porous zeolitic metal imidézol
frameworks with several main topologies. (Reproduced with permissiom ref. 55
copyright 2009 American Chemical Society)
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During the last six years, over 100 new zeolitic metal imidéediamework
structures have been created with different framework topoldyi8eme of them
possess the zeolite topologies, such as ANA, BCT, DFT, GIS, GWE, MER, RHO
and SOD, as shown in Table 1.1 and Figure 1.4. Several new types of yofid]dgs,
neb, zni, poz and moz) are also found in PZMIFs, which have never bemwenbs
zeolites or in other aluminosilicates or related material® @mazing PZMIFs reported
by Yaghi’s group need to be highlighted here. ZIF-95 and ZIF-100 display unpnesegde
structural complexity and novel topologies termed as poz and meecte®ly®® The
most notable aspect of structure of ZIF-100 is a giant moz cilg64 vertices (Figure
1.4). The outer and inner sphere diameters are around 67.2 and 35.6 A, rdgpective
which are far larger than the diameters of the faujasite sagera zeolite FAU (18.1
and 14.1A) and the diameter of C60 (10.5A).

One of the most desirable and intriguing topological features iganar zeolites
is the 3-ring (i.e., rings with three tetrahedral atoms oromaj) because it has been
proposed that the 3-ring can lead to low-framework density, langtey @nd high pore
volume. This discipline is also supported in the construction of PZMAEsshown in
Table 1.1, the 3-ring is observed in two colossal cage, i.e. poz andmmich, is also
accompanied with co-existence of 12-ring.

1.2.3 Synthetic Methods and Strategies

The typical synthesis of PZMIFs involves mixing the desiredrded divalent

transition metal salts and the imidazole units in a base so(gech as DMF, or

containing small amount of organic amine), and heating the msxtoréemperatures

12



ranging from 80 to 150 °C, followed by cooling reaction vials to reemperature. The
molar ratio and concentration of the metal ions and imidazole umsitsyell as the
reaction temperature are important in the formation of crystalline iaater
Extra-framework structure directing agents (e.g. tetgdatkmonium cations)
play an important role in determining the framework topology. In thehsgis of
inorganic zeolites, the structural diversities of the mateasdsin largely caused by the
effect of various structural directing agents. However, in FEAVwhile the structure
directing effect of extra-framework species (usually solyemsgy still be used to
promote the crystallization and control the product topology, it is shatrtlie type of
imidazolate ligand played a crucial role in creating novelitze topologies. In addition
to the ligand-solvent interaction, the ligand-ligand interaction haa becognized as a
variable that can be utilized to control the framework topology. é@mple, two
obvious different zeolite topologies, SOD and RHO, can be formed f2em
methylimidazolate and benzimidazolate, respectively. This indicateth#hatibstitutions
at the 4- and 5-positions of the Im unit produced sufficient gtérgrance to prevent the
formation of a structure with the RHO topology. Since the ligagatid interactions can
be tuned by the type, number, and position of substituents on the inaidariolg, a
smart synthetic strategy on mixing two or more complementary imidazigianels in the
same assembly process has been adopted to achieve many neevtapoligies. High-
throughput synthetic approach can be a very efficient way t@rsdfee mixtures of

different imidazole linkers and create different topologtes.
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1.2.4 Porosity and Stability and Potential Applications

In comparison with inorganic zeolites, some of PZMIFs have much hsginfarce
area. For example, the Langmuir surface areas of ZIF-8'5@ml ZIF-70-GME>?,
prepared in Yaghi's group, arel81G/ghand 1970 Aig, respectively. Later, Liu et al
expand surface area of PZMIFs up to 30Xy the approach of elongating the M-N
bond (M=Cd), that represents the highest value among the currentdgvelisd

PZMIFs>®

‘(‘ O :i‘ ‘
ca
54 . g
N7
s b \_ MeOH, 60 °C
[) 4

HaNCH,CH;0H

ZIF-90 ZIF-92
N_ N_
N N

zn” j/ Szn zn” j/ Szn
7 7z

Figure 1.5. The functionalization of one PZMIF with aldehyde group. (Reproduced
with permission from ref. 55 copyright 2009 American Chemical Society)

In addition to permanent porosity, many PZMIFs also exhibit rerbgrkagh
thermal and chemical stability. For example, ZIF-8 can beethaih water, alkaline
solutions, and refluxed in organic solvents without loss of crystagllant porosity. The
chemical and thermal stabilities of PZMIFs are much bettan that of conventional
PCPs. In addition, their frameworks also display high thermhllisga(up to 506C) as
anticipated for structures formed from robust linkers. The chersiahllity of PZMIFs
in both aqueous and organic solvents provides opportunity for the further mamlica

on the imidazole linkers of the frameworks without alternathrr original structures.
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For instance, the imidazolate-2-carboxyaldehyde linker in ZIF€Q0dcbe reduced by
NaBH, to the corresponding alcohol derivative, and converted into an imineciogldty
in refluxing methanol with the presence of corresponding amine reactamte(Ei¢)>’

High porosity allying with thermal stability make PZMIFdractive candidates
for many other applications such as gas storage, separation, atréteutos catalytic
reaction. Beside certain hydrogen uptake capatiBZMIFs exhibit exceptional uptake
capacities for C@ and can selectively separate £@om industrially relevant gas
mixtures (such as CHCO, Q, and N).>*®'Yaghi claimed that 1L of ZIF-69 can store
82.6 L of CQ at 273 K, which displays a superior ability to store,@Ocomparison to
the industrially utilized adsorbent BPL carbBrin addition, Xu et al employed ZIF-8 as
a support for preparing nanoparticulate (NP) Au catalysts bynale solid grinding
method, which exhibited considerable activity in the gas phase Qfatmxi®® Later,
they also stabilized core-shell structured bimetallic NPs I6nr82by a facile successive
deposition-reduction method. This bimetallic Au@Ag NPs synecgisfi improved the
catalytic activity of reduction of 4-nitrophenol (4-NPh) by NaBhiwater®®
1.3  Open-framework Metal Chalcogenides Based on Supertetrahedral Clusts

The intrinsic semiconducting properties of many bulk-phase rohtdtogenide
materials endow them with lots of potential applications in natecience, such as solar
cells® light-emitting diodes (LEDsY; thin-film transistor$®optical switche$§/ chemical
sensor¥. Since the first open-framework metal chalcogenide was rebosteBedard

and co-workers in 1989, research on crystalline porous metal-chalcogenide frameworks
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with zeolitic structure has attracted great attention becswde materials are capable of
integrating porosity with semi-conductivity and inducing some potenticapions.
1.3.1 Basic Design Concept and Construction of Open-Framework Chalcogensde

In general, the syntheses of new inorganic zeolite materralelve the
replacement of tetrahedral metal ions by others. Resultietalnoxides are usually
insulators and have very limited electric and optical applicatibm&xpand microporous
materials beyond their traditional applications, some resaardhied to synthesize
microporous semiconducting materials. Different from the conventioration
substitution in the process of expanding four-connected inorganic z&aleworks,
some creative research works were carried out to createparous metal chalcogenides
by replacing framework anions {Qwith chalcogenides ¢Sor S&). Such microporous
chalcogenides are expected to have potential applications inetie sarch as shape- and
size-selective sensors, high-surface-area photo-catalysts, ancefguttodes device.

It is worth noting that, beside the chemically-related disancy of oxygen and
sulfur atoms in their corresponding materials, these inorganic bgdmikers likewise
exhibit difference in the construction of new type of zeoliticudtires from the
viewpoint of their structural chemistry. First of all, mesalfides have long T-S bond
distance (>2.1A) and small T-S-T angles (between 105 and 115 degrees), whititlare
smaller than the typical T-O-T angles in metal oxides tisatally range from 140to
15C. This geometrical feature is desirable for the formation-ofeBnbered ring, which
could lead to highly open frameworks with low framework densitycoBaly, rich

bridging modes (¢S, n = 2, 3, 4) of sulfur have been found in metal sulfides, which
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gives them more opportunity on the formation of new non-zeolitic paustures than
common metal oxide with only,tO linker.

Original efforts to make porous metal chalcogenides began with genmand
tin sulfides with tetravalent metal ioh%’? These M(IV)-S (M=Ge or Sn) chalcogenides
contain [MiSig* clusters (also called T2 cluster) formed through four,ftSed
tetrahedras. These single-metal sulfide materials did not showstpeture feature until
the subsequent incorporation of low valent cations (such &%, M&*, C&™) into this
M(IV)-S system’®>’® Through combining tetravalent (f) cations with trivalent (M,
such as GH and In") cations in metal chalcogenides, our group synthesized a séries o
open-framework chalcogenides with new zeolitic topologies. Somaterials in this
series possess porosity and adequate stability toward ion ex@rahtgeermal treatment.
For example, UCR-20GaGeS has extended SOD topology with 3-membeged Its
Cs"-exchanged product exhibits the type | isotherm with surfaceair807 /g and its
pore size is as large as 9.5A.

Different from germanium or tin chalcogenides, pure indium andugall
chalcogenides could form three-dimensional frameworks balancgdobtonated amine
or inorganic cations. These M(II)-E (M = Ga or In; E = SS&) open frameworks are
usually composed of [ME.q|** clusters, instead of [ME1g]*. such clusters are obviously
larger than MEyo" clusters, and contain both-f and j-E coordination chalcogefi®?

In order to distinguish them from simple iE&nit, these large clusters were described as
“supertetrahedral cluster” and denoted asclusters 1§ is the number of metal sites on

each tetrahedral edge) by O’Keeffe and Yaghial because they have the basic
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tetrahedral shape and all metal sites are tetrahedrally natedi Although these three-
dimensional chalcogenide frameworks do not belong to typical zetdpiology, they
demonstrated four-connected network when “supertetrahedral clusters’simplified
and treated as a simple four-connected nodes or artificiahégtral atoms. During the
subsequent efforts in enriching the compositions and frameworks (@f)-&
chalcogenides, the incorporation of monovalent (such &s @uwivalent (such as Zh
cd*, Mn?*, C*, F€") metal cations into indium or gallium chalcogenide materiats ha
produced many chalcogenides materials with new open frameapologies which are
often based on the assembly of large supertetrahedral chalcogenide.&lusters

In fact, many years of efforts on preparing crystallineramorous chalcogenides
have demonstrated that open-framework metal chalcogenides frigqeensist of
clusters serving as their structural secondary building unitshvididramatically distinct
from single TX4 tetrahedra in most of metal oxide open-framlewaterials. Among
various clusters (e.g. tetrahedron-shaped clusters, cubic clastesemi-cubic clusters),
tetrahedron-shaped clusters, have attracted increasing inberestise they possess
simple and symmetrical structures and can serve as altidtiahedral atoms to readily
form zeolite-like porous semiconductors. So far, four different typlesetrahedral
clusters have been created and classified as supertetrahedsdérs, penta-
supertetrahedral clusters, capped-supertetrahedral clusterssupedsupertetrahedral
cluster, which are denoted a$,TPn, Cn, and Tp,q respectively, in terms of their
structural characteristi®8:®> Among these clusters, supertetrahedmalclusters are the

most fundamental series and other series of clusters can betgeally derived from

18



Tn clusters. In this section, | just focus on supertetrahedral cigstesince it is closely
related to my dissertation.

1.3.2 Structure and Composition of Supertetrahedral Clusters

T2 T3]

L
L. 10

Figure 1.6  Ball-and-stick representation of T2, T3, T4 and T5 supertetrahedral
clusters. Green ball stands for cation site, orange for anion site.

Supertetrahedral clusters (denoted asby Yaghi and O’Keeffe) are regular,
tetrahedron-shaped fragments of the cubic ZnS type lattice, as sindwgure 1.6 and
Table 1.2 The number n represents the number of metal layersinplest case is T1
and it is just a tetrahedron with the composition of ;M = metal cation and X =25
Se, or T&). For other isolated or discrete Tn>2) clusters, the mathematical notation
for the compositions of T2, T3, T4, T5 and Tn clusters apXiy] M1oX20, M2oX3s,
M3sXs6, and MXy (X=[n(n+1)(n+2)]/6; y=[(n+1)(n+2)(n+3)]/6), respectively, whereisV

a metal cation and X is a chalcogen anion. In general, thdemaf anions in a Tn
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cluster is equal to the number of cations in &L cluster. When these supertetrahedral
clusters covalently connect each other through corner-shared muoeepverall
stoichiometry of the framework varies with their pattern of conwvigct In a typical
situation, each of four corners of a supertetrahedral clustbonsled to other four
supertetrahedral clusters to form an infinite 3-D framework, taedtotal number of
anions per supertetrahedral cluster will be reduced by 2.

As mentioned before, discrete T2 cluster is the earliest ahigypertetrahedral
cluster with a wide range of compositions, including®g (E = S or Se§° InsE;,%°
GeEie" " ®® SnE’ 1o (E' = Se or TéP*t and M(ER)o™ (M = Zrt*, Cd*, Mn**, F€”,
Cc®*, or Hf": R = an organic group¥® Some of these have been adopted as artificial
atoms or secondary building units (SBU) for the construction of 2-B® frameworks.

In addition to the discrete T3 clusters with capped-organic ligands,as MoEs(ER)e",
M1oEs(ER)Ls (M= Cd*, Zr**, or HF'; E = S, Se or Te; R = an organic group; L =
terminal ligand)?* °°"and [GagSie(L)4] (L=3,5-dimethypyridinef® some “naked” T3
clusters (MoX1s8, M = Ga, In; X = S or Se) are also found in covalently-connected three-
dimensional framework&:***% prior to this work, no isolated T4 cluster was
synthesized. All of these T4 clusters were synthesizedsd#s™ (M = Mn, Fe, Co,

Zn, CdP** or ZnGaeSss '@ (E = S or Sef%? and were involved in 3-D open
framework structures. The largest supertetrahedral clustéinesyzed so far is the T5
cluster with the composition of [Z§in2,Ssg| % or [CusinseSsel 1231 These T5 clusters
occur in covalent two- and three-dimensional superlattices and ayetriatown in the

isolated form.
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Table 1.2 A summary of compositions of isolated supertetrahedral clusters (Tn).

n Stoichiometry | Compositons
[ME4® (M = Zn, Mn, Co, Fe, Cd); [ME> (M = In,
1 MX4 Ga); [MEJ* (M = Sn, Ge; E = S, Se, or Te; M(SFh)
(M = Zn, Cd); [M(SPh)]” (M = Ga, In); [Sn(SPh)
[GesE]” (E = S, Se); [SiEi]"(E = S, Se, Te):
) MeXas [M4S1® (M = Ga, In); [InSad®, [M45280F;h}o;2' (M =
Zn, Fe, Co, Cd); [(GéIn)(Geg/Sn)Es ™" (x+y =
4, E =S or Se)
[M16S2q ™" (M = In, Ga); [MwSed ™™ (M = In, Ga);
3 MuoX [M10E4(SPh)d* (M = Zn, Cd; E = S, Se; Ph),
10720 [Zn10Su(SEtY-EL] " (Et = ethyl); [GacSie(L)a]* (L =
3,5-lutidine) ; [MsSnsSy*® (M = Zn, Co)
MInyeSes " (M = Mn, Fe, Co, Zn, Cd); [ZGaeEsd]
4 M20X 35 54- (E=S, Se)
5 M3sXs6 [CusINeSse] ™", [ZN1alN22Sse)**
6 MseX g4 none
7 My Xy none

As concluded in Table 1.2, the number of dlusters with sulfide compositions is
dramatically greater than that of selenides and tellurideseder, with the increasing
size of Tn cluster, the total number of metal sites and non-metalidsg go up to one
hundred, which provide more possibility to create multi-component supheetal
clusters with tunable optical properties. However, prior to this waoskimore than two
metal cations co-exist in one supertetrahedral cluster, and de&n-framework
chalcogenides contain sulfide and selenide simultaneously. E$pefoalhigh valent
main-group metal ions (such as*§nthey frequently occur in T1 and T2 clusters, not in
T3 clusters, except one examplespsS;g'> (M=Zn, Co), which was also regarded as

the largest isolated naked cluster without any capped or terminal orggmiddt®®
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1.3.3 Connectivity and Framework Topology Based onf Cluster

For most of supertetrahedralnTclusters in open-framework chalcogenide
superlattices, the metal sites adopt tetrahedral coordinationetygor@halcogen anions
can be tri-coordinated, even tetra-coordinated chalcogenide anions T4 dndté&scSo
the whole frameworks can not be simply viewed as zeolitic pratotiyporder to well
understand the structure of chalcogenide frameworks and establiskeldtienship
between these frameworks and structurally-known zeolites, alttetna@edral clusters
in 3-D frameworks are usually simplified as artificial or ybe tetrahedral atoms by
ignoring the internal structure of the clusters. With such siicgaion, 3-D chalcogenide
frameworks can be regarded as four-connected network which ikrsitmi zeolitic
topology. There are eight four-connected topologies reported in meti@ogéaide
system: single and double diamond, ABW, ¢rBOD, UCR-1, ICF-24, and ICF-25. In
contrast to metal oxide system, the number of topological frameworklsalcogenide
system is much less, which could be attributed to the fact thantfle of T-X-T (X =S
or Se) is not flexible and smaller than that of T-O-T. Theegfto expand the number of
framework types in chalcogenide superlattices, it would be impamaovercome this
structural disadvantage.

It is worth noting that the above simplification of network takes idenation of
the structure geometry only and does not consider the differencbeirsize of
supertetrahedral clusters and bridging ligands between clustdest, even though the
same size of Tn clusters prefer assembling into 3-D framewwring crystallization,

clusters with different sizes can also be assembled into a8rbefrvork. For instance, the

22



reaction of discrete T2 cluster [§82¢]" with divalent transition metal ions leads to three-
dimensional frameworks with single-diamond lattice, where tethat nodes sites is
alternately occupied by T1 and T2 clusters (i.e., T1-T2 supedatiihe second example
is T3-T4 superlattices occurring in UCR-19 with double-diamonitéatt ' Prior to
our work, no other chalcogenide superlattices with dual-size Tn dubtere been

reported. It is especially rare with the clusters that have big eliffess in sizefIn>2). In

addition to the different sized clusters, different types of lmk&an also be used to
construct extended framework structures. The most common case singfe two-
connected corner-sharing ®r Sé. A two-connected polysulfide anionsst$ linkers
were found in UCR-18&° Vaqueiro et al successfully developed a method that can
replace inorganic linkers with neutral nitrogen-containing hetetmcyigands. In that
case, 1, 2-di(4-pyridyl)ethylene or 4,4’-bipyridine replacedidelfinions at the corner of
T3 [Ga oSy cluster. Framework materials with zero-, one-, two-dimensi@ae been
obtained®”*%® Unfortunately, no Tn-based 3-D framework containing neutral organic
linkers or negatively-charged organic linkers was reported prior to our work.
1.3.4 Selected Properties and Potential Applications of Chalcogde

Supperlattices

Crystalline open-framework chalcogenide materials integraporosity with
semi-conductivity have many interesting properties with potential apiolics.

First, highly negatively-charged anionic open frameworks make trssful as
inorganic ion exchangers. The large amount of protonated organic anaipesd in the

cages or channels can be replaced by small sized inorgaioicscéguch as [j Na') to
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give materials porosity. For example, organic cations in UCR-206d@&A could be
almost completely ion-exchanged by"@s room temperature, and the resulting product
exhibits the type | isotherm characteristic of a microporsystem’’ The exchanges
among different inorganic cations are also interesting. An openefivork sulfide
material, KkSn[ZnSmnS;7], showed highly selective ion-exchange properties foraDsl
NH," ions? In addition, due to the high polarizability of anionic framework andkwe
interaction with inorganic charge-balanced cations, chalcogenideedvark materials
exhibited fast-ion conductivity. For example, at 18 °C, the conductivity of ICF-5CulnS-
Na ranges from 1.8 10% Q™ cm* under 0.2% relative humidity to 1:210% Q* cm*
under 100% relative humidity. At room temperature, the conductivitCBf26 ranges
from 0.011Q" cm® at 29.8% relative humidity to 0.18™" cmi* under 100% relative
humidity, which is the highest specific conductivity achieved amongatiipe open
framework chalcogenides.

Moreover, different form most of metal oxides with wide band gaps, poetas
chalcogenide materials have relatively narrow band gaps, angiaxed to be efficient
photo-catalysts for the water splitting in visible region (Fégg1.7). For example, upon
irradiation with visible light, about 1@mol h* g* of H, gas was produced from an
agueous solution of N& (0.5 M, as sacrificial agent) with the ICF-5CulnS-Na as
catalyst** Compared to two anhydrous dense phases with similar compos{fioe{
with the cubic ZnS structure and CgBawith the spinel structure), the efficiency of ICF-
5-CulnS is much higher, which could been understood by the more attivegailable

in this open framework material. However, the poor stability etamnchalcogenide
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catalysts limit their practical application sinoesitu generated holes can oxidize the
sulfide atoms in the framework. As a result, sacrificingnég@re needed during the

water-splitting process.

Conduction band e-

A H,O

S%, 50,2

Light

Valence band h+ S,%, 80,7,
etc.

Figure 1.7. The 3D diamond-type superlattice of ICF-5CulnS-Na serving as
photocatalysts for water splitting.

The use of doping to tune electronic structures is a well-egdtadl method in
band gap engineering that has been successfully used for naasyrydense phase solid
materials. In open framework solids within a given compositidoatain, the band gap
can also be tuned by controlling pore geometry in addition to adjustiegical
compositions. These cluster-based open framework materials provatiddional level
of control over the electronic properties through the porosity antihlspasemblies of
clusters. For example, open-framework chalcogenide materiflisti@ same gallium
selenides compositions and different structures show band gaps rémogng.4 to 1.7
eV. Their corresponding structures with gallium sulfide composittiasv smaller band
gap ranging from 2.6 to 2.8 eW}! It appears that the framework anions have a much

more dramatic impact on the band gap than framework cations.
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Open-framework metal

chalcogenides have also been found

to display

photoluminescence with tunable emission wavelengths ranging almastucwrsly from

440 to 600 nm by varying their framework compositions and structires.

1.4 Contribution from This Work

e N \
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Scheme 1.3. The extension of four-connected zeolitic frameworks with different

compositions.

Creation of new crystalline microporous materials is an impottgit due to

their practical or potential application in chemical industry. Reg®ers are interested in

developing solid porous materials with either novel chemical compositor new

framework topologies because the properties and applications of pmaiesals are

intimately related to their compositional and topological featubesing the past decade,

our research group has made extraordinary progress in the crefatorstalline open-
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framework metal chalcogenides with zeolitic topology. These opemefrark
chalcogenide materials with semiconducting properties could bedesjas an extension
with respect to traditional four-connected inorganic zeolite nadge In this thesis, we
continue expanding four-connected crystalline porous materials andiegritheir
compositions and framework topologies. All of the synthesized matexaal be related
to traditional inorganic zeolites, as shown in Scheme 1.3.

PZMIF can be considered as the combination of both traditional inorganic
zeolites and PCPs because the Si-O-Si angle in zeolisnsident with that of the
bridging angle in the M-Im-M. In chapter 2, by introducing subttd imdazole ligands
into PZMIF system together with mix-linker synthetic stggteseveral novel zeoltic
topologies with 3-ring and large ring have been obtained. Thesetop®lare new and
have never been observed in inorganic zeoliteS® The work highlights the
significance of framework building units in the control of the framework topology.

Utilizing strategy based on charge separation of node atoms arge dhedlance
principle, a new family of boron imidazolate open-framework mdsehw cross-linking
4-connected boron imidazolate complexes with 4-connectédotiCu centers is
rationally designed and synthesized. This work is discussed in chapt&™® The
compositions of these materials are very unique compared to @tingamic zeolites or
metal-organic framework materials. It represents a uniquayfafmaterials that border
between MOFs and covalent frameworks because the tetrahedicds/€B, Li, and Cu)
are joined together by a combination of covalent (B-N) and coordination lardsand

Cu-N).
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In chapter 4, the first quaternary 3-D open-framework selenide attsa$ based
on T2 and T4 dual-sized supertetrahedral clusters have been synthesizeldresitypes
of charge-complementary and yet geometry-matching metal catiush charge-
complementary metal cations could control the cluster size andseoally through
differing bond valence requirements dif, tri-, andtetra-coordinated Se sites. The
cluster-scale phase separation controlled by charge-complegnemeral cations
illustrates that a high degree of control is possible even indimplecated quaternary
compositions.

When the size of semiconductors becomes smaller and smalleraah@seahe
extreme situation as is the case in chalcogenide supertetiblobasters, different
chemically distinct sites occur, which can dramaticallyectfithe doping chemistry at
different sites and also spatial assembly of such clustercaviment superlattices. In
chapter 5, we use the Zn-Ga-Se supertetrahedral clusterhi@ndrameworks as the
model system to examine the doping chemistry &f &nd $ in the Zn-Ga-Se clusters.
The cooperative effect of amine-templating, Sn- and/or S-doping teadsch chemical
system with tunable framework compositions, topologies, and electronic properties.

Some types of i clusters can also be synthesized in the discrete forowiat
them to exist as soluble species in solution. In addition to their tireddttronic and
optical properties, these soluble clusters can be used as uniquespre for the
synthesis of novel porous semiconducting and optical materials. pectéa we report a

family of discrete chalcogenide T4 clusters. These T4 aisisire the largest molecular
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Tn clusters known to date and can be made in various compositions shawaidet
band structures in both solution and solid state.

Chapter 7 displays a family of 3-D covalent arrays of supealtetiral
chalcogenide clusters and imidazolate ligands. These mataegresent the first
examples of supertetrahedral clusters being assembled withiahgands. This work
demonstrated the possibility of integrating metal chalcogenides zantitic metal
imidazolate materials. The work also represents a signifgtapt forward for the metal
chalcogenide chemistry because of the demonstrated feadibilise organic ligands to

covalently assembl@arger supertetrahedral clusters into evegher dimensions (3-D).

29



1.5

References

(1)
(@)

3)

(4)
(5)

(6)

(7)
(8)

(9)

(10)

(11)
(12)
(13)

(14)

(15)

(16)
(17)

Sing, K. S. WPure Appl. Chem., 1985 57, 603-619.

Breck, D. W. Zeolite Molecular Seves. Sructure, Chemistry, and Use,
1974 Wiley, New York.

Meier, W. M.; Olsen, D. H.; Baerlocher, Btlas of Zeolite Sructure Types,
1996 Elsevier, London.

Venuto, P. BMicroporous Mater., 1994 2, 297-411.

Kresge, C. T.; Leonowicz, M. E.; Roth, W. J.; Vartuli, J. Beck, J. S.
Nature, 1992 359, 710-712.

Baerlocher, Ch.; McCusker, L. B.; Olson, D. HAtlas of Zeolite
Framework Types, 2007, 6th revised edition, Elsevier.

Brunner, G. OZeolites, 199Q 10, 612-614.

Dyer, A. An Introduction to Zeolite Molecular Seves, 1988 John Wiley &
Sons.

Wilson, S. T.; Lok, B. M.; Messina, C. A.; Cannan, T. R.; Flanigen, El. M.
Am. Chem. Soc., 1982 104, 1146-1147.

Cheetham, A. K.; Férey, G.; Loiseau,Angew. Chem. Int. Ed., 1999 38,
3282-3292.

Davis, M. E.Nature 2002 417, 813-821.
Janiak, CAngew. Chem. Int. Ed. Engl. 1997, 36, 1431-1434.
Batten, S. R.; Robson, Rngew. Chem. Int. Ed. 1998 37, 1460-1494.

Blake, A. J.; Champness, N. R.; Hubberstey, P.; Li, W.-S.h&&by, M.
A.; Schroder, MCoord. Chem. Rev. 1999 183, 117-138.

Eddaoudi, M.; Moler, D. B.; Li, H.; Chen, B.; Reineke, T. M.; O'Keeffe, M.;
Yaghi, O. M.Acc. Chem. Res. 2001, 34, 319-330.

Evans, O. R.; Lin, WAcc. Chem. Res. 2002 35, 511-522.

Kitagawa, S.; Kitaura, R.; Noro, 3ngew. Chem. Int. Ed. 2004 43, 2334-
2375.

30



(18) Fang, Q.-R.; Makal, T. A.; Young, M. D.; Zhou, H.-Comments on
Inorganic Chemistry, 201Q 31, 165-195.

(19) Tranchemontagne, D. J.; Mendoza-Cortés, J. L.; O’'Keeffe, M.; Yaghi, O
M. Chem. Soc. Rev. 2009 38, 1257-1283.

(20) Furukawa, H.; Ko, N.; Go, Y. B.; Aratani, N.; Choi, S. B.; Chhi,
Yazaydin, A. O.; Snurr, R. Q.; O'Keeffe, M.; Kim, J.; Yaghi,ND Science
201Q 239, 424-428.

(21) Horcajada, P.; Serre, C.; Maurin, G.; Ramsahye, NBAlas, F.; Vallet
Regi, M.; Sebban, M.; Taulelle, F.; Férey,J5Am. Chem. Soc. 2008 130,
6774-6780.

(22) Park, Y. K.; Choi, S. B.; Kim, H.; Kim, K.; Won, B. HChoi, K.; Choi, J.
S.; Ahn, W. S.; Won, N.; Kim, S.; Jung, D. H.; Choi, S. Kim, G. H.;
Cha, S. S.; Jhon, Y. H.; Yang, J. K.; J. Kiamgew. Chem. Int. Ed. 2007,
46, 8230-3233.

(23) Farrusseng, D.; Aguado, S.; Pinel, Abgew. Chem. Int. Ed. 2009 48, 2-14.

(24) Ma, L. Q.; Abney, C.; Lin, W. BChem. Soc. Rev. 2009 38, 1248-1256.

(25) Murray, L. J.; Dinca, M.; Long, J. khem. Soc. Rev. 2009 38, 1294-1314.

(26) Czaja, A. U.; Trukhan, N.; Muller, UChem. Soc. Rev. 2009 38, 1284-
1293.

(27) Spokoyny, A. M.; Kim, D.; Sumrein, A.; Mirkin, C. AChem. Soc. Rev.
2009 38, 1218-1227.

(28) Lee, J.Y.; Farha, O. K.; Roberts, J.; Scheidt, K. A.; Nguyen, S. T.; Hupp, J.
T. Chem. Soc. Rev. 2009 38, 1450-1459.

(29) Wang, Z.; Cohen, S. MChem. Soc. Rev. 2009 38, 1315-1329.
(30) Li, J.R.; Kuppler, R. J.; Zhou, H. Chem. Soc. Rev. 2009 38, 1477-1504.
(31) Férey, G.; Serre, @hem. Soc. Rev. 2009 38, 1380-1399.

(32) Chen, B. L.; Xiang, S. C.; Qian, G. Bcc. Chem. Res. 201Q 43, 1115-
1124.

(33) Kuppler, R. J.; Timmons, D. J.; Fang, Q.-R.; Li, J.-R.; Makal, TYAung,

M. D.; Yuan, D.; Zhao, D.; Zhuang, W.; Zhou, H.-Coor. Chem. Rev.
2009 253, 3042-3066.

31



(34)

(35)

(36)

(37)
(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

Tranchemontagne, D. J.; Ni, Z.; O’Keeffe, M.; Yaghi, O.Angew. Chem.
Int. Ed. 2008 47, 2-14.

Perry IV, J. J.; Perman, J. A.; Zaworotko, MChem. Soc. Rev. 2009 38,
1400-1417.

Allendorf. M. D.; Bauer, C. A.; Bhakta, R. K.; Houk, R. J.dhem. Soc.
Rev. 2009 38, 1330-1352.

Shimomura, S.; Kitagawa, $.Mater. Chem. 2011, 21, 5537-5546.

Li, H.; Eddaoudi, M.; O’'Keeffe, M.; Yaghi, O. Nlature 1999 402, 276-
279.

Férey, G.; Mellot-Draznieks, C.; Serre, C.; Millange,Butour, J.; Surblé,
S.; Margiolaki, I.Science 2005 309, 2040-2042.

Fang, Q.-R.; Zhu, G.-S.; Xue, M.; Sun, J.-Y.; Weli, Y.; Qiu, S.-L.; RKuR.
Angew. Chem. Int. Ed. 2005 44, 3845-3848.

O'Keeffe, M.; Eddaoudi, M.; Li, H.; Reineke, T.; Yaghi, O. M.Solid
Sate Chem. 200Q 152, 3-20.

Tian, Y. Q.; Cai, C. X,; Ji, Y.; You, X. Z.; Peng, S. M.; L&e, S.Angew.
Chem. Int. Ed. 2002 41, 1384-1386.

Tian, Y. Q.; Cai, C. X.; Ren, X. M.; Duan, C. Y.; Xu, Y.; Gag, %ou, X.
Z. Chem. Eur. J. 2003 9, 5673-5685.

Tian, Y.-Q.; Chen, Z. X.; Weng, L.-H.; Guo, H. B.; Gao, &ao, D. Y.
Inorg. Chem. 2004 43, 4631-4635.

Tian, Y.-Q.; Xu, L.; Cai, C.-X.; Wei, J.-C.; Li, Y.-ZYou, X. Z. Eur. J.
Inorg. Chem. 2004 1039-1044.

Huang, X.-C.; Lin, Y.-Y.; Zhang, J. P.; Chen, X.-Khgew. Chem. Int. Ed.
2006 45, 1557-1559.

Park, K. S.; Ni, Z.; C6té, A. P.; Choi, J. Y.; Huang, R.; Uribe-Romd,;F.
Chae, H. K.; O’'Keeffe, M.; Yaghi, O. MProc. Natl Acad. Sci. USA 2006
103, 10186-10191.

Liu, Y.; Kravtsov, V. Ch.; Larsen, R.; Eddaoudi, @hem. Commun. 2006
1488-1490.

32



(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)
(59)

(60)

(61)

(62)

(63)

Liu, Y.; Kravtsov, V. Ch.; Eddaoudi, MAngew. Chem., Int. Ed. 2008 47,
8446-8449.

Huang, X.-C.; Zhang, J.-P.; Chen, X.-Khin. <ci. Bull. 2003 48, 1531-
1534.

Hayashi, H.; Cbté, A. P.; Furukawa, H.; O’Keeffe, M.; Yaghi, O. M.
Nature Materials 2007, 6, 501-506.

Tian, Y.-Q.; Zhao, Y.-M.; Chen, Z.-X.; Zhang, G.-N.; Weng, L.-H.ad@h
D.-Y. Chem. Eur. J. 2007, 13, 4146-4154.

Banerjee, R.; Phan, A.; Wang, B.; Knobler, C.; Furukawa, H.; O’Keeffe
M.; Yaghi, O. M.cience 2008 319, 939-943.

Wang, B.; Coté, A. P.; Furukawa, H.; O’Keeffe, M.; Yaghi, O.NWature
2008 453, 207-212.

Phan, A.; Doonan, C. J.; Uribe-Romo, F. J.; Knobler, C. B.; O'Keeffe, M.;
Yaghi, O. M.Acc. Chem. Res, 2009 43, 58-67.

Tian, Y.-Q.; Yao, S.-Y.; Gu, D.; Cui, K.-H.; Guo, D.-W.; Zhang, Ge@,
Z.-X.; Zhao, D.-Y.Chem. Eur. J. 201Q 16, 1137-1141.

Morris, W.; Doonan, C. J.; Furukawa, H.; Banerjee, R.; Yaghi, Ql. lm.
Chem. Soc. 2008 130, 12626-12627.

Wu, H.; Zhou, W.; Yildirim, T.J. Am. Chem. Soc. 2007, 129, 5314-5315.

Banerjee, R.; Furukawa, H.; Britt, D.; Knobler, C.; O'egM.; Yaghi, O.
M. J. Am. Chem. Soc., 2009 131, 3875-3877.

Morris, W.; Leung, B.; Furukawa, H.; Yaghi, O. K.; He, Mayashi, H.;
Houndonougbo, Asta, Y. M.; Laird, B. B.; Yaghi, O. MAm. Chem. Soc.,
201Q 132, 11006-11008.

Pérez-Pellitero, J.; Amrouche, H.; Siperstein, F. R.; Pirngruhemiéto-
Draghi, C.; Chaplais, G.; Simon-Masseron, A.; Bazer-Bachi, D.JtReEx;
Bats, N.Chem. Eur. J. 201Q 16, 1560-1571.

Jiang, H.-L.; Liu, B.; Akita, T.; Haruta, M.; Sakurai, H.; Xu, @.Am.
Chem. Soc. 2009 131, 11302-11303.

Jiang, H.-L.; Akita, T.; Ishida, T.; Haruta, M.; Xu, Q. Am. Chem. Soc.
2011, 133, 1304-1306.

33



(64) Huynh, W. U.; Dittmer, J. J.; Alivisatos, A. Bcience, 2002 295, 2425-
24217.

(65) Nizamoglu, S.; Ozel, T.; Sari, E.; Demir, H. Manotechnology, 2007, 18,
1-5.

(66) Ridley, B. A.; NiVi, B. Jacobson, J. Mcience, 1999 286, 746-749.
(67) Erlacher, A.; Miller, H.; Ullrichd. Appl. Phys. 2004 95, 2927-2929.

(68) Somers, R. C.; Bawend, M. G.; Nocera, D.@hem. Soc. Rev. 2007, 36,
579-590.

(69) Bedard, R. L.; Wilson, S. T.; Vail, L. D.; Bennett, J. M.; riiggen, E. M.
Sud. Surf. Sci. Catal. A 1989 49, 375-387.

(70) Nellis, D. M.; Ko, Y; Tan, K.; Koch, S.; Parise, J.Ghem. Comm. 1995,
541-542.

(71) MacLachlan, M. J.; Petrov, S.; Bedard, R. L.; Manners, l.; Ozin, G. A
Angew. Chem. Int. Ed. 1998,37, 2076-2079.

(72) Cahill, C. L.; Ko, Y; Hanson J. C.; Tan, K.; Parise, J.(Bem. Mater.
1998,10, 1453-1458.

(73) Yaghi, O. M.; Sun, Z.; Richardson, D. A.; Groy, T. . Am. Chem. Soc.
1994 116, 807-808.

(74) Bowes, C. L.; Lough, A. J.; Malek, A.; Ozin, G. A.; Petrov, S.; Yqubg
Chem. Ber. 1996 129, 283-287.

(75) Ahari, H.; Garcia, A.; Kirkby, S.; Ozin, G. A.; Young, DL.ough, A. J. J.
Chem. Soc., Dalton Trans. 1998,2023-2027.

(76) Cahill, C. L.; Parise, J. BChem. Mater. 1997, 9, 807-811.

(77) Zheng, N.; Bu, X.; Wang, B.; Feng, &ience 2002 298, 2366-2369.
(78) Cahill, C. L.; Ko, Y; Parise, J. EChem. Mater. 1998,10, 19-21.

(79) Cahill, C. L.; Parise, J. BJ. Chem. Soc., Dalton Trans. 200Q 1475-1482.
(80) Cahill, C. L.; GugliotteB.; Parise, J. BChem. Comm. 1998,1715-1716.

(81) Li, H.; Laine, A.; O'Keeffe, M.; Yaghi, O. MScience 1999 283, 1145-
1147.

34



(82)

(83)

(84)
(85)
(86)
(87)
(88)
(89)

(90)
(91)

(92)

(93)
(94)

(95)

(96)

(97)
(98)
(99)

Li, H.; Eddaouli, M.; Laine, A.; O’Keeffe, M.; Yaghi, O. MJ. Am. Chem.
Soc. 1999 121, 6096-6097.

Li, H.; Kim, J.; Groy, T. L.; O'Keeffe, M.; Yaghi, O. M. Am. Chem. Soc.
2001 123, 4867-6868.

Feng, P.; Bu, X.; Zheng, NAcc. Chem. Res. 2005 38, 293-303.

Bu, X.; Zheng, N.; Feng, PFChem. Eur. J. 2004 10, 3356-3362.

Krebs, B.; Voelker, D.; Stiller, Klnorg. Chim. Acta 1982 65, L101-L102.
Krebs, B. Angew Chem.,, Int. Ed. 1983,22, 113-134.

Krebs, B.; Henkel, GAngew Chem. Int. Ed. 1991,30, 769-788.

Ahari, H.; Lough, A.; Petrov, S.; Ozin, G. A.; Bedard, RJLMater. Chem.
19999, 1263-1274.

Park, C. W.; Pell, M. A_; Ibers, J. Anorg. Chem. 1996 35, 4555-4558.

Pirani, A. M.; Mercier, P. A.; Dixon, D. A.; Borrmann, H.; Schrobilgén,
J. Inorg. Chem. 2001 40, 4823-4829.

Dance, I. G.; Choy, A.; Scudder, M. LJ. Am. Chem. Soc. 1984 106,
6285-6295.

Dance, I. GJ. Am. Chem. Soc. 1979 101, 6264-6273.

Costa, T.; Dorfman, J. R.; Hagen, K. S.; Holm, R.Ihérg. Chem. 1983,
22,4091-4099.

Hagen, K. S.; Berg, J. M.; Holm, R. Hnorg. Chim. Acta 1980,45, L17-
L18.

Behrens, S.; Bettenhausen, M.; Eichhofer, A.; Fenskeirigew Chem. Int.
Ed. 1998,36, 2797-2799.

Eichhofer, A.; Deglmann, FEur. J. Inorg. Chem. 2004,349-355.
Vaqueiro, P.; Romero, M. IChem. Commun. 2007, 3282-3284.

Zheng, N.; Bu, X.; Feng, B. Am. Chem. Soc . 2003,125, 1138-1139.

(100) Wang, C.; Bu, X.; Zheng, N.; Feng, €hem. Commun. 2002 13, 1344-

1345.

35



(101) Bu, X.; Zheng, N.; Wang, X.; Wang, B.; Feng, Ahgew. Chem. Int. Ed.
200443, 1502-1505.

(102) Wang, C.; Li, Y.; Bu, X.; Zheng, N.; Feng, £ Am. Chem. Soc. 2002 124,
12944-12945.

(103) Bu; X.; Zheng, N.; Feng, B. Am. Chem. Soc. 2002, 124, 12646-12647.
(104) Zheng, N.; Bu, X.; Feng, Nature, 2003 426, 428-432.

(105) Zimmermann, C. ; Anson, C. E. ; Weigend, F.; Clérac, R; Dehnénoi$.
Chem. 2005 44, 5686-5695.

(106) Vaqueiro, P.; Romero,M. L1. Phy. Chem. Sol. 2007, 68, 1239-1243.
(107) Vaqueiro, P.; Romero, M. lJ. Am. Chem. Soc. 2008 130, 9630-9631.
(108) Vaqueiro, P.; Romero, M. lLnorg. Chem. 2009 48, 810-812.

(109) Vaqueiro, P.; Romero, M. L.; Rowan, B. C.; Richards, BCl&em. Eur. J.
201Q 16, 4462-4465.

(110) Manos, M. J.; Chrissafis, K.; Kanatzidis, M. &6.Am. Chem. Soc., 2006,
128 8875-8883.

(111) Zheng, N.; Bu, X.; Vu, H.; Feng, Rngew. Chem. Int. Ed., 2005 44, 5299-
5303.

(112) Wu, T.; Bu, X.; Zhang, J.; Feng, €hem. Mater. 2008 20, 7377-7382.

(113) Wu, T.; Bu, X.; Liu, R.; Lin, Z.; Zhang, J.; Feng, Ghem. Eur. J. 2008 14,
7771-7773.

(114) Wu, T.; Zhang, J.; Bu, X. Feng, PChem. Mater. 2009 21, 3830-3837.

(115) Wu, T.; Zhang, J.; Zhou, C.; Wang, L.; Bu, X; FengJPAm. Chem. Soc.
2009 131, 6111-6113.

(116) Zzhang, J.; Wu, T.; Zhou, C.; Chen, S.; Feng, P.; BuAdgew. Chem. Int.
Ed. 2009 48, 2542-2545

(117) Wu, T.; Wang, X. Q.; Bu, X.; Zhao, X.; Wang, L.; FengARgew. Chem.
Int. Ed. 2009 48, 7204 -7207.

(118) Wu, T.; Bu, X.; Zhao, X.; Khazhakyan, R.; Feng,J°PAm. Chem. Soc.
2011, 133, 9616-9625.

36



(119) Wu, T.; Wang, L.; Bu, X.; Chau, V., FengJPAm. Chem. Soc. 201Q 132,
10823-10831.

(120) Wu, T.; Khazhakyan, R.; Wang, L.; Bu, X.; Zheng, S.; Chau, V.; Feng, P.
Angew. Chem. Int. Ed. 2011, 50, 2536-2539.

37



Chapter 2

Porous Zeolitic Metal Imidazolate Frameworks

2.1 Introduction

As two important families of crystalline microporous matstiglorous inorganic
framework materials (e.g., zeolites) and metal-organic frarks (MOFs) have
attracted much attention because of their applications in gas adspgaparation, and
catalysis etd® In recent years, in order to combine their respective advantages, a
increasing interest has been directed at synthetic developmemhetdl-organic
frameworks with topological features characteristic of thasé-¢onnected zeolite§
Among various efforts to extend zeolite framework types in M@kd to tune their
compositional and topological features, the exploration of tetrahenhalazolate
frameworks has been particularly succesSfdt.In 4-connected imidazolate frameworks,
divalent metal ions (such as ZnCd™) replace T atoms (tetrahedral atoms such as Si, Al,
P) and imidazolates (Insubstitute for bridging ®in zeolites, resulting in a number of
4-connected frameworks with the general framework composition omM(and
topological types such @dNA(analcite), BCT, DFT, GIS(gismondine), GME(gmelinite),
LTA, MER(merlinoite), RHO, and SOD(sodalite).

For zeolite scientists, one of the most desirable and intriguingoipal features
is the 3-ring (i.e., rings with three tetrahedral atom3-@toms, not counting bridging
oxygen atoms), because it has been proposed that the 3-ring can leadframework

density and high pore voluni® Unfortunately, the 3-ring only occurs infrequently in 4-

38



connected structures because of the inherent strain associttetievsmall ring siz&’
Thus one synthetic strategy to create topologies with 3-rings Iengthen the T-O
distance. One specific example is the use of larger T-atoatsas Ge (compared with
Al and Si)*® Intuitively, the large T-L distance in the imidazolate framswshould be
conducive to the formation of 3-rings. However, despite some signifiprogresses,
none of the known metal imidazolate frameworks is known to have 3-Raghermore,
these metal imidazolate frameworks contain only small and meplarsm opening (i.e.,
eight or tem T-atoms in the ring). Another current limaatiof known imidazolate
structures is that they tend to adopt the same framework topaotipse already found
in aluminosilicate or phosphate structures.

In addition, in the synthesis of zeolites, extra-framework structure idgesgents
(e.g. tetraalkylammonium cations) play an important role inrateng the framework
topology. The structural diversity of zeolites is in a largd due to the effect of various
structural directing agents. In metal imidazolates, while thestsire directing effect of
extra-framework species (usually solvents) may still be usedpromote the
crystallization and control the product topology, another important rfattte type of
imidazolate ligand, has become a focus in the research intingre®vel zeolitic
topologies. In addition to the ligand-solvent interaction, the liganadigateraction in
metal imidazolates has been recognized as a variable tihdtecatilized to control the
framework topology*° Such ligand-ligand interactions can be tuned by the type, number,
and position of substituents on the imidazolate ring. They can also lekltyinising two

or more complementary imidazolate ligands in the same assgmiidgss. So an in-
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depth understanding of ligands' orientation and ligand-ligand intenacts vital for
rational construction of novel zeolitic imidazolate frameworks (B&he2.1). One
obstacle to the understanding of the role of ligand is the possiefgational disorder of
the imidazolate ligand in a porous framework. Such a tendency to bdatedbrshould
be stronger when two different ligands are co-assembled intsaime framework,

particularly if the two ligands used do not differ significantly.
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Scheme 2.1Schematic display of the relative orientation of imidazotatgs which is
strongly affected by the steric hindrance of substituted groizespttemplate molecules,
and the interactions between the substituted groups and templateule®l¢iop);
Schematic display of the relative position of adjacent 8 nodesasughM-M angle and
M-M-M-M torsion angle tuned by different orientation of imideatel, which induce the
different zeolitic topology and porosity (bottom).
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It is worth noting that prior to this work the 16-ring is not known my d-connected
zeolite-type structures.

Here, we report five zeolitic structures (denotedT#s-n, TIF = tetrahedral
imidazolate frameworky = 1-5, Table 2.1) prepared by using the single-ligand or mixed
ligand synthetic strategy. These five structures exhibittfiges of 4-connected topology.
TIF-1 possesses a previously unknown topology and highly open microporous
framework. This new framework features both 3- and 16-ringsd@itian to 4-, 10- and
12-rings), two new types of loop configurations, and multi-dimensioreisetting large
pore channels. Other fouflFs are synthesized through the selection of two
complementary ligands: one small-sized imidazole ligand with ndisidyg groups and
one large-sized ligand with a relatively large substitueotigr(5-methylbenzimidazole,
or 5, 6-dimethylbenzimidazole). An attractive featureTt#-2 and TIF-3 is its cubic
structural building unit (also called double four-ring units, d4R) whiclwved-known
because of its presence in the industrially important zeolitéouever, the organization
of d4R units inTIF-2 andTIF-3 is totally different from that in zeolite AlIF-2 has an
unprecedented 4-conected topology and features one-dimensional largehponels
(i.e., the pore window with 12 tetrahedral verticd3)-3 possesses the distorted body-
centered cubic (bcc) arrangement of d4R units and its topologicalA¥p®@) has not
been previously found in metal imidazolatd$F-4 and TIF-5 also have 4-connected
tetrahedral frameworks and they are of particular interestubedhe strict ordering of
two complementary ligands in their frameworks provides a unique opporttority

probing their synergistic effect in the self-assembly process.
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Table 2.1. A Summary of Crystal Data and Refinement Resfilts.

Name | oot s.G. a (A) b (A) c (A) 50 R(F)% | Net
TIF-1 Zn(DMBim), P4,/mnm 30.8800(8)| 30.8800(8)| 33.781(2)| 90 11.79 zea

TIF-2 Zn(Im) 1(MBim)o.90 | Pnma 17.6356(5)| 48.0644(13) 24.5539(7) 90 9.55| zeb

TIF-3 Zn(Im)(MBim), C2/c 25.9164(10) 24.8826(10)| 17.9542(6)| 93.206(3) 12.70 ACO
TIF-4 Zn(Im) s(MBim)os | Pbca 15.6251(9)| 16.3217(9)| 18.1244(10) 90 7.09| cag

TIF-5-zn | Zn(Im)(DMBim) 14./a 16.7862(2)| 16.7862(2)| 21.3384(5) 90 9.38| GIS
TIF-5-Co | Co(Im)(DMBim) 144/a 16.6286(2)| 16.6286(2)| 21.4148(4) 90 6.52| GIS

A%

Imidazole

(Im)

(5-MBim)

Scheme 2.2 Imidazole and it derivatives.

>

N
H

5,6-Dimethyl-benzimidazole

(5,6-DMBim)

& Structures were solved from single-crystal data cateett 150K on a SMART CCD diffractometer with Ma.KR(F) =
Y|Fol-[Fe||ZZ]Fo| with Fo>4.05(F).
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2.2 Experimental Section
2.2.1 Materials and General Methods

All reagents and solvents employed in these synthetic studiescasmmercially
available and used as supplied without further purification. Powder ¥Hfagction data
were collected using a Bruker D8-Advance powder diffractometeratipg at 40kV,
40mA with Cu Kx( 4 =1.5406 A)radiation (B range, 2-40°; step, 0.03°; scan speed, 60
s/step). Fourier-transform infrared spectra of sample prepaelBa pellets were
measured using a Nicolet FT-IR Impact 400 system.

2.2.2 Solvothermal Syntheses

Synthesis of TIF-1: Zn(Ac)-2H,0O (118.8mg), 5,6-dimethylbenzimidazole
(157.6mgq), (x)-2-amino-1- butanol (4.0mL) and benzene(3.2mL) are mixed eflan-
lined autoclave and stirred for half an hour. The autoclave was thiu send heated at
150°C for 5 days, followed by cooling to room temperature. A large @inodicolorless
crystals were obtained with a yield of 43.2% (based on zinc &9 crystals were
washed using ethanol three times and dried in air for other messuse IR data for as-
synthesizedTIF-1 (KBr, cm): 1475s, 1337m, 1203m, 1167w,1093w, 1021w, 848m,
813w, 648w.

Synthesis of TIF-2: Zn(Ack-2HO (117.8mg, 0.5367mmol), 5-
methylbenzimidazole (70.3mg, 0.5320mmol), imidazole (44.2mg, 0.6492mmol), (¥)-2-
amino-1-butanol (4.0mL) and benzene (3.6mL) are mixed in a Teflon-lined autoclave and
stirred for half an hour. The autoclave was then sealed and heateti5gS@tfor 5 days,

followed by cooling down to room temperature. A large amount ofll sootorless
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crystalline materials were obtained with a yield of 35.4 %séo on zinc salt). The
crystals were washed using ethanol three times and dried fior @ther measurements.
Elemental analysis of as-synthesized sample: C 49.22; H 4.02; N 20e98erttal
analysis of sample dried at 3@0 C 47.93; H 3.78; N 20.78.

Synthesis of TIF-3: Zn(Ack-2H,O (116.2mg, 0.5294mmol), 5-
methylbenzimidazole (71.2mg, 0.5387mmol), imidazole (41.7mg, 0.6125mmol), (%)-2-
amino-1- butanol (4.0mL) and benzene(0.4mL) are mixed in a Teflon-lined autoothve a
stirred for half an hour. The autoclave was then sealed and heateti5gS@tfor 6 days,
followed by cooling to room temperature. Small colorless crystare obtained as a
minor phase, accompanied with a large amount of unidentified polycrystalline powder.

Synthesis of TIF-4: Zn(Ack-2H,O (114.5mg, 0.5216mmol), 5-
methylbenzimidazole (26.9mg, 0.2035mmol), imidazole (57.6mg, 0.8461mmol), 3-
amino-1-propanol (4.0mL) and benzene(2.0mL) are mixed in a Teflon-lined|ate
and stirred for half an hour. The autoclave was then sealed atetihg at 150°C for 5
days, followed by cooling to room temperature. A large amount of eskbibctahedral
crystalline materials were obtained with a yield of 42.3 %séda on zinc salt). The
crystals were washed using ethanol three times and dried in air for othsursraents.

Synthesis of TIF-5-Zn: Zn(Ack-2HO (122.7mg, 0.5590mmol), 5, 6-
dimethylbenzimidazole (77.2mg, 0.5281mmol), imidazole (60.7mg, 0.8916), (%)-2-
amino-1- butanol (3.0mL) anatxylene (1.0mL) are mixed in Teflon-lined autoclave and
stirred for half an hour. The autoclave was then sealed and heateti5gS@tfor 5 days,

followed by cooling to room temperature. A large amount of colortzgstalline
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materials were obtained with a yield of 35.5 % (based on zinc $&k crystals were
washed using ethanol three times and dried in air for other measurements.

Synthesis of TIF-5-Co: Co(Ack-4H,O (128.2mg, 0.5147mmol), 5, 6-
dimethylbenzimidazole (80.2mg, 0.5486mmol), imidazole (50.9mg, 0.7476mmol), 3-
amino-1-propanol (6.0mL) are mixed in a Teflon-lined autoclave amédtor half an
hour. The autoclave was then sealed and heated up at 150°C for Soday®d by
cooling to room temperature. A large amount of violet crystalline matevexis obtained
with a yield of 44.3% (based on cobalt salt). The crystals wash@d using ethanol
three times and dried in air for other measurements.
2.2.3. Single-crystal X-ray Structure Determination

Single-crystal X-ray analysis was performed on a BrukerrSAREX Il CCD
area diffractometer with nitrogen-flow temperature controllesing graphite-
monochromated Mg, radiation { = 0.71073 A), operating in the and¢ scan mode.
The SADABS program was used for absorption correction. The strugageolved by
direct methods and the structure refinements were basdef|oMpst of non-hydrogen
atoms were refined with anisotropic displacement parametergptexibe atoms of
disordered fragments, which were refined isotropically. Hydragems were placed in
calculated positions. All crystallographic calculations were uootetl with the
SHELXTL software suites. Solvent in the large pores could noé$awed into definite
chemical structures due to the high degree of statisticapasitional disorder. So, the
high R(F) value is mainly caused by the disorder of partial ligands andrgohvaecules.

It is note that the single crystal structureldf-1 quickly shrinks by losing part of guest
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molecules, which is identified by single-crystal data ctlbec and powder X-ray
diffraction (PXRD). As a result of structural shrinking, thenzsdeTIF-1 washed by
ethanol shows a right-shifted diffraction pattern relative toutated pattern. Although
the peaks in the range 0d=213-25° are obviously broadened, the 2-10° sharp peaks still
remain, which answers for partial loss of crystalline intgg@CDC-682400 for TIF-1.
These data can be obtained free of charge at www.ccdc.cam.ac.skétaaving.html

[or from the Cambridge Crystallographic Data Centre, 12, Uniord RGambridge CB2

1EZ, UK; fax: (internet.) +44-1223/336-033; E-mail: deposit@ccdc.camjac.uk

2.2.4 Gas Adsorption Measurement

N, gas sorption experiments were carried out on a Micromerit®@aPA2010
surface area and pore size analyzer. Prior to the measureh@sgmple was treated
using the following procedure. The as-synthesized sampl@sFet and TIF-2 were
soaked with anhydrous methanol for 10 hours, and the extract wasldscihe sample
was then allowed to immerse in fresh methanol for about 15 hours tvedmenzene
and water solvates. The similar immersion was utilized tat tthe sample with
dichloromethane to remove methanol solvates. After the removal of diotétinane by
centrifuging, the wet sample was dried under vacuum at amtaergerature for 20
hours to yield an activated sample for gas adsorption measurenBaitse the
measurement, the sample was dried again by using the “degasbruatthe surface
area analyzer for 20 hours at 250°C. TheaNsorption measurement was performed at

77K with liquid nitrogen.
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2.3 Results and Discussion
2.3.1 A New Zeolitic Topology with Sixteen-membered Ring and Mtilimensional

Large Pore Channels in TIF-1

Figure 2.1. The asymmetric unit ofIF-1Zn (green balls for Zn atoms, blue balls for
N atoms and black balls for C atoms; the disordered part of ligands are represented by
pale grey sticks).

TIF-1 crystallizes in a highly symmetrical tetragonal space giymnm. The
asymmetric unit includes four zinc sites, of which only Zn4 is situated gm@astry site
with a 1/4 occupancy. This gives the ratio of 4:4:4:1 for thesesties (T, T», T3 and
T4). Each unit cell contains 52 T atoms, leading to a large univekime of 322124
which to our knowledge, is the largest primitive cell among 4-ottede zeolitic
frameworks. As in zeolites, each T atom is coordinated with fowatoms from four
different ligands and each ligand links two T atoms. This unique Wwankecontains

three types of loop configurations (Figure 2.2a-c). The loop configarafia T-atom is

defined by the local coordination geometry of this T-atom tadfscent T-atoms and
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shows the distribution of 3- or 4-rings around this T-atom. It iglwooting that the loop

configurations for Tand T, satoms are reported here for the first time.

Zn3
Zn2

Zn4 Zn2

Zn3

Zn3

Figure 2.2. The loop configurations of four kinds of T-atoms (a, b, and c) in
secondary building unit (d) imIF-1.

Figure 2.3. Connectivity of adjacent SBUs at the same layer (a) and neighgbor
layers (b).
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Also unprecedented is the occurrence of a unique type of secondaigdunit
(SBU) composed of 13 T atoms (Figure 2.2d). Each SBU is bonded tad@gsent
SBUs by T T1T3T3 4-rings to form a 2-D layer (Figure 2.3a). Two adjacentrigyelated
by 4, symmetry operation, are joined together in the ABAB sequencBsTyf3T; 4-
rings (Figure 2.3b) to generate a 3-D framework (Figure ZT#)s network also
represents new type of  zeolitic  topology  with  natural  tilings

[3%.472.10° 12)+2[3* 4% 12 +[42.12] (Figure 2.5)".

N g

Rl

Figure 2.4. Left: the topological network ofIF-1 viewed along [001]. Right: cross-
sectional view of multi-dimensional channels.

One of the most striking features here is the co-existen8earid 16-membered
rings that help to produce a framework with very low frameworksie and
multidimensional channels. The presence of 16-rings is confirmedriexv@mbols of
T-atoms (3.124.4.12.16 for T;; 3.4.4.12.10.12 for T, 3.4.4.10.1216 for T3, and
4.4.4.4.10.10 for J) (Figure S4, Table S3). It is of interest to note that ring§ivef

difference sizes co-exist here. Two of these ring s{zes 3- and 16-rings) are first
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observed here for metal imidazolate frameworks (Table 2.2). 8rfigedt 16-ring has a

window size of 28.5A X 22.6 A as measured using the interatomic distances.

Figure 2.5. The frameworks of TIF-1 shown as natural tilings. The larges dag
shown in purple (right) or blue (left).

Table 2.2.  Coordination sequences and vertex symbols of TIF-1.

Nodes 1| 2| 5/ 3| 4 7 8 9 10  Vertex Symbol

)
\I
w
=
o
o
[EEN
h\l
a1
=

54 342.12.16

g
T,(16,1)| 4| 8| 14 23 39 5
5

T,(16,1)| 4| 8| 13 22 37 583 77 98 123 161 3.4411212

75 9y 125 157 3.4.4.10182

O)

Ts(16,1)| 4| 8| 14 24 38 5

T4(4,Z) 41 8|12 20| 34 48 76 96 118 144 4.4.4.4.10.10

3Size and number of the shortest ring on each angle of the T2atom

As expected from the presence of both small (3-rings) and lexgy@+ings (16-
rings), TIF-1 has the lowest framework density among the tetrahedral zoiate
frameworks. The framework density (FD) is defined as the nurabdr-atoms per

10004, which is traditionally used to characterize the openness otedameworks.
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Because of the large size of imidazolate ligand, the frantedemnsity of this topology is
much lower than that of aluminosilicate zeolites or phosphates. Evepaced to other
metal imidazolate frameworks (SOD 2.50; RHO 2.01; LTA 2.04; GME 2.083,
framework density of TIF-1Zn (1.61) is the lowest.

Also of interest is the multidimensional large pore channdksysvith the ring
size of 12, 12, 12, 10, and 10, respectively, for channels along variousllogysiphic
directions. The channels along the [110] and [0-10] directions are wesual because
they are defined by alternating 16- and 12-rings. Figure 2.4 shuwavsross-sectional
view of multi-directional channels. Such multidimensional large pbannel system is
truly exceptional, considering that known imidazolate frameworks do et d&xay pore
opening larger than 10-rings.

2.3.2 Unprecedented Organization of d4R Units in TIF-2

TIF-2 crystallizes in an orthorhombic structure with space grBopa and
exhibits an unprecedented 4-connected zeolitic network. The asyimmeet (Figure
2.6a) includes six zinc sites exhibiting three different secgndayordination
environments in the ratio of 1:1:14TT, and ). All of these T atoms possess the same
loop configuration. As in zeolites, each T atom is coordinated with I[N atoms from
four different ligands and each ligand links two T atoms. Unfortunatklg, to the
disorder of some atoms on the ligands, the ratio between two ligandsotebeen
determined by single-crystal X-ray diffraction. Elementadlgsis gives a ratio of 0.9:1.1

between MBim and Im.
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Figure 2.6. The asymmetric unit ofIF-2 (a), TIF-3 (b), TIF-4 (c), TIF-5 (d) (green
balls for Zn atoms, blue balls for N atoms, grey balls fordinat black balls for H atoms
and red ball for O atoms).

Of particular interest is the existence of double 4-ring$lf2. Being a basic
secondary building unit (SBU), 4-rings lead to two basic compdsiitding units:
double 4-ring d4R) and double crankshaft chaidc€), as shown in Figure 2.7b and 2.7c,
respectively. Eacldcc consists of only Tatoms while each4R is composed of four ;T
atoms and four Fatoms (Figure 2.8). Figure 2.7b shows that edR is bonded to
adjacent foud4R by T3T3 to form a 2-D layer parallel to (010) plane. Adjacent two 2-D
layers are joined together by a setdst through 1T, along the [001] direction to

generate a 3-D framework (Figure 2.7a). Althoud#R is an important composite

building unit for the construction of some inorganic zeolite framkwsuch as ACO, -
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CLO, LTA, UFI, UTL),?* ?%it rarely occurs in metal-organic frameworks and prior to this

d14b, 15b

work, only two examples of metal imidazolates contairidig were reporte

(a)

Double crankshaft chain (dcc)

Figure 2.7. (a) The novel topology of IF-2 viewed along [001] direction; (b) 2-D
layer viewed along [100], containing special double four-rindéR); (c) double
crankshaft chaindgcc).

Figure 2.8. TIF-2: (a) Connectivity of adjacemldr at the same layer; (b) connectivity
of adjacent4r anddcc.
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Table 2.3.  Coordination sequences and vertex symbols of TIF-2.

Nodes 1| 2| 3| 4 5 6 7 8 9 10  Vertex Symbol

™

T.1(16,1)| 4| 9| 1 27 42 58 78 10330 | 159| 4.6.4.144.1G

T,(16,1)| 4| 9| 1 26 41 60 80 102128 | 157| 4.4.4.6.4.10

T;(16,1)| 4| 8| 15 27 41 5f 79 10629 | 152| 4.4.4.6.10.12

Figure 2.9. The frameworks of TIF-2 shown as natural tilings.

A striking feature ofTIF-2 is the presence of large 12-rings, which is confirmed
by vertex symbols of T-atoms (4.6.4;401Q for T,; 4.4.4.6.4.10 for 3 and
4.4.4.6.10.12 for ). (Table 2.3) The large 12-ring has a window size of 22.4A x 20.8 A
as measured using the zinc interatomic distances. So far,aumlyypes of 4-connected
metal imidazolate topologies contain large 12-rings, ZIFs thiehGME®? poZ° and

moz>" topologies andrIF-1.2 TIF-2 possesses a 3-D channel system with 1-D large
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pore 12-ring channel along the [001] direction, inter-connected Wsin@@hannels along
the [100] direction (Figure 2.7a). The calculation using PLATON indgahatTIF-2
has 41.5% of the total volume occupied by solvent moleétiles.

TIF-2 has an unprecedented 4-connected zeolitic topology with natural tilings
[4°]+4%.107.127]+2[4%.6%.10°]+[4%.10F] (Figure 2.9).The topology offIF-2 is totally
different from another 1-D large-pore metal imidazolate with@ME topology because
the composite building units in the 4-connected and mono-nodal GME topsldgyble

6-rings (l6r) and double crankshaft chaireg) (Figure 2.10).

Double crankshaft chain (dcc)

Figure 2.10. (a) GME topology viewed along [001] direction; (b) each double 6-rings

(dér) is joined to adjacent sid6r; (c) a basic double crankshaft chailed) contained in

GME framework.

2.3.3 Organization of Cubic Double 4-Ring Units into 3-D DistortedBody-
Centered Cubic Framework

By reducing the amount of co-solvent benzene and tuning the solvientroat

4: 3.6 to 4: 0.4 between (x)-2-amino-1- butanol and benzene, the organizatddR of
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units is dramatically altered, resulting in the formatioM#-3. Similar toTIF-2, some
atoms in bridging imidazolate ligands are disordered. Howeverppgwogy of TIF-3

can be reliably determined from the location of tetrahedral Zites with the Zn---Zn
distances ranging from 5.90 to 5.93A, which are typical in 4-connettednzidazolates.
TIF-3 possesses the uninodal ACO zeolite topology, which has only been found in a
aluminum cobalt phosphate denoted\&@P-12°Like TIF-2, d4R also exists ifTIF-3 as
composite building unit, and eaddR is joined to adjacent fouddR to form a 2-D layer
parallel to the (100) plane. However, unliké=-2, in which neighboring two 2-D layers
are joined by a set akce, all 2-D layers inTIF-3 are directly joined with adjacent ones to
give a 3-D framework (containing 1-D channels with an ellipti@aings opening)
(Figure 2.11a). In general, eaddR can connect eighadjacentd4R to form an ideal
ACO topology with space groupm-3m, however, the presence of organic ligands

contributes to the observed lower symmetry (i.e., monoclini€)fr3 (Figure 2.11b).

Figure 2.11 (a) ACO zeolite framework iT1F-3 viewed along [001] direction; (b)
eachd4R is connected to 8 adjacaR.

56



2.3.4 Ordered Cooperative Assembly of Two Different Pairs of Con@mentary
Ligands
By significantly increasing the ratio between imidazole and 5-

methylbenzimidazole (from 1.2 to 4.2) and using a different solvent cotidnng-
amino-1-propanol and benzene, instead of (+)-2-amino-1-butanol and benz&ite-2or
and TIF-3), TIF-4 with a topology totally different fronTIF-2 and TIF-3 has been
made. ltcrystallizes in orthorhombic space gropca, and each Zn ion is tetrahedrally
coordinated to four nitrogen atoms from bridging imidazolates to futsinfinite 3D
framework. Structural analysis reveals the exact positindsampositions of both types
of ligands. The ratio of Im and MBim is 3:1, which reflects thghHm to MBim ratio in
the starting synthetic mixtur&IF-4 possesses a cag Pt6opological net which can be
regarded as adjacent Am); layer with 4.8.8 sheet connected by 5-
methylbenzimidazolate (MBim) ligands. A view along the [010] diogcshows 1-D
channel with distorted hexagonal apertures, which are occupied by sbeentne
molecules. (Figure 2.12a) The solvent-accessible volumdFre# is about 28.5%. An
analysis of the structure shows that all four-rings are compotdatie small-sized
imidazolate ligands while six- and eight-rings contain both sgizdld imidazolate
ligands and the large-sized 5-methylbenzimidazolate ligands, as shdwgure 3b-3d.
Such a distribution of different-sized ligands illustrates the catipereffects of these
ligands in forming rings of various sizes, which ultimately conttbls topological

features of the resulting 3-D framework.
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Figure 2.12. (a) Cag topology of IF-4 viewed along [001] direction (the space filling
is GHs, green atom for Zn atom, orange bar for imidazolate, purple babs-for
methylbenzimidazolate), containing £m), four-ring (b), ZrR(IM)4(5-MBim), six-ring
(c), and Zg(Im)(5-MBim), eight-ring (d).

While TIF-2, -3, and-4 were made with 5-methylbenzimidazole as one of the
framework building unitsTIF-5Zn and TIF-5Co contain 5, 6-dimethylbenzimidazole.
TIF-5Zn crystallizes in a tetragonal space grddga. Structural analysis also reveals
exact positions and compositions of two different ligands. The ratim ahd DMBIm is
1:1, as compared with the 3:1 ratio ThF-4. TIF-5Zn possesses a GIS (gismondine)
topological net constructed from basic composite building detit As shown in Figure
S6, eachdcc is formed by connecting Zfim), rings with 5, 6-dimethylbezimidazolate,
and neighboringicc chains are further joined together by 5, 6-dimethylbenzimidézol
to give a 3-D framework. A view along the [100] direction revdal3 channels with
distorted octagonal apertures, which are perpendicularly inteddegtelentical channels

of 8-ring openings in the [010] direction (Figure 2.13a)TIR-5Zn, half of four-rings

are composed of zfim),, and the second half of four-rings are made up of

58



Zny(Im)z(DMBIim),. All 8-rings consist of two small-sized imidazolate ligandsl a@ix
large-sized DMBIim ligands, two of which point inward to the center of eight-rings
(Figure 4b-4d). It is clear that the large-sized imidazdigéands prefer large-sized rings.
To prevent all the channel volume from being occupied by the substitokiese
ligands, small-sized imidazolate ligands can be introduced intarte ring to tune the
channel sizeTIF-5Co is isostructural td'IF-5Zn except that Zfi is replaced by Cd in

TIF-5Co. The solvent-accessible volume is approximately about 26.1%.

Figure 2.13. (a) GIS Topology ofTIF-5 viewed along [100] (green atom for Zror
Co™*, orange bar for imidazolate, purple bar for 5, 6-dimethylbenzimides),
containing Zg(lm), four-ring (b), Zn(Im)x(5,6-DMBIm), four-ring (c), and Zg(Im)2(5-
MBim)g eight-ring (d).
2.3.5 Thermal Stability

Despite the highly open framework topology and multidimensional |paye

system,TIF-1 exhibits very high thermal stability. Thermal gravimetnalgsis (TGA)

under the N atmosphere performed diF-1 (washed with ethanol and dried in air)
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shows a gradual weight loss of 0.93% between 30-140°C, likely duelosshef residue
solvent molecules. A long plateau in the temperature range éretis and 440°C was
observed. Such thermal stability up to about 440 °C is rather bigh framework
structure containing organic building blocks.

TIF-2 also exhibits very high thermal stability. Thermal gravincetnalysis
(TGA) under the N atmosphere performed dnF-2 (washed with ethanol and dried in
air) shows a gradual weight loss of 4.3% between 30-200°C, due ltusthef benzene
solvent molecules. A long plateau in the temperature range éret®@ and 480°C was
observed. TGA ofIF-4 shows loss of extra-framework benzene molecules belo#C284
(10.5%). There is no further weight lose in the temperature raing@4 — 478°CTIF-
5Zn exhibits a gradual weight loss of 9.3% below 386 °C, indicating the removal of water
molecules. The TG curve 61F-5Co also gives a 9.7% of weight loss below 322 °C.
2.3.6 Gas Sorption

The permanent porosity diiF-1 and TIF-2 were confirmed by gas adsorption
measurements performed on Micromeritics ASAP 2010 surface abgo@e size
analyzer.

The sample for surface area analysis was activated bgrisimy as-synthesized
TIF-1 with methanol, and then dichloromethane, followed by evacuation at room
temperature. The activated sample was characterized by &Rbnfirm that it has the
same structure with as-synthesized sample. The sample wassddgt 150°C prior to
the measurement. A Type | isotherm was observed, indicatind fhdt is microporous

(Figure 2.14). The Langmuir surface area of 667/§rand the pore size of 11.7A were
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calculated using the data in the range otP/M059-0.205. A single data point at relative

pressure 0.250 gives a micropore volume of 0.23chy Horvath-Kawazoe equation.
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Figure 2.14. Nitrogen gas adsorption isotherm at 77KTtF-1. P/R is the ratio of gas
pressure (P) to saturation pressurg,(®With R,=740 torr.

The sample for surface area analysis was activated foglising as-synthesized
TIF-2 with methanol, and then dichloromethane, followed by evacuation at room
temperature. The activated sample was characterized by ¥Rbnfirm that it has the
same structure with as-synthesized sample. The sample wassddgat 250°C prior to
the measurement. A Type | isotherm was observed, indicating & is microporous
(Figure 2.15). The Langmuir surface area is 618°@ymsing the data in the range of

P/R= 0.065-0.208. A single data point at relative pressure 0.208 gives aporer
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volume of 0.206crlg by Horvath-Kawazoe equation. The median pore size of 14.1A

was also calculated.
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Figure 2.15. Nitrogen gas adsorption isotherm at 77KTdF-2. P/R is the ratio of gas
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size distribution curves.
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2.4  Conclusion

In conclusion, five 4-connected zeolitic metal imidazolate fraonks have been
synthesized and structurally characterized. These matendaibitefive different 4-
connected topologieslIF-1 exhibits permanent microporosity and has high thermal
stability. It possesses unprecedented 4-connected topology tiegithisr found in known
4-connected structures nor theoretically predicted. This new Wwarkdeatures unusual
topological features including 3-, and 16-rings, previously unknown strudtuilding
units, multidimensional large pore channels and underlines the riathetig and
structural chemistry of imidazolate based porous frameworkstbatet to be explored.
TIF-2 possesses one-dimensional 12-ring channels and its topology is afsambin
other 4-connected structures. It also exhibits permanent microfyoasl has high
thermal stabilityTIF-3 is the first known example of metal imidazolates with the zeolitic
ACO topology. InTIF-4, TIF-5Zn, andTIF-5Co, two complementary ligands control
the framework topology in a cooperative manner, which highlights trefisance of
framework building units (i.e., crosslinking ligands) in the control of filaenework
topology. This work also illustrates how a subtle change in the expetal conditions
such as solvent ratio or ligand ratio can dramatically altefrmeework structure. All
these observations underline the rich synthetic and structural sthenof metal-

imidazolate-based porous frameworks.
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Chapter 3

Zeolitic Boron Imidazolate Frameworks

3.1 Introduction

Crystalline porous materials lie at the center of many imdligpplications such
as petrochemical refining and air separatiérthe current need for renewable energy
and clean environment further fuels intensive efforts in search atidmal porous
materials. The early synthetic efforts focused on the replaseof cationic tetrahedral
species such as“Siand AF* in zeolites with other cations such a¥, €, G&", and
Cc®*.>® The interest in crystalline porous semiconductors has lead tetlsopment of
porous metal chalcogenides in which chemistry of anionic species becomes’central

In addition, development of crystal engineering has inspinteingse research
interests in the synthesis of crystalline solid state nad$ewith diverse compositions,
structures, and properties. Among these materials, metal-orgameviorks (MOFs),
which are formed through coordinate bonds between metal cations (tersjuand
organic ligands such as di- or tricarboxlates and diimines, arearly intriguing and
have undergone an explosive growth because of their potential applicataness such
as gas storade'! separatiort?**and catalysi$>*® A survey of the literature shows that
the vast majority of reported porous MOFs are based on the eteteydnd the third
period of the periodic table including 3d metal cations (Zn, Cu, Cr,f)and rather
heavy lanthanide elements (such as Nd, Gd*Ef)Recently, there has been a surge of

interest in using- andp-block elements such as Mg, Al, and In as framework polyhedral
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nodes.?*?® In particular, lightweight elements such as Mg and Al aresidlered highly
desirable for constructing low-density MOFs as on-board hydrageage materials, in
part because their low atomic weights can contribute to an iectegavimetric energy
storage densit§’’ * Being the lightest element capable of serving as polyhedral modes
MOFs, lithium is of outstanding interest for developing lightwelgi@Fs. Furthermore,
its high polarization ability may enhance the binding affinity das molecules. On the
other hand, the high solvation energy of the lithium ion makes thwaltization of new
lithium open-frameworks highly challenging. So far, few MOBstaining lithium are
known in the literaturé’

A more recent development is the synthesis of covalent orgamaeevvorks
(COFs) based on lightweight non-metallic elements (such & Bl, 0)*® *° An area
that remains largely unexplored is MOCOFs, materials thagiate bonding features
(i.e., coordinate and covalent) of both MOFs and COFs. We envisaghdhategration
between MOFs and COFs should offer a unique opportunity for the development
porous materials that can combine unique advantages of MOFs (e.g., itimmaloand
topological diversity, highly reversible bond formation leading to higistatynity) and
COFs (e.g., lightweight and possibly stronger bond).

We are particularly interested in zeolite-type tetrahethaheworks, because
they offer a wide range of highly porous topological possibilities can be targeted for
the synthetic design. For MOCOFs, we need to consider the selefthon-metallic as
well as metallic elements as the tetrahedral nodes. éa$pect, boron imidazolate

anions (B(im) whereim is imidazolyl or substituted imidazolyl at 2, 4, and/or 5
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positions) represent an ideal tetrahedral building block. When liclas$ with
tetrahedral metal cations (e.g.,” land Cu), neutral zeolite-type frameworks can be
expected as illustrated in Scheme 3.1, in a way analogouséatlse reported zinc
imidazolates (e.g., ZIFs), a family of MOFs with zeoligpe frameworks®*® and high

capacity for CQ storage®”

Scheme 3.1.The charge distribution of all components in several neutral zeoliti
frameworks.

Herein, we demonstrate such interesting and promising synthetivod that is
capable of generating a large family of four-connected oberon imidazolate
frameworks (BIFs) (Table 3.1). The method is based on the crosgliokivarious pre-
synthesized boron imidazolate complexes by monovalent cationsL{é.gnd C) into
extended frameworks. One advantage of this method is that it dhewsse of ultra-light
chemical elements (e.g., Li and B) as framework vertices,haas a great potential for
the creation of high porosity zeolite-like adsorbents. Some of theserials also show

good capability for capturing small molecule gas.
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Table 3.1. A Summary of Crystal Data and Refinement Resfilts.
Name Formula S.G. |a(A) b (A) c (A) 50 R(F)% | Nef
BIF-1-Li | LiB(Im),4 l4icd | 22.5041(3)| 22.5041(3) 22.5041(3) 90 3.44| mi
BIF-1-Cu | CuB(Im) l4.cd | 22.3798(2) | 22.3798(2) 22.3798(2) 90 2.59| mi
BIF-2-Li | LiB(2-Mim),4 -4 7.5817(2) | 7.5817(2) | 7.5817(2) 90 4.61 | dia
BIF-2-Cu | CuB(2-Mim) -4 7.6593(2) | 7.6593(2) | 7.6593(2) 90 2.20 | dia
BIF-3-Li | LiB(2-Mim)4 P-43n | 16.0311(1)| 16.0311(1) 16.0311(1) 90 3.38| SOD
BIF-3-Cu | CuB(2-Mim) P-43n | 16.0184(2)| 16.0184(2) 16.0184(2) 90 6.05| SOD
BIF-O-Li | |iB(4-Mim), P432 | 26.2923(3)| 26.2923(3) 26.2923(8) 90 11.6{LRHO
BIF-9-Cu | CuB(4-Mim) P432 | 26.8152(1)| 26.8152(1) 26.8152(1) 90 5.38 RHO
BIF-11-Li | LiB(2,4-Dmim), P-43n | 16.3139(1)| 16.3139(1) 16.3139(1) 90 6.91| SOD
BIF-12-Li | LiB(Bim)4[(¥)-2-AB] | P2)/c | 12.4369(3)| 13.4869(3) 17.8943(3) 90.709(1) 5.4 fes
BIF-13-Li | LiB(Bim)4 P-1 10.5980(4)| 10.6009(5) 21.6596(9) 100.360(3) 17.06x|
BIF-13-Cu | CuB(Bim) P-1 10.6599(2) | 10.6608(2) 21.2449(5) 79.483(1)  13.08sl

& Structures were solved from single-crystal data catkett 150K on a SMART CCD diffractometer with Ma.KR(F) =
Y| Fol-[F|E|Fo| with Fo>4.05(F).  |m = imidazolate, 2-Mim = 2-methyl-imidazolate, 4-Mim = 4thyl-imidazolate, 2,4-

Dmim = 2,4-Dimethyl-imidazolate, Bim =

benzimidazolateFor definitions of three-letter abbreviations, see Reticular

Chemistry Structure Resource (http://rcsr.anu.edu.d&or BIF-13-Li: o = 93.650(3)°,y = 90.017(3)°; BIF-13-Cuu =
86.2990(10)°y = 89.9890(10)°.




3.2 Experimental Section
3.2.1 Materials and General Methods

Most of reagents and solvents employed in these synthetic studies
commercially available and used as supplied without further gatibn. Powder X-ray
diffraction data were collected using a Bruker D8-Advance powdiHfractometer
operating at 40kV, 40mA with Cud{ 1 =1.5406 A)radiation (® range, 2-40°; step,
0.03°; scan speed, 60 s/step). The simultaneous DSC-TGA thermgbkisinadas
performed on TA instruments SDT Q600. All samples was preparedirming single
crystals into fine powder and heated between room temperature anfiC1a0@a heating
rate of 5°C/min under N gas or air flow (100 ml/min).
3.2.2 Syntheses

Synthesis of Ligand NaB(2-Mim): The synthesis of this material was similar to
the literature proceduré.Iln a 300 mL nitrogen-flushed flask attached to an oil bubbler,
0.532g (14.1mmol) of sodium borohydride was mixed with 2-methylimidaZo&l1g,
56.4mol). The mixture was heated and stirred alQ@6r 24 hours, then cooled to room
temperature. The resulting off-white solid was washed with deyoae (3x20 mL) and
dry toluene (3x20 mL), respectively, and dried under reduced pressureom
temperature. The crude products (3.562g) were directly used fooltbwihg synthesis
without further purification. The reaction equation is shown in Scheme 3.2.

Synthesis of Ligand HB(2-Mim): The ligand was prepared according to the

procedure in the reported literatufe.
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Scheme 3.2. The syntheses of B-Im system ligands.

Synthesis of Ligand HB(4-Mim),: The synthesis of this organic ligand was
based on the procedure in the reported literatur&he reaction was carried out under
dry nitrogen by using standard Schlenk techniques. 6.533g (0.0456mmolNkleB§
was added to a solution of 4-methylimidazole (15.000g, 0.1827mol) in anhydhoeise

(80mL), and the resulting mixture was heated to reflux for 20 houms.sblvent was
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then removed under vacuum, and the product was washed with dry hexane (3x20mL) and
dried under reduced pressure at room temperature to give raw p(h@iE34g, yield
68.71%). A sample of the raw product was recrystallized by sldwsth of anhydrous
ethyl ether into a methanol solution to produce some colorless rhomybtalcsuitable
for X-ray crystallography. The solvated co-crystal of HB{éthylimidazolate)with (z)-
2-amino-1-butanol and 4@ is also obtained. MS (ESHyz 337.2069 M-H]".

Synthesis of Ligand HB(2, 4-Dmim): The synthesis was based on the procedure
in the reported literatur®.3.720g (0.0260mmol) of B(NM§ was added to a solution of
2, 4-dimethylimidazole (10.000g, 0.1040mol) in anhydrous toluene (50mL), and the
resulting mixture was heated to flux for 24 hours. The solvent wasr¢neoved under
vacuum, and the product was washed with dry hexane (4x20mL) and dried under reduced
pressure at room temperature to give the raw product (7.253g, yi€ltbe8.The raw
sample was directly used for the following synthesis without funpleification. The
reaction equation is shown in Scheme 3.2.

Synthesis of Ligand HB(Bim): The ligand was prepared according to the
procedure in the reported literatdfe.

Synthesis ofLiB(Im) 4 (BIF-1-Li): Sodium tetrakis(imidazoly)borate (0.0521 g,
0.13 mmol) and LIN® (0.0342 g, 0.5 mmol) in a mixed 2-amino-1-butanol (1.533
g)/CHsCN (1.023 g) solution were placed in a 20 ml vial. The sampleheated at 85
°C for 48 h, and then cooled to room-temperature. After washed byoktah distilled

water, the colorless crystals were obtained (Yield: 85 %).
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Synthesis ofCuB(Im)4 (BIF-1-Cu): Sodium tetrakis(imidazoly)borate (0.0543 g)
and Cul (0.0552 g) in a DMF (2 mL) solution were placed in a ROiah The sample
was heated at 8%C for 48 h, and then cooled to room-temperature. After washed by
ethanol and distilled water, the colorless crystals were obtained (Yield).88

Synthesis ofLiB(2-Mim) 4 (BIF-2-Li): HB(2-methylimidazolate) (157.1 mg),
Lithium butyl (0.5ml, 2.5M in hexane), (x)-2-amino-1- butanol (2.650g) andaitete
(1.0599) are mixed in a Teflon-lined autoclave and stirred for hdtioar. The autoclave
was then sealed and heated at 150°C for 3 days, followed by cooling to room teraperat
A large amount of colorless crystals (25.1mg) were obtained. fistals were washed
using acetonitrile three times and dried in air for other meamnes. Note: Butyllithium
solution is very reactive and sensitive to moisture. The greatstenuld be exercised in
handling it.

Synthesis of CuB(2-Mim), (BIF-2-Cu): Tetrakis(2-methylane-imidazoly)boric
acid (0.059 g) and Cu(N3H,O (0.143 g) in a mixed 2-amino-1-butanol (2.687
g)/CHsCN (0.677 g) solution were placed in a 20 ml vial. The sample waschaa100
°C for 7 days, and then cooled to room-temperature. After washeethiayol and
distilled water, the colorless crystals were obtained.

Synthesis of LiB(2-Mim) 4 (BIF-3-Li): HB(2-methylimidazolate) (72.1mg),
Lithium butyl (0.5ml, 2.5M in hexane), (£)-2-amino-1- butanol (2.406g) andaittete
(2.7069) are mixed in a Teflon-lined autoclave and stirred for hdtioar. The autoclave

was then sealed and heated at 85°C for 5 days, followed by ctmliogm temperature.
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A large amount of colorless crystals (30.5mg) were obtained. fiistals were washed
using acetonitrile five times and dried af@5n air for other measurements.

Synthesis of CuB(2-Mim), (BIF-3-Cu): Sodium tetrakis(2-methylane-
imidazoly)borate (0.0981 g) and Cul (0.0779 g) in a mixed 2-aminodnrbl(1.1660
g)/CH;CN (1.5 mL) solution were placed in a 20 ml vial. The sampleheased at 120
°C for 5 days, and then cooled to room-temperature. After washeethiayol and
distilled water, the colorless crystals were obtained (Yield: 80 %).

Synthesis of LiB(4-Mim), (BIF-9-Li): HB(4-methylimidazolate) (155.0mg,
0.461mmol), Lithium dicyclohexylamide (471.8.mg, 2.520mmol), (%)-2-amino-1-
butanol (2.590g) and benzene (3.576g) are mixed in a Teflon-lined autontheéireed
for one hour. The autoclave was then sealed and heated at 120°C for 4lttaysdfby
cooling to room temperature. A large amount of colorless polyhedystats (30.5mg,
yield 16.6%) were obtained. The crystals were washed using ddétdmio times and
dried at 88C in air for other measurements. Note: Although lithium dicyclorsrind
[LIN(C6H11)] is very sensitive to moisture, it is not necessary to add ttlemaicals in
dry box.

Synthesis of CuB(4-Mim), (BIF-9-Cu): HB(4-methylimidazolate) (72.1mg,
0.214mmol), Cul(74.5mg, 0.391mmol), (*)-2-amino-1-butanol (3.619g), benzene
(6.5019), and acetonitrile (1.523g) are mixed in a Teflon-lined autoeladestirred for
half an hour. The autoclave was then sealed and heated at 85°C for ®ltaysd by

cooling to room temperature. A large amount of colorless cry@alSr(g, yield 36.35%)

75



were obtained. The crystals were washed using acetonitrildifnes and dried at 85
in air for other measurements.

Synthesis of Li[B(2, 4-Dmim)] (BIF-11): HB(2, 4-dimethylimidazolatq)
(202.0mg), LS (74.2mg), (*)-2-amino-1-butanol (1.315g), benzene (8.358g), and
acetonitrile (2.199g) are mixed in a 20 mL vial and stirred fdfrdrahour. The vial was
then sealed and heated at 85°C for 2 days, followed by cooling to eoperature. A
large amount of colorless crystals (122.1mg, 60.91% based on (2, 4-
dimethylimidazolate) were obtained. The crystals were washed using acetonittde f
times and ethanol twice and dried at®%n air for other measurements.

Synthesis of Li[B(Bim)][(x)-2-AB] (BIF-12): HB(benzimidazolatq)(198mg),
butyllithium solution (0.5mL, 2.5M in hexanes), (x)-2-amino-1-butanol (2.602g) and
benzene (1.590g) are mixed in a Teflon-lined autoclave and stirreshéhour. The
autoclave was then sealed and heated at 120°C for 5 days, followed ing toabom
temperature. A large amount of colorless rhombus crystals (145&n&96 based on
HB(benzimidazolatg) were obtained. The crystals were washed by using acetonitrile
(2x5.0mL) and dried at room temperature in air for other measurements.

Synthesis of LiB(Bim), (BIF-13): HB(benzimidazolatg)(178.1mg, 0.335mmol),
Li»S(92.4mg, 2.153mmol), (x)-2-amino-1-butanol (2.587g) and acetonitrile (1.761g) are
mixed in a Teflon-lined autoclave and stirred for two hours. atw®clave was then
sealed and heated at 150°C for 5 days, followed by cooling to rogperatiure. A large

amount of colorless plate crystals (50.3mg, 9.34%) were obtained.
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Synthesis of CuB(Bim) (BIF-13-Cu): HB(benzimidazolate) (71.1mg,
0.134mmol), Cul (76.2mg, 0.4001mmol), (%)-2-amino-1-butanol (3.246g), acetone
(2.4809g) and benzene (6.649g) are mixed in a Teflon-lined autoclaveiraed ®r half
an hour. The autoclave was then sealed and heated at 85°C for Gotlay&d by
cooling to room temperature. A large amount of colorless plagtatsy(10.3mg, 14.16%)
were obtained.

3.2.3 Gas Adsorption Measurement

Gas sorption experiments were carried out on a Micromer&8aP 2010
surface area and pore size analyzer. Prior to the measureh@esgmple was treated
using the following typical procedure. The as-made sample ohBlFwas soaked with
anhydrous acetonitrile for 24 hours, and the extract was discardedample was then
allowed to immerse in fresh acetonitrile for about 24 hours to reteneene solvates.
The wet sample was dried under vacuum at ambient temperativeofdays to yield an
activated sample for gas adsorption measurements. Beforeettmirament, the sample
was dried again by using the “degas” function of the surfaceamagzer for 48 hours at
200°C. The as-synthesized sample of BIF-n-Cu was soaked with ankyaketonitrile
for 20 hours, and the extract was discarded. The sample was ltheadato immerse in
fresh acetonitrile for about 20 hours to remove benzene solvatesimiila snmersion
was utilized to treat the sample with anhydrous methanol to reac@tenitrile solvates.
After the removal of methanol by centrifuging, the wet samm@s dried under vacuum
at ambient temperature for two days to yield an activategpleafor gas adsorption

measurements. Before the measurement, the sample wasgiledhya using the “degas”
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function of the surface area analyzer for 36 hours at 200°C. BhédNand CQ
adsorption measurement were performed at 77K, 77K, and 273K, respectively.
3.2.4. Single-crystal X-ray Structure Determination

Single-crystal X-ray analysis was performed on a BrukerrSAREX Il CCD
area diffractometer with nitrogen-flow temperature controllesing graphite-
monochromated Mg, radiation { = 0.71073 A), operating in the and¢ scan mode.
The SADABS program was used for absorption correction. The strugageolved by
direct methods and the structure refinements were basdtf|oAl| atoms except those
in disordered template molecules were refined with anisotropicadisplent parameters.
The hydrogen atoms were generated geometrically. All crystappbgr calculations were
conducted with the SHELXTL software suites. CCDC-693499 (BIF-1898500 (BIF-
1-Cu), 699084 (BIF-2-Li), 703703 (BIF-2-Cu), 703704 (BIF-3-Li), 697959 (BIF-3-Cu),
734221 (BIF-11-Li), 734222 (BIF-12-Li) contain the supplementary crystallograptac da
These data can be obtained free of charge at www.ccdc.cam.ac.skétaaving.html
[or from the Cambridge Crystallographic Data Centre, 12, Union Roaapridge CB2

1EZ, UK; fax: (internet.) +44-1223/336-033; E-mail: deposit@ccdc.camjac.uk
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3.3 Results and Discussion
3.3.1 Two-Step Synthesis Strategy and Importance of Lithium Precsors

For the creation of 4-connected topologies, our strategy is resmi®f the
strategy that led to the discovery of microporous AIP® analogy with porous silica.
Just as A" and P* can replace two $i sites in a porous silicalite, Liand B* can
replace two Zfi" sites in a Zn(Imy)type framework, as shown in Scheme 3.1. It has been
demonstrated earlier that in the zinc imidazolate systemypge humber, and position
of substituents on the imidazolate ring can dramatically d@snework topologies
through the ligand-ligand steric interactions. However, unlike the-immdazolate
system in which zinc-imidazolate bonds are formed in situ fromm@salt such as zinc
nitrate and a neutral imidazole base during solvothermal synthmEsisn-imidazolate
complexes have not been found to formsitu in the solvothermal synthesis and
therefore need to be prepared by chemical synthesis prior tolsaivat crystal growth.
As illustrated in Scheme 3.2, two different methods were emplwysginthesize boron
imidazolate complexes.

Prior to this work, some polymeric materials based on [B]inrand divalent
metals (e.g., Pb, Mg, Ca, Sr) are knoWrHowever, it was observed that such
combinations between [B(Inj) and M* have a tendency to produce layered materials.
There is one known Li-B-im structure, however, half of the lithiutessin this phase
contain terminal KO and CHOH ligands?®

By using above synthetic strategy, a total of decade of boron iotadaz

framework materials have been made (Table 3.1). The use ofitas the framework
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building block is of outstanding interest because it is the liglgessible tetrahedral
building block. The use of boron as the tetrahedral node has the paem=trdance the
stability of the framework because of the shorter B-ligand {BAN bond in this work,

which is isoelectronic with C-C bond), in addition to the advantage whdpdhe low

atomic mass.

The most unusual aspect of the solvothermal synthesis and crgsiatiiis the
critical effect of lithium precursors, or more sepcificatlyg nature of counter anions in
the lithium salt. A number of common lithium salts, such as LINGCI, LIOH and
LiPFe, have been studied as lithium sources without any success, demagstra great
resistance to crystallization by these extended lithium-borasenlate frameworks.
The usage of these lithium salts with high solubility usually esudear solution or
transparent gel without any crystalline solid. On the other handouvel that lithium
salts that contain soft Lewis bases such A4®SR (alkyl groups such butyl) help to
promote the crystallization of Li-B imidazolate frameworks. Possible reason is that
the stable byproducts (H&nd HR) lower the reversible transformation between HBL
and BL;, which facilitates the crystallization of anions and cationsis Worth noting
that the importance of sulfides or organometallic precursors isythiéhesis of metal-
organic framework materials has been very little appreciated this work on Li-B
imidazolates. It is conceivable that the use of such uncommornrsatteer compositions

may allow us to access a range of novel metal-organic framework ristema
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3.3.2 Structure

BIF-1-Li exhibits a 3D tetrahedral framework in which each LiBocenter is
connected to four imidazoly (denoted as im) ligands to create alisgOtetrahedron
(i.e., Li(lm)4 and B(im)) (Figure 3.1a). Each im linker bridges one Li center and one B
center with the Li---B distance ranging from 5.585 to 5.683 A. The LBatarahedra
alternate through corner-sharing into a 4-connectedz3-B/pe framework containing 4-

, 6-, and 12-membered rings (Figures 3.1b-f)).

Figure 3.1. View of the coordination environment in BIF-1-Li showing the
connectivity between the Li and B tetrahedral (a) and is fBamework structure (b)
with zni net (c) and three different ring sizes (d-f).

BIF-2-Li, the second 3-D 4-connected Li-B imidazolate frameworlgs w
synthesized by using 2-methyl-imidazolate (2-Mim) as thesstinking ligand and it
possesses the non-interpenetrating diamdial {opology (Figure 3.2).

To demonstrate the general applicability of our syntheticegiyatwe have also

explored other MYM** combinations. We have found that the same framework topology

found in BIF-1-Li and BIF-2-Li can also be synthesized by usingi€place of L{.
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Figure 3.2. (a) View of the coordination environment and (b) the diamondoid unit in
BIF-2-Li.

BLF-3-Li consists of one lithium ion and one-fourth of a tetrakisé@hylane-
imidazolyl)borate ligand in the asymmetric unit of a highlyngyetrical cubic space
group P-43n. It exhibits a neutral 3-D tetrahedral framework in whichhebicor B is
tetrahedrally linked to four 2-Mim ligands (B-N bond length 1.551ANLbond length
2.177R) and each 2-Mim linker bridges oneardd one B with the Li---B distance of
5.768 A. This four-connected net with alternating Li and B tetrahaurdés has an
uninodal zeolite sodalite (SOD) topology. (Figure 3.3) Salient feataf the SOD
topology includes cages with 24 vertices and 4- and 6-ring (i.e., 4 or 6 tetrdhstis)
windows. Eaclp cage is connected to other fourtgerages by sharing 4-ring and 6-ring
to form a 3-D framework. According O'Keeffe and coworkerspésural tilling symbol
is [4°.6°] (...mn...meansm kind of n face in each separate tilling, Figure 3.3). BIF-3-Cu

is isostructural to BIF-3-Li.
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Figure 3.3. Top: diagram of SOD topology in MB(Mim)(M=Li" or Cu); BNy
tetrahedra are shown in orange, Midtrahedra in green, N in blue, and C in black; the
big yellow sphere represents the void space¢ icage. Bottom: SOD topology with
natural tiling [£.67.
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Figure 3.4. Top: diagram of RHO topology in MB(Mim)(M=Li* or Cu); BN,
tetrahedra are shown in orange, Midtrahedra in green, N in blue, and C in black; the
big yellow sphere represents the void space: icage. Bottom: RHO topology with

natural tiling [42.6°.8°]+3[4% 8.
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BIF-9-Li crystallizes in a highly symmetrical cubic spageup P432. The
asymmetric unit includes one lithium atom, one boron atom, four 4-nrettgkzolate
linkers (denoted as 4-Mim), and half of disordered solvent benzene neol&aekhibits
a neutral 3-D tetrahedral framework in which each Li or ®fisahedrally linked to four
4-Mim (B-N bond length 1.486-1.561A; Li-N bond length 1.961-2.078A) and each 4-
Mim linker bridges one Li and one B with the Li---B distance ranging from HZ&53+A.

This distance is much shorter than the Zn---Zn distance (~5.9A) i°ZfFshis 4-

connected net with Li and B as tetrahedral nodes has an uninodsd R4 topology.
(Figure 3.3) Salient features of the RHO topology include @& laicage with 48 vertices
and 4-, 6-, and 8-ring windows. Eagltage is connected to six othecages by sharing

double 8-ring unitsto form a 3-D framework. (Figure 3.4)

Figure 3.5. Space filling diagrams of 4-ring M,(4-Mim), (left), 6-ring MB3(4-
Mim)g (middle) and 8-ring MB4(4-Mim)g (right) in RHO (M=Li or Cu, B in orange, N in
blue, M in green, C in black, and H in grey). Obviously, the pore aperture sizengf i8-ri
larger than that of 6-ring and 4-ring.

As the atom nearest to the center of the cage is hydrogeragfee diameter

(14.4Ax15.3R) and pore aperture diameter (4.2A) are calculated by atifgrdistances
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between two diagonal H atoms by twicevah der Waals radius of 1.2 A for H atom.
The cage diameter and the aperture size of 8-ring is ldrgerkinetic diameters of most
small-molecule gases, which allows BIF-9-Li to adsorb variousngalecules that can
easily diffuse through the 8-ring aperture (but not through 4- amadgé-due to their
small aperture sizes) (Figure 3.5). The 8-ring apertureisialso much bigger than that
in the corresponding ZIFs with the RHO topology (3.0A). The total pefestilvent-
accessible volume is 8327.8fer unit cell volume and the pore volume ratio is 45.82%
as calculated with the PLATON progrdm

BIF-9-Cu is isostructural to BIF-9-Li. However, the longer boadgths (B-N
bond 1.531-1.551A; Cu-N bond 2.006-2.091A) in BIF-9-Cu leads to a slightly lardger ce
parameter (26.8152A) than that in BIF-9-Li (26.2923A). Even though BIF-@a&Bua
larger solvent-accessible volume (93012948.24%) and unit cell volume (19281.69)A
it has a higher framework density (0.809gfyrthan that of BIF-9-Li (0.750g/ct
which results from the large difference in the formular weight.

BLF-11-Li also consists of one lithium ion and one-fourth of a kei(a, 4-
dimethylane-imidazolyl)borate ligand in the asymmetric unit dfighly symmetrical
cubic space group-43n, which exhibits 3-D SOD topological framework, similar tottha
in BIF-3-Li.

BIF-12-Li consists of one lithium ions, one tetrakis(benzimidazodyBte ligand,
and one (%)-2-amino-1-butanol solvent molecule in its asymmetric. lwhidike
tetrahedral [B(2, 4-Dmim) ligandin BIF-11, each tetrahedral [B(Big) ligand only

bridges to three Li sites through the nitrogen atom of thredrhgtazoly groups, and the
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fourth benzimidazoly is a terminating ligand. Li adopts JONtetrahedral coordination
geometry with a terminal solvent molecule (x)-2-AB (Fig@ré). BIF-12 possesses a 2-
D wavy (4.8.8) layer (also callefis net) (Figure 3.6), in which the racemic solvent

molecules ()-2-AB are spontaneously separated into adjacent lithium ignsg(Bi6).

Figure 3.6. Left: The view of 2-D layer in BIF-12 viewed aloagxis, the big spheres
represent (+)-2-amino-1-butanol molecules. Right: 2-D*[4f& topology of BIF-12
(orange ball stands for boron, purple for lithium).

from c axis.
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BIF-13 with B(Bim), as ligand have layered structures witf) (det, with all
benzene rings pointed outward away the 2-D plane. (Figure 3.7)

3.3.3 Gas Sorption
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Figure 3.8. N, gas sorption isotherm of BIF-3-Li (top) and BIF-3-Cu (bott@iny 7K.
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To determine zeolitic properties of such materials, BIF-3a@d BIF-3-Li with
the sodalite topology were studied by gas adsorption measuremefdsmpédr on
Micromeritics ASAP 2010 surface area and pore size analyherpermanent porosity
of these BIFs was demonstrated by &tisorption measurements. The samples were
degassed at 200°C prior to the measurement, respectively. They gyebitisotherm,
indicating the microporous nature. The Langmuir surface areak82r3 and 726.5 gy
for BIF-3-Cu and BIF-3-Li, respectively (Figure 3.8). The igkly lower surface area
compared to the Zn analog may be due to the framework congdting from the
shorter B-N bond. The CQadsorption isotherms of BIF-3-Cu and BIF-3-Li at 273 K
were also evaluated. As shown in Figure 3.9, the maximum adsorptierisadm are
21.9 and 34.5 cing! for BIF-3-Cu and BIF-3-Li, respectively. These results shioat t
BIF-3-Li outperforms BIF-3-Cu in the CQadsorption capacity. The lighter density of

BIF-3-Li may be one contributing factor.
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Figure 3.9. CO, adsorption isotherms of BIF-3-Li and BIF-3-Cu at 273 K.
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Thermal gravimetric analysis (TGA) shows both BIF-9-Li anl&-B-Cu can be
stable up to approximately 3 under the N atmosphere. The permanent porosity of
BIF-9 was also demonstrated by Nas adsorption measurements. The samples for
surface area analysis were activated by immersing rabesized BIF-9 with suitable
solvents, followed by evacuation at room temperature. The activaregles were
characterized by XRD to confirm the structural integi8i-9 exhibit type | adsorption
isotherm behavior typical of materials of permanent microporobiggufe 3.10). The
Langmuir surface areas were 1818/gnand 1524 fiig for BIF-9-Li and BIF-9-Cu,
respectively, demonstrating the effect of molecular weight. TER& Bethod vyields
surface areas of 1523fg, 1287nilg, respectively. A single data point at relative
pressure 0.500 gives maximum micropore volume of 0.6¥§crand 0.540crig,

respectively, by Horvath-Kawazoe equation.
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Figure 3.11. Gas sorption isotherm of BIF-9-Li and BIF-9-Cu fos & 77K, and for
CO, at 273K.

Hydrogen adsorption studies revealed that BIF-9-Li can adsorb 1.23 wt%
(volumetric uptake of 9.23kgfincalculated density: 0.750 g/&vhydrogen at 760 Torr
and 77K, significantly higher than that of BIF-9-Cu (1.06wt %; volumetric uptake of 8.58
kg/m®, calculated density: 0.809g/&v(Figure 3.11). C@adsorption isotherms of BIF-9
were also investigated. The maximum adsorption amount at 760Torr andapg 35.6
cm’g (1.60 mmol/g) and 34.1 ¢fg (1.53 mmollg) for BIF-9-Li and BIF-9-Cu,
respectively. The lighter framework density of BIF-9-Li ynde an important
contributing factor for better gas uptake behavior of BIF-9-Li than BIF-9-Cu.

3.3.4 Effect of Substituted Group on Framework Topology and Pore Size

In the previously reported Zn-imidazolate system, the liganadigateraction is

known to play a key role in the resultant framework topology. TheeshBriN distance

(~1.5A) between boron and imidazolyl group (as compared to signifidangjgr metal-
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ligand distances in MOFs, usually 2.0 A or larger) in the B-istesy leads to a
significantly closer distance between the adjacent ligandpg, which further enhance
the steric repulsion between substituent groups on imidazolyl ringsl work with
boron imidazolate frameworks only led to quite dense network topolsgiEs as zni
(BIF-1), diamond (BIF-2). The much shorter B-N distance tends tcowathe pore
aperture and places a serious limitation to the accessiifilibgernal pore surfaces. Even
for porous material BIF-3-Li with the sodalite topology, the surface arealy 726m2/g,
which is only 40% of the surface area for the corresponding zinetBytrmidazolate
(ZIF-8) with the same topology, negating any potential adgastahat the use of such
lightest elements could bring.

We reason here that if a more open framework topology could be, itiee large
window size will more than compensate for the shorter B-N distance and theliptema
volume would then be more accessible. However, while benzimidazaletédeBim
here) is well-known to form zeolite RHO type topology (ZIF-11 and ZIF-12) g&etion
of HB(Bim)4 with lithium salts or copper salts only gave lagestructures with (44) net,
with all benzene rings pointed outward away the 2-D plane. The BHuridistance,
coupled with the large benzo group, makes it sterically impostbferm the RHO
topology in the boron system when Bim is used as the building block.\Cl&ae
creation of new zeolite-like boron imidazolates requires stedeghat take into
consideration of both synthetic and structural factors unique to boron imidazolates.

In fact, the need for topological control has to be balanced with #tetoecreate

the maximum porosity. While the size, number, and position of sulmgtigmeups on
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imidazolyl rings do help to generate more open topology, they cak thleqore access.
That is why zinc 2-methylimidazolate (ZIF-8) having the treldy dense sodalite net
with only 6- and 4-ring windows has a large Langmuir surfa@a drased on N2
adsorption whereas zinc benzimidazolate (ZIF-11) having more opentéié{@gy with
larger 8-, 6-, and 4-rings are actually nonporous towards N2. As shaws work, this
anomaly can be prevented by the selection of a suitably substitutizolyl ligand that
strikes an ideal balance between structure directing effect and pore wtmtkage.

To achieve our goal of creating more open zeolitic topology wigh surface
areas (despite the short B-N distance), we choose 4-metlddaolate as the linker to
create the zeolite RHO topology based on the following consideratlpng:position
mono-substituted methyl group is smaller than the benzo group innbdazole and
therefore could better accommodate the shortened B-N distance; 4ndriz) 5-position
di-substituted groups are prone to lessen the pore volume of the resdbhtic
frameworks.

It is shown here that the boron imidazolate zeolite RHO materal be created
that have a much greater surface area than the boron imidazolsealmavith the
sodalite net, in distinct contrast with the #nsystem. Both BIF-9-Li and BIF-9-Cu are
porous to N gas while the Zn-Bim RHO (ZIF-11) is not, because theceffiéthe small
subtituent in B-Mim RHO outweights the short B-N distance.

When two or more substituents are present, an intriguing questios. &sthese
multiple substituents exhibit a synergistic and cooperativeteiffiecontrolling the final

framework topology or each individual substituent can exhibit thetstalcdirecting
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effect on the basis of its own preference? In the latter wds@e each individual
substituent strives to exert its own topological control and tlyecempeting against
each other, the determination of the dominating substituent becomessuan In this
work, the use of 2, 4-dimethylimidazolate provides a unique opportunitydy stuch
competitive structure-directing effects when more than one substitugreasnt.

It suggests that each individual substituent can exhibit its own tapal@pntrol
during the solvothermal assembly. This can be seen by a comparBt# f with BIF-
3 and BIF-9. Mono-substitution by a methyl group in 2-position leadsetéormation of
lithium boron imidazolate frameworks with the SOD topology whilenorsubstitution
by a methyl group in 4-position leads to the formation of lithium boroidazolate
frameworks with the RHO topology. Naturally, 2, 4-dimethylimmlare becomes
especially interesting because it provides an opportunity for usatoiee how these two
methyl groups control the crystallization when they co-exishensame imidazolate. A
large number of trials have been performed under various reactioniaosgdihvariably,
BIF-11 with the SOD topology is obtained, suggesting that the mgtbylp at the 2-

position dictates the crystallization process.
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3.4  Conclusion

In conclusion, we have synthesized a family of boron imidazolate - open
framework materials by crosslinking 4-connected boron imideza@amplexes with 4-
connected Li or CU centers. The compositions of these materials are very unique
compared to either inorganic zeolites or metal-organic franmlewoaterials. As
demonstrated here, this chemical system possesses a rich campabaitd topological
diversity. The materials reported here possess various 4-cotn@ddeopen frameworks
with topologies ranging from zeolitic SOD type to RHO type. Thermanent
microporosity for BIF-3 and BIF-9 has also been demonstrated. TheSEOHA@aterials
represent a unique family of materials that border between M&ftes covalent
frameworks because the tetrahedral vertices (B, Li, and @u)oared together by a
combination of covalent (B-N) and coordination bonds (Li-N and Cu-N).sPhéhetic
method reported here has a great potential for the creatiotaajeafamily of materials
with tunable framework compositions and topologies, which could lead to new

applications in gas sorption, separation, cataktsis
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Chapter 4

Synthetic Control of Selenide Supertetrahedral Cluers and
Three-Dimensional Co-Assembly by Charge-Complementg

Metal Cations

4.1 Introduction

Crystalline metal chalcogenides are an important fawifilgemiconductors that
have practical or potential applications in multiple areas sucphamcatalysis and
thermoelectric$. In recent years, research on crystalline porous chalcogenides has
received increasing attention because the integration of opemivork architecture and
semiconducting properties could lead to multi-functional matenalls as high-surface-
area photocatalysts and photoelectrotlésturthermore, the basic structural building
blocks of open-framework chalcogenides are often nano-sizethdeted clusters that
can be considered as the smallest possible semiconductor quantutit’doteed
quantum confinement effects have been found in such cldbters.

In the synthetic design of supertetrahedral clusters and ploeaus covalent
superlattices, it has been recognized that the charge of tetrbireddallic cations plays a
key role in the determination of the cluster siZe*?This is primarily because there are
specific requirements for the local charge balance surrountimgogenide anions €X
such as S or S&). To form the core of large supertetrahedral clusters sut# asd T5

clusters (e.g., T4-[Zn16S:9*" and T5-[CulnsSsq*®), tetrahedrally coordinated %X
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sites (in the form of X, called anti-T1 supertetrahedral cluster) are essentigh-Hi
charged metal cations such as*Gand Sfi* are known to suppress the growth of the
large clusters because of their inability to form&H or GeS*** units. In comparison,
low-charged metal cations such as?Zmnd Ci promote the formation of core
tetrahedral X sites (e.g., 8", leading to large supertetrahedral clusters (T4 or
bigger).

By utilizing the above local-charge-balance principle, two distisytthetic
strategies have been developed to create open-framework chatlesgesth clusters of
different sizes. The first one is based on the combination of tri- and dival&aitoagons
(such as IW/Zn**, or alternatively tri- and monovalent cations such &§¥@u).8¢ 2
This strategy has allowed the synthesis of a series of opeefvork chalcogenides
containing large supertetrahedral clusters such as T4 and T5 clusters.

The second strategy is to mimic Al-Si-O zeolite compositi@ys.combining
tetra- and trivalent cations (MM>7X%, M*" = Gé"* or Sri*, M** = G&* or In*"; X* =
S* or Sé&), a family of crystalline porous semiconducting chalcogenideiteemmhalogs
have been madé.These porous chalcogenides contain only T2 clusters. The T2 cluster
(M4Xs) is different from larger clusters (e.g., T3, T4...) becausanadinic sites in T2 are
bi-coordinated between two tetrahedral metal sites, an eddesatiare of MX zeolite
topologies. In comparison, T3 clusters contain tri-coordinatécites and T4 or larger
clusters contain both tri- and tetra-coordinatédskes.

The above synthetic strategies can be unified by using tivalealcogenide

compositions (e.g., Ga-Se, Scheme 4.1) as a starting point. THé*Mystem normally
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allows the synthesis of binary T3 clusters such as3§'®. The incorporation of lower-

valent M* or CU cations leads to the growth of the,$1core and larger ternary
M3 IMZIX? (or M**IM*/X?) clusters, whereas the addition of Mations suppresses the
formation of both tri- and tetra-coordinated Xites, leading to the formation of ternary

M*IM3*/X? T2 clusters with bi-coordinated®ites only.

T2 —T2 T3—T3
UCR-20 [Ga M, Seg] OCF-6/13 [Ga,Seq]
(M = Ge, Sn) ' 2
L . -L[ only M4 only Zn? (Cooee
\ ‘ _ Ga3+, Sez-, - ’ ‘ '- 5
}‘hj ‘JJL i H*-TMDP NN
both M4+ ¢«
T2 s T4 OCF'1 [Zn4Ga1sse33]

OCF-42 " -L, 3
[Ga, M, Seg]lZn,Ga,Ses,] o +f,fnL 1L o

&

>

Scheme 4.1. Four different strategies to create supertetrahedral cduatet their co-
assemblies through charge-complementary metal cations wighediffoxidization states.
H*-TMDP is protonated 4, 4'-trimethylenedipiperidine.

In seeking to develop new synthetic strategies to create halwogenide open-
framework materials, we hypothesized that if we combine hHeet charge-
complementary metal cations t¥M3*/M?* or M*/M3**/M*), we might be able to create

a new synthetic system in which both zeolite ,A)pe building units (e.g., T2 clusters

with ternary M*/M3*/X? compositions) and large supertetrahedral clusters (T4, T5 or
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larger clusters with ternary MM#* /X% or M**/M*/X%* compositions) can co-exist. By
using amine-templated co-assembly of such two types of dugtehould be possible to
create a new family of open-framework chalcogenides with unpeated quaternary
compositions and unusual topological features (Scheme 4.1). Such matélidie
between 4-connected zeolite-type MX¥ameworks and 3-D superlattices of nano-
clusters, which would also provide a new path towards the controlatfagle, optical,
and electro-optic properties of the resulting materials beaafudee increased diversity
and complexity in chemical compositions, cluster sizes, and th&arpabf organization.
Here we report two new isostructural 3-D open-framework selei(tdested as
OCF-42-ZnGaGeSe-TMDP and OCF-42-ZnGaSnSe-TMDP) that illustratéasibility
of this synthetic strategy. It is worth noting that even thouglyrifgiant progress has
been made in sulfides, very few three-dimensional open-frameweldnides are
known!* In fact, to our knowledge, no 3-D quaternary open-framework chalcogenides
based on supertetrahedral clusters were known prior to this witrygh an example of
an isolated quaternary T3 cluster was reported recEntiyonsidering extended
structures built from ternary (e.g.,"8M*7X?%, M**/M?7X%) or binary (e.g., In-Se, Ga-
Se) selenide clusters are well known, it is extraordinary that quatgainasgs are formed
in our system, instead of macroscopic phase separation into compasitsingler
selenides. Impressively, the phase separation did occur in theatsateported, albeit at
the cluster-scale level, as reflected by the formation oktinmensional frameworks

containing both M/M3*" T2 and M*/M?* T4 clusters.
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4.2 Experimental Section
4.2.1 Solvothermal Syntheses

OCF-42-ZnGaGeSe-TMDP:GeGQ (12.1mg, 0.116mmol), G@&s (113.2mg,
0.604mmol), Se (187.2mg, 2.371mmol), Zn(HO 6H0 (82.5mg, 0.277mmol), and
TMDP (4, 4’-trimethylenedi-piperidine; 1.996g, 9.673mmol) were mixed WHO
(3.028g, 168mmol) in 23-mL Teflon-lined stainless steel autoclavesandd for one
hour. The vessel was then sealed and heated i€ 200 6 days. After cooling to the
room temperature, pale-yellow column crystals were obtained in a yield of 123.3mg

OCF-42-ZnGaSnSe-TMDP: SnCl-5H0O (36.3mg, 0.104mmol), G@;
(106.9mg, 0.570mmol)), Se (161.6mg, 2.047mmol), ZnheHO (73.0mg,
0.247mmol) and TMDP (4, 4'-trimethylene-dipiperidine; 2.011g, 9.746mmol) were
mixed with HO (3.122g, 173mmol) in 23-mL Teflon-lined stainless steel autoclave and
stirred for two hours. The vessel was then sealed and hea2&d’C for 6 days. After
cooling to the room temperature, yellow block crystals were olatama yield of about
145.2mg.
4.2.2 Structure Determination

Single-crystal X-ray analysis was performed on a BrukerrS&REX || CCD
area diffractometer with nitrogen-flow temperature controllesing graphite-
monochromated Mg, radiation { = 0.71073 A), operating in the and¢ scan mode.
The SADABS program was used for absorption correction. The steustas solved by
direct methods and the structure refinements were bas&d|oAll non-hydrogen atoms

were refined with anisotropic displacement parameters. Altalggraphic calculations
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were conducted with the SHELXTL software suit®€rystallographic data of OCF-42-
ZnGaGeSe-TMDP (CSD Number 420826): [{@3e ¢S&)(ZnGasSess)4]- (template),
tetragonall-4c2, a = b = 36.5659(3) Ac = 46.6103(8) AV= 62321.0(13)& Z = 186,
26max= 35 (-30< h < 30, -30< k < 30, -39< | £ 39), T = 150K, 105460 measured
reflections,R; = 0.0932 for 9901 reflections & 25(1)), GOF = 1.097; [(GaSn ¢Se&)
(ZnsGaeSess)q]- (template) (CSD Number 420827), tetragonkic2,a =b = 36.0137(5)

A, c = 46.7190(16) AV= 60594(2)R, Z =16, 20ma= 35 (-30< h < 30, -30< k < 30, -39
<1<39), T=150 K, 147639 measured reflectioRs= 0.1048 for 9618 reflections ¢
20(l)), GOF = 1.150. Further details of the crystal structure inyasbns may be
obtained from Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopelushaf

Germany (fax: (+49)7247-808-666; e-mail: crysdata@fiz-karlsruhe.de:/Nvivw.fiz-

karlsruhe.de/request_for_deposited_datahdmiquoting the appropriate CSD number.
4.2.3 Powder X-ray Diffraction

Room temperature X-ray powder diffraction experiments wereopeed on a
Bruker D8 Advance powder diffractometer, equipped with a Sol-X tetesing Cu
Ko, radiation (A = 1.5406 A). The simulated XRD pattern was calculated from the
structure data using the Mercury 2.4 software.
4.2.4 Optical Properties

Fluorescent spectra were measured on a SPEX Fluorolog-3 TauB sygtgpped
with a 450W xenon lamp and double monochromators on both excitation anibemiss
sides. The band gaps were determined through the UV/vis/near-IRediflsctance

spectra measured on a Shimadzu UV-3101PC double-beam, double-monochromator
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spectrophotometer. Bag@owder was used as both reference (100% reflectance) and
sometimes base material for the coating of samples. Absorptit$) data were
calculated from the reflectance data by using the Kubelka-Munkidmnct/S = (1-R¥/R,
where R is the reflectance at a given wavelengtis,the absorption coefficient, and S is
the scattering coefficient.
4.2.5 Thermal Analysis

The simultaneous DSC-TGA thermal analysis was performed om3tAuments
SDT Q600. All samples was prepared by grinding single crysttaisfine powder and
heated between room temperature and £20&t a heating rate of®/min under N gas
or air flow (100 ml/min).
4.3  Results and Discussion
4.3.1 Synthesis

Both M*/M3*'/S& T2 clusters and R/M?*/S& T4 clusters have been reported
before, what is unprecedented in OCF-42s is their uniform and nanastegjeation.
One of the greatest challenges in developing multinary compositidhe iikely phase
separation into simpler compositions such as ternary (e IMK/Se, M*IM3*/S€&)
and binary compositions (e.g., &8¢€). Indeed, these simpler compositions are well
known. For examples, the T2 cluster is known in zeolite-type UCR2A0,and -223
and T4 supertetrahedral cluster (@Ga¢Ses) reported here is also found in OCF-1-
ZnGaSe-TMDP* In the work reported here, instead of macroscopic phase separation
into simpler ternary phases such as OCF-1 and UCR-20, quaternkr¢Z3CGre formed

by integrating both T2 and T4 clusters in the same crystalline material.
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In order to avid formation of large amount of impurities or phasaragpn, the
key point on synthetic control is to adjust the amount of tetraval&htridtal ions. Too
small amount of M added into reaction system will result in forming large amount of
OCF-5-ZnGaSe-TMDP, however, adding large amount 6f dations will easily cause
the formation of UCR-20-MGaSe-TMDP. Systematic change imtheunt of tetravalent
metal ions has been carried out for controlling purity of productsfilbbephase purity
was supported by PXRD (Figure 4.1). The presena#-pfri- and tetravalent elements
was confirmed by the energy dispersive X-ray (EDAX) spectiog performed on a
scanning electron microscope (SEM) (Figure 4.2). The determinafi the SA/Ga™
ratios was performed by single crystal analysis based oratbe difference in the
scattering power between Srand G&" cations'® The Ge/Ga ratio could not be refined
reliably and the value given was estimated by comparison with-£2FnGaSnSe-

TMDP.

As-made OCF-42-ZnGaGeSe-TMDP
Simulated OCF-42-ZnGaGeSe-TMDP
As-made OCF-42-ZnGaSnSe-TMDP
Simulated OCF-42-ZnGaSnSe-TMDP

I | A )
o M ehonnnn s M

T
20 30 35 40

15 25
2 Theta (degree)

Figure 4.1. The powder X-ray diffraction (PXRD) pattern of OCF-42.
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Figure 4.2. The energy dispersive X-ray (EDAX) spectroscopy of OCF-42-
ZnGaGeSe-TMDP (left) and OCF-42-ZnGaSnSe-TMDP (right).

4.3.2 Structure

One of the most unusual features of OCF-42s is their extraordipatgrnary
composition integrating three charge-complementary metainsatNote that the charge
complementarity is an essential feature of this synthetitesty. The 3-D open-
framework of OCF-42s is composed of*WGa"/S& T2 and G37zn*'/S€ T4
supertetrahedral clusters. In both clusters, all metal siesfaaur-coordinated. For
M*IM3*/S& T2 clusters, all Sésites are bi-coordinated, similar td" @ zeolites:’ In
comparison, in M/M?*/S€& T4 clusters, in addition to 18 bi-coordinated Sites on six
edges, there are also 12 tri-coordinatet] ®as on each face, and one tetrahedral &e
the core of T4 supertetrahedron. To satisfy Pauling’s electrostatic galdecthe central
tetrahedral Se site is surrounded by four zinc ions to give a bond valence sur@,of +
which is consistent with the valence ofSe

Three-dimensional covalent open-frameworks of OCF-42s are forfinoed

corner-sharing T2 and T4 supertetrahedral clusters. (FigureTh8)M-Se-M bond
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angles at corner sites range from 104.5 to 109.9°. Few examples ofrapework
chalcogenides containing two types of supertetrahedral cluseeisiawn'® Those few
known examples also have simpler binary (e.g. In-S) or terrmampasitions (e.g., Zn-
In-S), which make them fundamentally different from the quargrmaterials reported

here.

Figure 4.3. The 3-D open frameworks of OCF-42 viewed altnaxis. The red sites
highlight the location of T2 clusters and blue sites highlight dleation of T4 clusters,
and green sites highlight the location of Zn in T4 clusters. Nhatiethe ratio between T4
and T2 clusters is 4, which is unprecedented for this type of materials.
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Figure 4.4. The connectivity of T2 and T4 clusters in OCF-42. Each T2 cluster
connected to four T4 clusters (left), and each T4 cluster is reshaged to one T2 and
three T4 clusters (right).

Another uncommon feature in OCF-42 is the unequal ratio between T2 and T4
clusters. Such an ability to have unequal ratios can greatlyasetbe diversity of such
materials. In OCF-42, instead of alternating T2 and T4 cluseash T2 cluster is
connected to four T4 clusters with a center-to-center distand®.68A, and each T4
cluster is corner-shared to one T2 and three T4 clusters. (Higi)r€o the ratio between
T2 and T4 clusters is 1:4.

Two distinct tetrahedral nets can be derived from OCF-42s and bothaneets
previously unknown. For the topological analysis of the zeolite-typehee® 2 cluster is

unique, because its four tetrahedral metal sites can be dir@atefour individual

tetrahedral nodes, or alternatively the whole T2 cluster can be treatsthgkea
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Figure 4.5. Because T2 clusters can be treated as a single pseudodettaiite or a

zeolite-type secondary building unit with four tetrahedral sttes,different topological

nets can be derived depending on the treatment of T2 clu3teps.a new non-

interpenetrated zeolitic topology in OCF-42 when only the T4 cluatergonsidered as
the artificial 4-connected atom; Bottom: a new topological fraomk when both

supertetrahedral T2 and T4 clusters are treated as 4-connected nodes.
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tetrahedral node. In contrast, the T4 cluster can only be traatedpseudo-tetrahedral
atom, because of the presence of 3- and 4-coordinafesit®s. When the T2 clusters are
treated as four individual nodes, the framework can be simplified in&wazeolite-type
topology with vertex symbol of [3.2(8.13.3.1G][4.10:1.6,.10,.6,.105). (Figure 4.5)
When the T2 clusters are treated as a single tetrahedralthedeamework can also be
simplified into a new zeolite-like topological framework with esrtsymbol of
[85.85.85.85.8,.8,] [4.811.62.8,.6,.85]. (Figure 4.5 and Figure 4.6) It is clear that our
synthetic strategy, which aims to integrate zeolite-typaictitral features with
supertetrahedral clusters, has the potential for generatingntgtmary compositions

and new framework topologies.

Figure 4.6. Natural tilling framework with the symbol 347+2[6.89+3[8%
(...mn...meansn kind of m face in each separate tilling) in OCF-42 when T2 and T4
supertetrahedral clusters were treated as artificahtiral atoms. The net is in the
RCSR database (http://rcsr.anu.edu.au) as “wut”.
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Although all framework atoms are unambiguously determined, é&=imaework
species (protonated amine molecules) are disordered withinrgedavities, and their
atomic positions could not be determined. These disordered extrasfoaknepecies
occupy approximately 64.51% of the crystal volume as calculaied tise PLATON
software?

4.3.3 Thermal Analysis

Thermogravimetric analysis (Figure 4.7 and Figure 4.8), studiedTA
instruments SDT Q600 under flowing, Mtmosphere or static air, followed by X-ray
powder diffraction (Figure 4.9), showed that OCF-42 were stable BDM®LT when
solvent molecules trapped in the pore or adsorbed on the surface wdtestoseight
1.6%). An abrupt weight loss between 300-%D@s attributed to the decomposition of
the charge-balancing ammonium cations. The black residue obtainetedterg the
sample at 60t in N, shows the loss of crystallinity. The combustion of OCF-42 in the
static air leads to co-existence of several metal oxide phaseshown in Figure 4.9 and
Figure 4.10.

4.3.4 Optical Properties

The quaternary open-framework compositions achieved with our synthetic
strategy add an extra freedom in the control of electronic orabgiroperties such as
electronic band gap. The solid-state diffuse reflectanactsp of OCF-42s were
performed on a Shimadzu UV-3101PC double-beam double monochromator
spectrophotometer by using BasS@owder as 100% reflectance reference. The optical

absorption data calculated from reflectance data by using the Kubelhiafihction?®
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Figure 4.7. Thermogravimetric analysis of OCF-42-ZnGaGeSe-TMDP (tapyl
OCF-42-ZnGaSnSe-TMDP (bottom) in static air and flowingtinosphere.
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Figure 4.8. PXRD of OCF-42-ZnGaGeSe-TMDP (left) and OCF-42-ZnGaSnSe-

TMDP (bottom).
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Residue of OCF-42-ZnGaGeSe
treated at 1000°C in air
ZnGa,0,
Zn,GeO,
Ga, O,
S Gi— VY| N WO V|

Figure 4.9. PXRD of the residue of OCF-42-ZnGaGeSe-TMDP heated at°COB0
air. The residue of OCF-42-ZnGaGeSe is identified as the mixdficubic ZnGgO,,

monoclinic GaOs, and cubic ZgGeQ, phase.

Residue of OCF-42-ZnGaSnSe
treated at 1000°C in air
ZnGa,0O,

Ga,O4

SnO,

L

Figure 4.10. PXRD of residue of OCF-42-ZnGaSnSe-TMDP heated at a0 air.
The residue of OCF-42-ZnGaSnSe treated in air at®@B0composed of the mixture of
cubic ZnGaO,, monoclinic GaOs, and tetragonal Sn(phase.
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show that OCF-42-ZnGaGeSe has the absorption onset at about 855 nepoculirey

to a band gap of 1.45 eV (Figure 4.11). The replacement &f With SH™* gives a
comparable band gap of 1.54eV in OCF-42-ZnGaSnSe. The band gaps of such
guaternary selenides lie between the band gaps of binary galliemdses (OCF-6-
GaSe-TMDP, 1.43 e\J* and some ternary selenides (such as OCF-1-ZnGaSe-TMDP,
1.76 eV** [CdisSm:Sed™™, 2.00 eV? [CdSnSed®, 2.33 ev?! and [My(us-
Se)(SnSP.4*° (M = Zn, Mn, Cd, Hg), 2.2-2.6 e¥), which demonstrates the possibility

to tune the band gap of chalcogenides by combining different metah<anto

superlattices.

e QCF-42-ZnGaSnSe-TMDP
e QCF-42-ZnGaGeSe-TMDP

Kubelka-Munk Function (a.u)

— 71 - r - 1 1T T T 1T T 17
1.0 15 20 25 30 35 40 45 50 55 6.0
Photon energy (eV)

Figure 4.11. Solid-state UV/Vis absorption spectra of OCF-42s.

118



e OQCF-42-ZnGaGeSe-TMDP
e OQCF-42-ZnGaSnSe-TMDP

Intensity (arbitrary unit)

| | |
550 600 650 700

Wavelength (nm)

|
450 500

Figure 4.12. Photoluminescent emission spectra of OCF-42 excited at watkeleng
420nm.

OCF-42s are photoluminescent and can be excited with waveleongti380nm
to 450nm. When excited at 420nm at room temperature, OCF-42-ZnGaGeS€and
42-ZnGaSnSe exhibit strong photoluminescence with maximum waveleagtered at
490nm, 510nm, respectively. (Figure 4.12) These transitions ateutgtt to the charge

transfer from S&dominated valence band to'MGa"/Zn?*"-dominated conduction band.
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4.4 Conclusion

In conclusion, the first quaternary 3-D open-framework selenide lattpms
based on T2 and T4 supertetrahedral clusters have been synthssmethree types of
charge-complementary (+2/+3/+4) and yet geometry-matchingl matmns such as
Zn**/Ga*/Ge". Such charge-complementary metal cations control the clustemsit
co-assembly through differing bond valence requirementsdigf tri-, and tetra-
coordinated Sesites. The M/M®* combination assists the formation of small T2 cluster,
while the M*/M? combination helps the formation of large T4 clusters. The T2 and T4
clusters are further joined into 3-D covalent superlattices witexaraordinary unequal
1:4 ratio, leading to a framework topology that can be simglifireo two previously
unknown tetrahedral nets. The formation of the quaternarl//MA" /M /S
composition with the cluster-scale phase separation is extragrde@mnsidering that
multiple competing crystallization processes for the formatiostroictures with simpler
ternary and binary compositions are possible. The cluster-scalge pdeparation
controlled by charge-complementary metal cations illustrétes a high degree of

control is possible even in the complicated quaternary compositions.
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Chapter 5

Isolated Inorganic Supertetrahedral T4 Clusters

5.1 Introduction

Since the first synthesis of chalcogenide open framework imlatén 1989,
research on crystalline porous chalcogenide frameworks hastedtigreat attentiofi*
because such materials are capable of integrating porosityseimticonductivity and
have many potential applications. Unlike crystalline porous matdsaded on inorganic
oxide frameworkd (e.g., zeolitesor more recently developed porous coordination
polymers (also called metal-organic frameworks, M®Es)chalcogenide open
frameworks have distinct structural features and many of #mentomposed of nano-
sized tetrahedral clustérsSuch clusters can behave as artificial tetrahedral atoms to
allow the creation of semiconducting zeolite-like 4-connected poroosefrarks. On
the other hand, these clusters can also be considered as thestsipalsible
semiconductor quantum dots, and because of their precisely defined comnpasiti
structure, they may exhibit unique properties, in addition to serveodslmystems for
less-well-defined colloidal nanoparticléd’. Such a close relevance of chalcogenide
clusters to crystalline porous semiconductors and semiconductor quanturplatats
them in a unique family of materials whose study will have Baamt multidisciplinary
impacts.

There are now four well-known series of tetrahedral chalcogeradeclusters:

supertetrahedral cluster )l pentasupertetrahedral clustenyPFcapped supertetrahedral
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(Cn) cluster, and super-supertetrahedral cluster @) (n, p, andq are related to the size

of the cluster and in known clusters range from 1 to 5 fprl¥2 for Fh, and 1-3 for @
clusters} *2 Examples of T2, P1, C1, and C2 clusters arg@®h)q* (or [MsQ:d*, M

= Ge, Sn, Q = Se, S), [€3(SPhyg* (or [MsSnQ17)]™* (M = Zn, Mn, Co, Fe; Q = Se,
Sy [Ci7Su(SPhgl?, and [Cd:Si(SPh)¢(DMF)J], respectively. Among these
clusters, supertetrahedrah Tlusters are the most fundamental series and other series of
clusters can be geometrically derived fromclusters.

For many years, the synthesis of large crystallographicalinetl chalcogenide
clusters (i.e., to increas® has remained a formidable challenge. For supertetrahedral T
clusters, it has been actually more difficult to create eiscmolecular clusters than to
synthesize covalently linked clusters. For example, T3 clustags (CdoSs(SPh)¢*)™
have remained as the largest discrete supertetrahedi@dudters for many years, even
though some new compositions have recently been made (es§mB*®, M = Zn,
Co)*%and both T4 and T5 clusters are known in extended frameffiorks

There has always been a strong interest in discrete maledukters that can
serve as precursors to allow the more rational constructiparofis frameworks through
modular assembly processes, in a way similar to the construatiatoordination
polymers*!’. Discrete clusters are also more directly comparableeticonductor
nanoparticles in terms of properties such as quantum confinemeatseffurthermore,
discrete soluble clusters are amenable for solution processmganbus forms such as
thin films, functionalized semiconducting mesoporous struttuse porous gels and

aerogel§%
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One of the key structural features of tetrahedral chalcdgetiusters, which is
also related to the difficulty in synthesizing them, is thusinally negative charge that
increases dramatically as the size of the cluster gets bigerreason for the negative
charge is that while the coordination sphere of tetrahedral migtal is saturated with
four S/SE sites, surface’3Se sites are bonded to fewer-than-four metal sites, leading
to excess anionic sites (i.e., anion/metal>1). As the clustsrlgrger, the increase in the
surface area of the cluster leads to a large number of such underi5ii8ed sites,
which contribute to a dramatic increase in the magnitude of tbetiae charge per
cluster. Thus, a key strategy in synthesizing large clust@csfind methods to stabilize
or lower the large negative charge.

There are two common ways to reduce the negative charge: instimgasurface
organic ligands or introducing surface high-valent (3+ or 4+) medsibres. For
chalcogenide clusters made of entirely divalent metal ions ascd’, the charge
reduction is achieved through covalently attached surface orggenc$ (in the form of
thiolates or selenolates). For example, the T3{&d** cluster only exists with its edge
and corner & sites bonded to organic groups (e.g., T3 1SHSPh)g*)*°. The T4
cluster in this series is not known yet, even though larger T4 &rdu$ters have been
found as nodes in two- or three-dimensional covalent frameibtks

When high-valent metal ions (e.g., Ba@r In*") are present on the surface of
clusters, the valence requirements of surfa&5& can be satisfied even if thé /5S¢
site is bonded to fewer-than-four metal sites. This eliminateseduces the need for

organic ligands, which helps to form inorganic supertetrahedral geadme clusters
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such as IS Furthermore, there have been reports of some very interekisigrs
that contain both trivalent cations and organic ligands (generallyeacorners of the
cluster, e.g., T3 cluster [G.s(C/HsN)4]>, CHeN= 3,5-Lutidinef"™™. Such clusters
make use of both types of charge reduction mechanisms.

Tetravalent metals such as*Shave had an interesting history in their roles for
the cluster and framework formation. In the early years of opameft@rk chalcogenides,
such tetravalent metal ions were selected as the primanedrark metal species in
efforts to emulate silica-like structufesLow-valent metal ions (e.g., M were initially
used to play the secondary role such as crosslinking small slyster, Gg5g) into
extended frameworks, instead of forming heterometallic clistith Ge-$*. Later, it
was found that St could participate in the formation of inorganic clusters sucRlas
and T3, in combination with divalent metal ions, as demonstrated by gobupshnen
and Kanatzidi€™% These clusters that usually have the molar ratio of 1 bet®een
and M (e.g., Zn) are some early examples that demonstrate the chdrgtion role of
tetravalent metal ions in the formation of tetrahedral cluUt&sOur own work in
M*IM3IX? system (M* =G€"*, s, M**=G&”, In**, X*= S, S&) highlighted the
charge reduction role of #1in the formation of T2 clusters. Furthermore, a recent
example ([SEGaZn,Sed®) also contains Sh at the corner of discrete T3 cluster, even
though it needs to be stabilized by covalently attached metal corfjpl&PA)Mn]**,
TEPA=tetraethylenepentamirfe)

The aforementioned examples demonstrate the feasibility ithessize large

supertetrahedral clusters through the incorporation of high-valetatl ions such as ih
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and SA*. However, the relative concentrations of'MM®*, and M* (or M) need to be
carefully controlled, because’fand M could suppress the formation of tetrahedrally
coordinated § (or Sé&) sites (e. g., MB) that are essential for the formation of large
clusters. On the other hand, the control of the cluster charge ionalaspect in the
cluster synthesis. Even more difficult is the crystallizatioclo$ters, because it requires
proper charge balancing species that also needs to posses getabletry to fill the
intercluster cavities. Given the great difficulty in findingck charge balancing species
from a large library of organic molecules, one of the besyswi induce the
crystallization of large clusters is to use a complex chalmsgstem that contains
multiple charge-complementary metal ions in different oxidatiates (e.g., MM*/M**

or M*IM*IM**, M* or M** is essential for the formation of the core of the clustetewhi
M3*/M** serves to meet the valence requirement of underbonded surface aBipns).
allowing the possibility to adjust the ratio of these differertahions within the cluster,

it would create a degree of freedom for the cluster to salisadjs charge density to
match that of the organic cationic species during crystatizailhis strategy, which
further extends the earlier methods ifi'W12* ***9M*/M>* ° M*IM3**/M?* ?° and related
systems, is similar to that used for the synthesis of zdik@ecobalt aluminophosphates
in which the ratio between €oand AP* within the phosphate framework can be
adjusted to tune the framework negative charge so that the inofgamiework has a
better chance of matching the charge density of organic structecthag agents for
crystallizatiod®. The synthesis of [SGaZn,Sed®) by Wang et al. represents one

successful exampf@.lt is worth noting that the use of such tri-metal systemsatsm
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lead to other possibilities as shown by the synthesis of OCF-d#iain the framework
was constructed by connecting T2 {@&r"/S&) clusters with T4 (ZH/Ga"IS&) %'
Here we report the application of the above synthetic strategynithesizing a
family of discrete supertetrahedral T4 clusters. A totaigiht distinct crystalline phases
containing discrete T4 clusters, but differing in chemical comipasit have been
synthesized, all of which are denoted as OCF-40s (OCF standsgforically directed
chalcogenide frameworks). These clusters can be made as bolkssahd selenides
(Table 5.1). Different combinations of metal cations have also leevad (Table 5.1),
further increasing the level of control over their electronic bstndctures. OCF-40s
represent the largest isolated supertetrahedral §@ries) chalcogenide nanoclusters
known to date. To better appreciate the extraordinary synthetictiomsdunder which
these record-breaking clusters are synthesized, we also rkpwmt three related
framework structures (collectively denoted as OCF-5s harghich T4 clusters (with

previously unknown chemical compositions) are joined into 3D covalent structures.
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Table 5.1.

A Summary of Crystal Data and Refinement Parameters for OCF-5sGid @

Name Formula S.G |a (A c A R (F)%
OCF-5-CuGaSnSe-DPM [GBasSnSes]-(template) l4:/acd | 23.9286(2) | 42.0821(5)| 5.85
OCF-5-ZnGaSnSe-2-MPR| [4B8a.SnSed-(template) | I4/acd | 24.1584(12)| 41.931(4) | 4.88
OCF-5-ZnGaSnSe-3-MPR [4B&4SnSes3)-(template) |41/acd | 24.0693(3) | 42.2601(10) 7.33
OCF-40-CuGaSnSe-PR [@BacSnSes-12(GNHy,) | 1-43m | 18.8019(1) | 18.8019(1)| 3.28
OCF-40-znGasnSe-PR | 17, GaSnSed 12(GNH) | 1-43m | 18.8951(1) | 18.8951(1)| 4.08
OCE-A40.MnGasnse.pr | [MN:GasSnSed - 12(GNHz) | 1-43m | 18.8626(2) | 18.8626(2)| 4.17
OCF-40-CuGaSnSe-4-MPR  [@BacSnSes-12(GNH12)°¢ | 1-43m | 19.387(2) | 19.387(2) | /

OCF-40-ZnGaSnSe-4-MPR  [fBaSnSes- 12(GNH1) | 1-43m | 19.2020(3) | 19.2020(3)| /

OCF-40-CuGasSnS-PR [@BacSnSe - 12(GNHy,) | 1-43m | 18.4280(3) | 18.4280(3)| 5.38
OCF-40-ZnGasSnS-PR [26a.:SnSes) 12(GNH12) | 1-43m | 18.2580(15)| 18.2580(15) 5.84
OCF-40-MnGasSnS-PR [MGBaSnS] 12(GNH1,) | 1-43m | 18.3783(11)| 18.3783(11) 4.26

& Structures were solved from single-crystal data celtbat 150K on a SMART CCD diffractometer with Ma.KR(F) =
Y|Fol-[Fe||ZZ]Fo| with Fo>4.05(F).



5.2 Experimental Section
5.2.1 Materials and General Methods

All reagents and solvents employed in these synthetic studiescasmmercially
available and used as supplied without further purification. Solid-stflectance spectra
were recorded on a SHIMADZU UV-3101PC UV-VIS-NIR Scanningcimphotometer
by using BaS® powder as 100% reflectance reference. Powder X-ray diffradten
were collected using a Bruker D8-Advance powder diffractometeratipg at 40kV,
40mA with Cu Kx( 4 =1.5406 A)radiation (® range, 2-40°; step, 0.03°; scan speed, 60
s/step). Semi-quantitative elemental analyses of the compoundspeormed with a
Philips FEI XL30 scanning electron microscope (SEM) equipped witlggrikspersive
spectroscopy (EDS) detector.
5.2.2 Solvothermal Syntheses

OCF-5-CuGaSnSe-DPM and OCF-40-CuGaSnSe-PR:SnCh (30.4mg,
0.160mmol), Ga(Ngs; (255.2mg, 0.997mmol), Se (177.7mg, 2.251mmol),
Cu(NG;)2:3HO (31.9mg, 0.132mmol), and DPM (dipiperidinomethane; 2.061g,
11.305mmol) were mixed with 4@ (2.977g, 165.39mmol) in 23-mL Teflon-lined
stainless steel autoclave and stirred for half an hour. The weasethen sealed and
heated to 20 for 9 days. After cooling to the room temperature, pale-yellow
octahedral crystals and red block crystals were simultaneooiserved in the
approximate 1:1 ratio estimated using an optical microscope. mbx¢ure was

ultrasonically treated and washed with ethanol to remove some asnsrgblid, then
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dried in air for other measurements. Crystals of OCF-40-CuGaBRSeere in the form

of rhombic dodecahedral shape (Figure 5.1).

#

Acc.V SpotMagn WD }——] 200 um

200KV 60 212x  10.8 Lei JING

(a) (b)
Figure 5.1. The SEM picture of OCF-40-CuGaSnSe-PR: (a) rhombic dodecahedron
shape. The rhombic dodecahedron shape is in agreement with the pcedioatal
morphology (b) from the internal crystal structure accordingravéis Friedel Donnay
Harker (BFDH) method.

OCF-40-ZnGaSnSe-PR: SnCh (34.9mg, 0.184mmol), Ga(N§3 (252.7mg,
0.988mmol), Se (176.3mg, 2.233mmol), Zn@ABHO (76.9mg, 0.259mmol) and DPM
(dipiperidinomethane; 2.074g, 11.376mmol) were mixed wi® KP.481g, 137.8mmol)
in 23-mL Teflon-lined stainless steel autoclave and stirretiforhours. The vessel was
then sealed and heated to ZD@or 10 days. After cooling to the room temperature, only
yellow block crystals were obtained in a yield of about 115.3 mg. Elemental ar{&ysis

Calcd. For [(ZnGasSnSess)-12(GNH1,)]: C, 13.66; H, 2.76; N, 3.19; Found: C, 13.61;

H, 2.57; N, 3.15.
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The method to enhance the yield and purity of OCF-40-CuGaSngeR and
OCF-40-ZnGaSnSe-PR: Method | (increasing reaction time): SaC(32.0mg,
0.169mmol), Ga(Ngs; (258.6mg, 1.011mmol), Se (172.3mg, 2.182mmol),
Cu(NG;)2:3HO (33.4mg, 0.138mmol), and DPM (dipiperidinomethane; 2.051g,
11.25mmol) were mixed with 4 (3.225g, 179.16mol) in 23-mL Teflon-lined stainless
steel autoclave and stirred for one hour. The vessel waséaded and heated to 200
for 15 days. After cooling to the room temperature, only dark red hipaikals were
obtained in a yield of 221.2mg. OCF-5-CuGaSnSe-DPM, which was observed wit
shorter reaction time, was completed converted into OCF-40-CuGaghdethod Il
The synthesis procedure is similar to the above, except that dipioenethane was
replaced with piperidine. Elemental analysis (%): Calcd. for
[(CuGasSneSes)-12(GNH1p)]: C, 13.65; H, 2.76; N, 3.19; Found: C, 13.58; H, 2.52; N,
3.11. Unless noted, Method Il was used for the preparation of OCF-40sdiffexknt
compositions.

The presence ahultiple elements in OCF-5-CuGaSnSe-DPM and all variations
of OCF-40s was confirmed by the energy dispersive X-ray (EDApectroscopy
performed on a scanning electron microscope (SEM) (Figure 5.2). The malafr@u :

Ga : Sn in OCF-40-CuGaSnSe-PR determined by AAS analysis 8263 : 1.124, and
the molar ratio of Zn : Ga : Sn in OCF-40-ZnGaSnSe-PR is 1: 3.8%&®5, in good
agreement with results from single-crystal structure referdnibased on significantly

different atomic scattering power between Ga and Sn.
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Figure 5.2. The energy dispersive X-ray (EDAX) spectroscopy of OCF-5-QnSa-

DPM (a), OCF-40-CuGaSnSe-PR (b), OCF-40-ZnGaSnSe-PR (c), OCF-4Baa{F&R

d), OCF-40-ZnGaSnS-PR (e), OCF-40-MnGaSnSe-PR (f), OCF-40-ZnMn@&&3RS
(g), OCF-40-CuMnGaSnSe-PR (h), OCF-40-CuzZnGaSnSe-PR (i) and OCF-40-

CuZnMnGaSnSe-PR (j).
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Table 5.2 Syntheses of OCF-5s and OCF-40s
Compound Code Reactants vield
of Products Metal AB/C | MetalD | MetalE | Se/S Amine | B
OCF-5-CuGaSnSe-DPM A 31.9mg 255.2mg 30.4mg 177.7mg 2.061g 29779 /
OCF-5-ZnGaSnSe-2-MPR| B 75.8mg 257.6mg 32.2mg 175.9mq 2.5129 2.978g /
OCF-5-ZnGaSnSe-3-MPR| B 77.1mg 256.5mg 32.9mg 176.8mg 2.533g 3.102g 120.5mg

A 33.4mg 258.6mg 32.0mg 172.3mg 2.051g 3.225¢ 221.2mg
OCF-40-CuGaSnSe-PR

A 32.2mg 256.3mg 32.4mg 175.5mg 2.125¢ 3.1569 235.3mg
OCF-40-ZnGaSnSe-PR | A 76.9mg 252.7mg 349mg | 176.3mg 2.074g 2.481g  115.3mg

A 77.2mg 255.6mg 35.6mg 178.2mg 2.189¢ 2.247q 160.3mg
OCF-40-MnGaSnSe-PR C 66.8mg 257.9mg 35.5mg 176.8mg 2.221g 2.245¢ 40.2mg
OCF-40-CuGaSnSe-4-MPR A 33.6mg | 255.5mg 34.5mg 177.3mg 2.579g 2.533¢g 102.6mg
OCF-40-ZnGaSnSe-4-MPR B 77.4mg 258.9mg 33.5mg 176.4mQ 2.4969 2.4759 123.5mg
OCF-40-CuGaSnS-PR A 33.7mg | 254.6mg 35.5mg 75.3mg 2.085mg  2.514¢g 75.3mg
OCF-40-ZnGaSnS-PR B 75.9mg 258.4mg 36.5mg 74.6mg 2.138g 2.201g 68.7mg
OCF-40-MnGaSnS-PR C 68.7mg 255.5mg 38.5mg 73.9mg 2.041¢g 2.538¢g /

Notes:® PR = piperidine, €H1:N; 2-MPR= 2-methylpiperidine, §i13N; 3-MPR= 3-methylpiperidine, ¢&i13N; 4-MPR= 4-
Zn(NQ),-6H0; C =

methylpiperidine, @HisN; DPM =

Mn(AC),-4H:0; D = Ga(NQ)s; E = SnC}

dipiperidinomethane, 1¢H2N,; A = Cu(NG;)2:3H0; B =



OCF-5-ZnGaSnSe-2-MPR and OCF-40-ZnGaSnSe-2-MPREhe procedure is
similar to that for OCF-40-ZnGaSnSe-PR, except that piperiee replaced with 2-
methylpiperidine (Table 5.2). The resulting products contain vegrasmall amount of
OCF-5-ZnGaSnSe-2-MPR and a large amount of OCF-40-ZnGaSnSe-2-MPR.

OCF-5-ZnGaSnSe-3-MPR:The synthesis procedure is similar to that for OCF-
40-ZnGaSnSe-PR, except that piperidine was replaced with 3dme#rydine. The
resulting product is pure.

OCF-40-CuGaSnSe-4-MPRThe synthesis procedure is similar to that for OCF-
40-CuGaSnSe-PR, except that piperidine was replaced with 4-methylpiperidine.

OCF-40-ZnGaSnSe-4-MPR.The synthesis procedure is similar to that for OCF-
40-ZnGaSnSe-PR, except that piperidine was replaced with 4-methylpiperidine

OCF-40-MnGaSnSe-PR:The synthesis procedure is similar to that for OCF-40-
CuGaSnSe-PR, except that Cu@=BHO was replaced with Mn(AgAH,O. Small
amount of red crystals (OCF-40-MnGaSnSe-PR) were obtained.

OCF-40-CuGaSnS-PR:The synthesis procedure is similar to that for OCF-40-
CuGaSnSe-PR, except that Se was replaced with S. Large amaewdt @fystals were
obtained.

OCF-40-ZnGaSnS-PR:The synthesis procedure is similar to that for OCF-40-
ZnGaSnSe-PR, except that Se was replaced with S. Large aofiguaie-yellow crystals
were obtained.

OCF-40-MnGaSnS-PR: The synthesis procedure is similar to that for OCF-40-

MnGaSnSe-PR, except that except that Se was replaced witmal. &8nount of red
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crystals (OCF-40-MnGaSnS-PR) and large amount of yellowish uifiddramorphous
solids were obtained.
5.2.3. Single-crystal X-ray Structure Determination

Crystallographic data of OCF-5-CuGaSnSe-DPM: tetragddglacd, a = b =
23.9286(2) Ac = 42.0821(5) AV= 24095.3(4)R, Z = 8, 20mac= 48 (-27<h < 27, -24<
k < 27, -48<1 < 48), T = 150K, 131661 measured reflectiolg,= 0.0585 for 4741
reflections [ > 25(1)), GOF = 1.060; OCF-5-ZnGaSnSe-2-MPR: tetragddalacd, a =
b = 24.1584(12) Ac = 41.931(4) AV= 24472(3)R, Z = 8, 20ma= 40 (-23<h < 23, -23
< k < 23, -38<| <40), T = 150K, 46728 measured reflectioiy,= 0.0484 for 2855
reflections [ > 25(1)), GOF = 1.069; OCF-5-ZnGaSnSe-3-MPR: tetragddalacd, a =
b = 24.0693(3) Ac = 42.2601(10) AV= 24482.6(7)R, Z = 8, 20mac= 42 (-24<h < 24, -
24< k<24, -42<1<42), T = 150K, 52078 measured reflectioig,= 0.0684 for 3287
reflections [ > 25(1)), GOF = 1.190; OCF-40-CuGaSnSe-PR: cub¢3m,a=b=c=
18.80190(10) AV= 6646.69(6)A&, Z =2, 20ma= 55 (-18< h < 24, -24< k< 24, -22<| <
24), T = 150 K, 26479 measured reflectioRs= 0.0328 for 1151 reflections ¢ 25(1)),
GOF = 1.087; OCF-40-ZnGaSnSe-PR: culbid3m, a = b = ¢ = 18.89510(10) Av=
6746.02(6)&, Z =2, 201na=60 (-17< h < 25, -26< k < 24, -26< | < 26), T = 150 K,
27073 measured reflection’; = 0.0408 for 1842 reflections & 25(1)), GOF = 1.115;
OCF-40-MnGaSnSe-PR: cubie43m, a=b = c = 18.8626(2) AV= 18.8626(2)& Z =2,
20max=50 (-22< h <10, -20< k < 19, -12<| < 21), T = 150 K, 8954 measured
reflections, Ry = 0.0417 for 1119 reflectionsl > 25(1)), GOF = 1.074. OCF-40-

CuGaSnS-PR: cubid-43m, a = b = ¢ = 18.4280(3) A,V= 6257.99(18)& Z =2,
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20ma=50 (-10< h < 21, -13< k < 21, -17<1 < 19), T = 150 K, 4820 measured
reflections, Ry = 0.0538 for 1025 reflectionsl > 25(1)), GOF = 1.045; OCF-40-
ZnGaSnS-PR: cubi¢;43m, a =b = ¢ = 18.2580(15) AV= 6086.4(9)R, Z =2, 20,2=56
(-4<h<23,-1<k<24,-11<1<£16), T =150 K, 4455 measured reflectiois= 0.0584

for 1342 reflections|(> 2s(1)), GOF = 1.061; OCF-40-MnGaSnS-PR: culbid3m, a =

b =c = 18.2580(15) AV= 6086.4(9)&, Z =2, 20,0=56 (-4<h < 23, -1< k< 24, -11<|

< 16), T = 150 K, 6203 measured reflectiofg,= 0.0426 for 786 reflections & 25(l)),

GOF = 1.146. Single-crystal X-ray analysis was performed Bruker Smart APEX Il

CCD area diffractometer with nitrogen-flow temperature comrolising graphite-
monochromated Mg, radiation { = 0.71073 A), operating in the and¢ scan mode.

The SADABS program was used for absorption correction. The strugageolved by
direct methods and the structure refinements were basddf|oAl| atoms except those

in disordered template molecules in OCF-5s were refined witlotampsc displacement
parameters. The hydrogen atoms were generated geometriclllgrystallographic
calculations were conducted with the SHELXTL software suiteSDC reference
numbers 753143-753148, 765560-765561 for OCF-5-CuGaSnSe-DPM, OCF-5-
ZnGaSnSe-2-MPR, OCF-5-ZnGaSnSe-3-MPR, OCF-40-CuGaSnSe, OCF-40-
ZnGaSnSe-PR, OCF-40-MnGaSnSe-PR, OCF-40-CuGaSnS-PR, and OCF-40-ZnGaSnS
PR, respectively. These data can be obtained free of charge at
www.ccdc.cam.ac.uk/conts/retrieving.html [or from the Cambridge ta@llggraphic

Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax: (interné4)1223/336-

033; E-mail:_deposit@ccdc.cam.ad.uk
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5.3 Results and Discussion
5.3.1 Transformation from 3D Covalent Framework to Discrete T4 Clusters

As shown in Table 5.2, isolated T4 clusters have been synthesizedriety o
compositions. It is, however, interesting to note that our originabdesyg of isolated T4
clusters in the Cu-Ga-Sn-Se system resulted from an unusdaluaprecedented
phenomenon in the metal chalcogenide chemistry: the hydrotheemafdrmation from
the 3D covalent T4 framework into isolated OD T4 clusters. Upon nga&nCj,
Ga(NQy)s3, Se, Cu(NQ)2-:3H,0, dipiperidinomethane (DPM) and deionized water under
hydrothermal conditions (200 for 9 days), the pale-yellow octahedral crystals (BCF-
CuGaSnSe-DPM comprising covalently linked T4 clusters) and dark oe#t btystals
(OCF-40-CuGaSnSe-PR containing discrete T4 clusters, PR = piygrislere obtained
in the approximate 1:1 ratio. Longer reaction time led to OCF-40aSuGe-PR as the
only product, suggesting the transformation from 3D covalent OCE&GaSnSe-DPM
into molecular OCF-40-CuGaSnSe-PR. This is a totally unexpebtsstvation, because
the previous research has repeatedly shown that the polymeriasvivakngvhich OCF-5-
CuGaSnSe-DPM has, is a far more favorable product under suchssyrtbeditions.
The fact that such isolated T4 clusters can not only be synttiebizeat the cost of a
well-known stable 3D OCF-5 framework, is truly extraordinary.

The mechanism for the above unusual transformation was revealedgty s
crystal structure analysis, which shows completely disorderedeamolecules in OCF-

5-CuGaSnSe-DPM and highly ordered protonated piperidingi({8H,] ") in OCF-40-
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Figure 5.3. The powder X-ray diffraction (PXRD) patterns: (a) pure OCF-40
CuGaSnSe-PR; (b) pure OCF-40-ZnGaSnSe-PR; (c) pure OCF-40-CuBRSnSE)
pure OCF-40-ZnGaSnS-PR.

CuGaSnSe-PR. It is clear that the piperidinium cations cametfrerdecomposition of
DPM. With this knowledge, pure OCF-40-CuGaSnSe-PR can be synthesgieetly by
using piperidine as template with yield higher than that by usiPlyl, as evidenced by
PXRD (Figure 5.3). Thus one driving force for the transformatiomfi3D OCF-5-
CuGaSnSe-DPM to molecular OCF-40-CuGaSnSe-PR is the gradwahplesitionof

DPM into piperidine, which causes the dissolution of covalent OCF-Sabekquent re-

assembly into molecular OCF-40 (Figure 5.4). The kinetich@®flPM decomposition
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and the associated 3D-to-0OD conversion is dependent on the typdabfcateons. For
example, when replacing Cu(NR3H0O with Zn(NG;),-6H0, the OCF-5 phase could
not be detected and the pure OCF-40-ZnGaSnSe-PR is the only productyiese
different reaction times are used. The subsequent synthesis B4@Cwith other

compositions is performed by using piperidine or substituted piperidine (Table 5.1).

Se, Cu(NO,),, OCF-5-CuGaSnSe-DPM
SncCl,, Ga(NO,),
OCF-40-CuGaSnSe-PR

Figure 5.4. Possible transformation from OCF-5-CuGaSnSe-DPM to OCF-40-
CuGaSnSe-PR triggered by gradual dissociation of DPM into piperidine.

5.3.2 Geometric and Charge-density Matching Between T4 Clusteend Organic
Templates
OCF-5-CuGaSnSe-DPM and OCF-40-CuGaSnSe-PR comprise the same
supertetrahedral T4 nanocluster jGasSrpSess] with 18 bicoordinate Sesites on six
edges, 12 tricoordinate Séons on four faces, and one tetrahedr&l Sethe core of the

T4 supertetrahedron. The difference is that there are four monawa@rderminal Se
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ions at the four corners of the T4 supertetrahedron in OCF-40-Cu&&3hSvhereas in
OCF-5-CuGaSnSe-DPM, these corner Se sites are shared with fotiheadjacent
clusters to form a 3-D extended open framework with 2-fold intetpded diamond

topology, (Figure 5.5a) first found in the Cd-In-S system

Odaknd ey Ty
oaih Lo e L4y in a0l e <0 Abd
W e T
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W 4 W, A

Y vw"gmw vw"gmw
Gadh i L. Ladn i L add
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S v Y
AR < ok

(@) (b)

Figure 5.5. (a) The two-fold interpenetrated (red and yellow) 3D framework
constructed by corner-sharing supertetrahedral T4 cluster€5MGaSnSe (M=Cu,
Zn); (b) The isolated supertetrahedral T4 cluster surrounddevdmty-four protonated
piperidine molecules in OCF-40s (red ball stands for Ga, orandggef&; yellow for Sn,
green for Zn or Mn or mixed Cu/Ga, blue for N, grey for C, white for H).

(@) (b)

Figure 5.6. (a) The body-centered cubic (BCC) packing pattern in one unit (tgll;
the spatial orientation of three adjacent piperidinium cations.
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The isolated clusters in OCF-40-CuGaSnSe-PR pack in body-centeled
pattern (BCC) with piperidinium cations occupying the inter-cluster splicgire 5.6a)
Single-crystal structure refinement based on the largereiifte in the scattering power
between St and G&" shows that there are only two*Sipns statistically distributed at
two of four corner sites. To satisfy Pauling’s electrostaatence rule, the central
tetrahedral Se site is surrounded by two Cions and two GH ions to give a bond
valence sum of +2, consistent with the valence of. S8CF-40-ZnGaSnSe-PR is
isostructural to OCF-40-CuGaSnSe, but the centralsie is tetrahedrally coordinated
to four zinc ions to satisfy Pauling’s electrostatic valence. riilee Sn/Ga-Se bond
distances at four corners in three selenide phases, OCF-40-MGBBn@&= Mn, Cu,
Zn), range from 2.4583 to 2.5146 A, which lies between previously report&k Sn
(2.490-2.521A% ?" and the Ga-Se bond lengths (2.379-2.4¥8A)hree sulfide phases,
OCF-40-MGaSnS-PR (M = Cu, Zn, Mn), are isostructural to OCF-403mSa-PR, but
the shorter M-S bond lengths give rise to the smaller T4 clasrsmaller unit cells
(Table 5.1).

While the single crystal X-ray analysis of OCF-40-CuGaSnSe-PRpooduces a
statistically average structure with two ‘Gand two Sfi" sites per cluster, the distribution
of Cu" and Sf" sites in each cluster is unlikely to be random from the ctemiint of
view. Ideally, two Cii sites bonded to the central’Sgite should be located at positions
closer to two corner Shsites so that the valence sum from cations to the anioniis site

distributed as evenly as possible. The preliminary theoretid¢alilaion on Mulliken
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charge distribution reveals the presence of more negative cleargggscat the corners of

supertetrahedron and also at the center of each edge (Figure 5.7).

T-1 193832

|
5.-1.193832

-1.077121
N\, ¥-0.581704

| »

1.077121

Figure 5.7.  The Mulliken charge distribution of $eat the four corners and six edge-
centers by RB3LYP/LANL2DZ theoretical calculation on O@FCuGaSnSe-PR (Pink
ball stands for Ga, orange for Se, blue for Sn, red for Cu.)

Figure 5.8. The strong N-H---Se hydrogen bond formed between corrferase
protonated piperidine viewed along one side of the cluster (a), @Ggvaxis (b), edged
Sé¢ and protonated piperidine cations viewed d@mxis (c).
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The fact that isolated T4 clusters can be obtained from the disatiten of
covalently linked T4 clusters suggests the extraordinary stalofitthe isolated T4
clusters. Such a high stability comes from the perfect matthelen the piperidinium
and the T4 clusters, in terms of charge density, geometry, andaiminteractions
(electrostatic and hydrogen bonding). In OCF-40-CuGaSnSe-PR, efcht 8& edge
center of supertetrahedron interacts with two piperidinium catwamsveak N-H---Se
hydrogen bond with the N---Se distance of 3.29A, and each cofhir ISmded to three
piperidinium with the N---Se distance of 3.11A, (Figure 5.8) much sntladla the sum
of Se and Nvan der Waals radii (3.41A). So each isolated T4 cluster is surrounded by a
total of 24 piperidinium cations (4*3+6*2=24) (Figure 5.5b). Since each piperidinium has
Y-shaped connection to one cornef $®m one cluster and one centraf'®a the edge
center from another cluster, the negative charge (-12) peterclesactly matches the
positive charge (+24/2=+12) of piperidinium cations.

The above discussion about the perfect match between piperidinium catishns
T4 clusters highlights the great significance in the chofiaamones and in using charge-
complementary metal cations {MI**/M*" or M**/M3*/M*") to tune the charge of the
clusters. The incorporation of two Srions into two out of the twenty metal sites is
critical for the crystallization of OCF-40 by reducing thege of the T4 cluster from -

14 in [CyGasSes]** to -12 in [CuGaSnSes]*?. Indeed, in control experiments

without any tin salt, OCF-40 could not be synthesized.
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5.3.3 Solubility Behaviors and Stabilization of T4 Clusters withSurface Organic

Cations

Because of their molecular nature, the solubility of OCF-40s ipasficular
interest. A large number of solvents have been examined in this waer&s lfound that
OCF-40s have a rather peculiar solubility property. They are oloblse in many
common aprotic polar or nonpolar organic solvents, such as chloroform, benzene,
toluene, hexane, cyclohexane, petroleum ether, acetonitrile, anglémeithe. Neither
are they soluble in common protic polar solvents, such as water, ethmtibgnol, and
even aqueous CsCl (1M) with high ionic strength. However, OCF-40s exhibit ajpbeecia
solubility in aprotic weak base solvents, such as DMF, DMSO andidliiper The
resulting DMSO solutions were characterized by UV-Vis adsmmptspectroscopy
(Figure 5.9), which shows that solutions of metal selenides exXimbgtder adsorption
band than those of metal sulfides. One possible reason for the apfgemlubility in
DMF and DMSO may be that they serve as hydrogen-bond accepfoipéridinium to
facilitate the dissolution of the solid samples, in addition to actjad solvents for
piperidine. Crystalline samples of OCF-40s are stable in aittedsolutions in DMF
and DMSO are also stable when stored in the capped vials. Howeoer exposure to
air for several days, unidentified black powder is observed wpiate from selenide
solutions. OCF-40s can be also digested in strong base solutions ot g9.1M),

which is likely through the deprotonation of piperidinium cations.
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Figure 5.9. Effects of Cli vs. Zrf* and S& vs. $ on band structures in solutiofhe
UV-Vis adsorption spectra of the filtrate of crystalline OCF-40s (15mg)arsed and
stirred in 5ml DMSO, respectively, at room temperature.

Of particular interest is the apparent existence of statepair” composed of
one isolated T4 anion cluster and 12 piperidinium cations. OCF-40s tgvécant
solubility in piperidine itself. However, the dissolution or dissocratboehavior of OCF-
40s in piperidine is different from that in DMSO. The dissolution oF&0-MGaSnSe-
PR (M=Cu, Zn) in DMSO results in a significant increasehia ¢lectrical conductivity
whereas the dissolution of OCF-40-MGaSnSe-PR (M=Cu, Zn) in pipernesuds in no
change in the electrical conductivity. This suggests that in OMEleast some of the

dissolved species exist as negatively-charged T4 clusters andvedpsiharged

piperidinium. On the other hand, in piperidine, the solid dissolves into neutrahirs,

148



[(T4)'%.12(GH12N)*], which is unusual in metal chalcogenide chemistry. It reveals a new
way for the stabilization of chalcogenide clusters, because nerge chalcogenide
clusters are stabilized by covalently attached organic ligandsrganic cations bonded
to the cluster surface through electrostatic force as reportedlhalso further supports
the strong interaction between piperidinium and T4 cluster. Such sinb&gction
greatly stabilizes the discrete T4 cluster and createégranbdynamic driving force for
the extraordinary transformation from 3D OCF-5-CuGaSnSe-DPMdieaular OCF-
40-CuGaSnSe-PR.
5.3.4 Tunable Optical Properties in Solution and Solid State

These isostructural OCF-40s show a remarkable effect of diffdfemetal ions
(Cu* and Zrt") and chalcogen anions Sand $) on the sample colors and band gap of
semiconductor materials. The dark red selenide sample of OCF-4880&8-PR has a
wider UV-Vis adsorption peak than the yellow sample of OCF-40-ZnGa$R (Figure
5.10). The similar difference is also found in sulfides between OGEEASNS-PR and
OCF-40-ZnGaSnS-PR. The solid-state diffuse reflectance apgerformed on a
Shimadzu UV-3101PC double-beam double monochromator spectrophotometer by using
BaSQ powder as 100% reflectance reference reveal that OCF-40g&rareorductors
with a range of band gaps: OCF-40-CuGaSnSe-PR (1.91eV), OCF-40-Zr&sABnS
(2.71eV), OCF-40-CuGaSnS-PR (2.11eV), and OCF-40-ZnGaSnS-PR (3.59eV), as
calculated from reflectance data by using Kubelka-Munk funttidnis clear that with

other factors being equal, Car Sé gives materials with much lower band gaps.
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Figure 5.10. Effects of Cii vs. Zrf* and S& vs. $ on band structures in solid state.
Normalized solid-state UV-Vis absorption spectra of OCF-40s. The ing=t tjie photos

of the as-synthesized crystalline materials.
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Figure 5.11. Effects of different metal ions (Mfj Cu'/Mn?*, Zr#*/Mn?*, Cu'/zn**, and
Cu'/Zn?*/Mn?") on band structures. Normalized solid-state UV-Vis absorptioctrspef

OCF-40-MnGaSnSe-PR, OCF-40-CuMnGaSnSe-PR, OCF-40-ZnMnGaSnSe-PR, OCF-
CuZnGaSnSe-PR and OCF-40-CuZnMnGaSnSe-PR.
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In the field of chalcogenide cluster chemistry, there asadheer limited number of
examples in which clusters exist in both discrete and covalkmitge forms®. Thus
OCF-5s and OCF-40s reported here present a unique opportunity to exarafiedct of
structures (OD vs. 3D) on the optical properties. The significaféreifce in band gap
between molecular OCF-40-CuGaSnSe-PR (1.91eV) and 3D covalent OCF-5-
CuGaSnSe-DPM (1.50eV) is likely caused by quantum confinement.€ffeet zero-
dimensional nano-scale cluster is expected to exhibit a bluershiftsorption compared
with covalent frameworks or condensed phases with comparable compositions.

In addition to offer the tunability in the charge of the cluster, which is eakéonti
the successful crystallization, the quaternary cluster compogitmndes a convenient
way to tune electronic properties of discrete T4 clusterslbwialg the variation of the
cluster compositions based on types of metal ions and chalcogeitds & or S€).

In the above, we have already shown that the use &f 6", &, and S& makes it
possible to tune the electronic band gaps over a wide range. As shdable 5.1, other
metal ions such as Mh can also be employed to further tune the semiconducting
properties of the T4 cluster compound as evidenced by the syntHetbes @CF-40-
MnGaSnSe-PR and OCF-40-MnGaSnS-PR. In addition, it is possible to dexsop
more complex cluster compositions by combining two or more low-valetal ions
(Cu*, Zr**, Mn?") in the reaction system. Various permutations of these roeglhave
allowed the synthesis of OCF-40-CuzZnGaSnSe-PR, OCF-40-ZnMnG&SSeCF-

40-CuMnGaSnSe-PR, and OCF-40-CuZnMnGaSnSe. All of these compositions have
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been verified by qualitative elemental analysis using EDRgUre 5.2). Solid-state UV-
Vis adsorption measurement also shows the tunable band gap (Figure 5.11).
5.3.5. Effects of Organic Templates on the Competing Crystallizatioaf OCF-5 vs.

OCF-40 and on Properties of OCF-40
While much of this work centers on the control of semiconducting prepési varying
the composition of T4 clusters, we are also interested in thefrolganic component in
the structural control and in modifying properties (e.g., solubditg stability) of the
solids. To this end, we have further investigated the effect ebusampiperidine-like
molecules on the final structures. Seven amines (Scheme 5.1) lneencto replace
piperidine in the hydrothermal synthesis. These amines posseserdiftasicity and
steric hindrance. It is observed that similar reaction procelsaesvith different amines
lead to two types of frameworks, OCF-5s and OCF-40s (Table 5.3). filinese purity
and structure are verified by powder X-ray diffraction (Fegbrl2) and single-crystal X-
ray diffraction.

As described above, the formation of discrete T4 clusters (OCFad6} the
inherent competition for the crystallization of covalently-linketiClusters (OCF-5). We
have already shown that the length of reaction time and the tymetaf ions have an
effect on whether OCF-5 or OCF-40 (or both) will be formed. Heeshave also found
that the type of organic templates can dictate whether O@FBCF-40 will be formed.
Before discussing the individual role of organic amines, it isessry to have an
overview of how amines behave in chalcogenides of various dimensionali:DI

chalcogenide frameworks, extra-framework protonated amines abn®st always
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Table 5.3.

Effects of different amine templates on the competing crystallizatiortCét&s and OCF-40s.

PR 2-MPR 3-MPR| 4-MPR MP Pz DMMP TMPR
i OCF-5 (minor) & i i r i i i
Zn(NGg), | OCF-40 OCF-40 (major) OCF-5 OCF-40 OCF-5 OCF-5 OCF-5 OCF-5
Cu(NGs), | OCF-40| / / OCF-40| / / OCF-5
=
a NH

-~
-

(DPM)

morpholine
(MP)

Ho
N——C —N
HN

dipiperidinomethane

piperidine

(PR)
K\NH
HN\)

piperazine

(P2)

~

2-methylpiperidine
(2-MPR)

H
/iN
(@]

(DMMP)

~

3-methylpiperidine

(3-MPR)

4-methylpiperidine

Lk

2,6-dimethylmorpholine 2,2,6,6-tetramethylpiperidine
(TMPR)

Scheme 5.1. Molecular structures and names of eight similar amine templates includinglibeeviations.
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Figure 5.12. The XRPD patterns of as-synthesized samples containing seviéeatrtti amine templates with OCF-5s (a)
and OCF-40s (b) structures.



disordered to the extent that it is impossible to locate therthe crystallographic

analysis. This suggests that the role of amines is mainlyhmge-balancing and pore-
filling and that the formation of 3-D frameworks is more talgrof small variations in

the size and shape of amines. In comparison, amines in low-dimersiulires are

generally ordered and there is a better match betweenusalufeatures of amines and
the chalcogenide units. Being zero-dimensional, OCF-40 repreaenéxtreme case.
Therefore, the formation of low-dimensional chalcogenide units,i®4harticular, has a

more stringent requirement for the organic amines, which exphigsOCF-5 tends to

occur more often than OCF-40 in this work.

The template amines with highly steric hindrance and strongmaton ability
easily give OCF-5 with the 3D covalent framework, while 2-migipgridne and 4-
methylpiperidine induce the formation of OCF-40 with discreteteitas This is because
it is easier to fit bulky amines within the cavities of 3D & than to fit them orderly on
the surface of OCF-40. This point is further highlighted by comp&ingethylpiperidine
with 2- or 4-methylpiperidine.

A detailed analysis of the tri-piperidinium aggregates neacdheer of T4 cluster
indicates that the 3-position in piperidine exhibits a much higheac $tedrance than 2-
or 4-position. (Figure 3b), making it difficult to arrange multiBlenethylpiperidinium
around the cluster surface. It is worth noting that the 4-positiethyhgroup gives a
significantly larger unit cell, which is likely related to theo distinct orientations of
methyl group in the chair configuration. Such orientational disorder -of

methylpiperidine leads to a lower crystal quality and yet teakening in the packing

155



force contributes to the faster dissolution rate and increased Idplubf 4-
methylpiperidine templated OCF-40 in piperidine, as compared to piperiemplated
OCF-40. Also worth noting is that the substitution of piperidinium by 4-
methylpiperdidinium in OCF-40s leads to a significant change ictrelac properties

(Figure 5.13).
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Figure 5.13. Effects of surface organic templates on band structures. Npechaolid-
state UV-Vis absorption spectra of OCF-40-CuGaSnSe-4-MPR (gandL.80eV) and
OCF-40-ZnGaSnSe-4-MPR (band gap 2.60eV), compared to OCF-40-CuGaSa8d-PR
OCF-40-ZnGaSnSe-PR.
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5.4  Conclusion

In conclusion, we have synthesized and characterized a family ofeteis
chalcogenide supertetrahedral T4 clusterg3#s.SnQss >, x=2 or 4; M = Mn, Cu, Zn;
Q=S, Se) with tunable electronic and optical properties. By doulitiagsize of the
previous known T3 cluster (in terms of the number of metal sitege ttnmlecular T4
clusters are currently the largest exact fragment ofctitac ZnS-type lattice. The
synthetic success demonstrates the great potential of our systinetegy based on the
charge-density tuning (by using multiple charge-complementatalntations) in the
generation of large chalcogenide clusters and in their subsequgstallization.
Specifically, the introduction of tetravalent metal iorf*'Sinto the corners of M-Ga-Q
(M=Cu, Zn, Mn; Q=Se, S) based T4 chalcogenide clusters allowswleging of charge
density of the cluster to an optimum value that matches perfedtlythe templating
organic cations. Resulting soluble molecular clusters exhibit a raiige of electronic
band properties. The synthesis of such clusters demonstrategaibility for the
continued success in the quest for even larger tetrahedral atrildeglusters that will
eventually seamlessly blend the size gap between chalcogenstergland colloidal

semiconductor nanoparticles.
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Chapter 6

Phase Selection and Site-Selective Distribution byin and

Sulfur in Supertetrahedral Zinc Gallium Selenides

6.1 Introduction

For several decades, solid state chalcogenide semiconductiegatsatave been
extensively studied owing to their wide applications in thermoétsctphotoelectrics,
and photocatalysistc..® Recently, research on crystalline porous chalcogenides with
various structural topologies and compositions has attracted imgestention because
these materials integrate open-framework architecture withiceaducting properties,
and their high surface area and size/shape selectivity couldbcoatro improved device
efficiency and may also help to generate new applicafions.

For both dense or porous semicondutors, great efforts have been made to tune
their band structures. In this aspect, designing materials witltompositions/structures
and tuning properties of known materials represent two potent waysdte enaterials
with desirable electronic structures. Towards this goal, we andsoliae studied a
variety of self-assembly processes involving mono- or di-valensitran metal ions
(such as Clj zr?"), high-valent main group metal ions (such a$'Gm®", Ge", s
and chalcogenide anions?(SSe, T€).>™® Many of the resulting open-framework
covalent superlattices are built up from corner-shared supertatblodters (denoted
as Tn clusters, whereis the number of metal sites on each edge of the cldStéhese

previous studies on supertetrahedral clusters were mostlyefbars the metal sulfide
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composition. In comparison with sulfides, the metal selenide Tn dute received
less attention or their synthesis has been far less succéssful.

The use of doping to tune electronic structures is a well-esdtadl method that
has been successfully used for many years, usually for densesphdsraterials**°In
general, the distribution of metal and non-metal dopants in theaktgiice is random.
As the trend towards the use of semiconductor nanoparticles ateelarad as the
applications of porous materials becomes more widespread, chalcogkrsties and
open frameworks have become the focus of studies by manyatesesar> In addition
to chemical compositions, these cluster-based open framework afsatprovide an
additional level of control over the electronic properties through tfaeying degree of
porosity and patterns of spatial assemblies between clusterfurther control the
electronic properties of these materials, it is useful t silsdy the doping chemistry in
these cluster-based open framework materials.

In this work, we aim to study how the compositions, structures, anttoglec
properties can be controlled by the combined amine-templatingn8rs-adoping in the
Zn-Ga-Se system. The selection of Sn(IV) and S has distthweingages in providing
tunable framework charge density because Sn(lV) decreaseseia oegative charge
of the cluster and increase the cluster size, while S decreases thesthestEurthermore,
because Sn-doping into Ga site generally causes a red shiftSvtldping into Se sites
causes a blue shift, this doping strategy allows a larggerahband gaps to be achieved.
By changing the amine type and doping strategy (no doping, Sn-dopingSedbping

only, and dual Sn- and S-doping), we have investigated a largeenuwhisynthetic
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systems (for each amine type, there are four different dgpengiutations). Here we
report a series of selenide compounds composed of T4 cluster and tamplates.
These compounds are collectively named as @C&mposition-template (OCF =
organically-directed-chalcogenide frameworks, andesignates a specific framework
topology, Table 6.1). Multi-component supertetrahedral T4 clusters, suemasy (T4-
ZnGaSe), quaternary (T4-ZnGaSeS and T4-ZnGaSnSe) and penehaiyGaSnSeS),
have been systematically synthesized and their optical prapariestigated. Of
particular interests are (1) the subtle control of differesrih&work topologies via host-
guest interactions tunable via Sn- and S-doping, (2) different SnS-alaghing levels at
different crystallographic sites and in materials with different topetod3) site selective
distribution of metal ions and non-metal ions, and (4) effects of thesable

compositional and structural features on the electronic properties.
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Table 6.1.  Summary of crystal data and refinement resflts.

Name Framework Composition S.G. a(h) c(A) R(F)
OCF-1-ZnGaSeS-TMDP [Z6a6Se3.S] 1-42d 42.093(6) 16.690(3) 9.09
OCF-5-ZnGaSe-AEP [ZGBasSe l4facd | 23.5937(8) | 42.620(3) 6.03
OCF-5-ZnGaSnSe-AEP [46a3565m.4.563] [4:/acd 23.0701(4) 41.4975(13) 5.94
OCF-5-ZnGaSnSe-ECHA [Z6a6.SnSed ldjacd | 24.0985(4) | 42.1852(6) | |/
OCF-5-ZnGaSnSe-PZ [26a6.SnSed ldfacd | 24.1267(3) | 42.20138) | |/
OCF-5-ZnGaSnSe-MP [Zn,Gaws,SnSes] |4,/acd 24.0745(2) 42.1653(5) /
OCF-5-ZnGaSnSe-DMMP [ZGas,SnSed ldJacd | 24.1324(6) | 42.1976(4) | |/
OCF-5-ZnGaSnSe-TMPR [26a.,SnSed ldJacd | 24.1687(3) | 42.27243) | |/
OCF-5-ZnGaSeS-AEP [Z62cS86 851611 ldfacd | 22.8934(12) | 41.516(4) 7.04
OCF-5-ZnGaSeS-DPM [Z5a6Se0.6/512 53 ldJacd | 23.5451(2) | 41.2267(8) | 5.92
OCF-5-ZnGaSnSeS-TMDP [26812 055 b.0:5 €815 01] ldfacd | 24.1157(2) | 41.9575(6) | 6.80
OCF-5-ZnGaSnSeS-DAMP [26a35:5M 15587 655 39 ldfacd | 23.7021(3) | 42.1858(8) | 7.44
OCF-5-ZnGaSnSeS-ECHA [2613.0SM 0507653 34 ldJacd | 23.6724(2) | 42.2660(8) | 7.07
OCF-5-ZnGaSnSeS-PR [dBay 415N 83567555 57 [44/acd 23.5849(3) 41.8710(17) 6.39
OCF-40-ZnGaSnSeS-PR [@BaySnSe: 715s .24 1-43m 18.7047(10) | 18.7047(10) | 3.45

[a] The elemental composition ratio in some selected good crystals isohet@iby structural refinement.



6.2 Experimental Section
6.2.1 Materials and General Methods

All chemicals and solvents were of reagent grade and were ssgdréhased
without further purification. Solid-state diffuse reflectancect@ewere recorded on a
SHIMADZU UV-3101PC UV-VIS-NIR Scanning Spectrophotometer by uddapO4
powder as 100% reflectance reference. Powder X-ray diffracticn wlate collected
using a Bruker D8-Advance powder diffractometer operating at 404RA with Cu
Ka( A =1.5406 A) radiation @range, 2-40°; step, 0.03°; scan speed, 60 s/step). Semi-
guantitative elemental analyses were performed with a PHiipis XL30 scanning
electron microscope (SEM) equipped with energy dispersive spectyod&dpS)
detector.

6.2.2 Solvothermal Syntheses

The sulfur source and tin source used in this paper are dimetroptidel{DMSO)
and anhydrous tin(ll) chloride, respectively. All reactions were carried QURE.

Typical synthesis of quaternary sulfur-doped OCF-1-ZnGaSeSMDP:
Ga(NG)3-xH,0(255.7mg, ~1.0mmol), Zn(N§-6HO (75.0mg, 0.25mmol), Se (177mg,
2.24mmol), and TMDP (4, 4'-trimethylenedipiperidine, 2.0g, 9.51mmol) weresanix
with H,O (3.0g, 166.7mmol) and dimethylsulfoxide (DMSO, 2.0g, 25.60mmol) in 23-mL
Teflon-lined stainless steel autoclave and stirred for &alhour. The vessel was then
sealed and heat up to 2a0for 9 days. After cooling to the room temperature, a large
amount of pale-yellow octahedral crystals were obtained. Thesproaucts were then

washed by water and ethanol, and dried in air for other measurement. Yield: 121.2mg.
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Typical  synthesis of tertiary un-doped OCF-5-ZnGaSe-AEP:
Ga(NQG)3-xH20(255.7mg, ~1.0mmol), Zn(N-6HO (75.0mg, 0.25mmol), Se (177mg,
2.24mmol), and AEP (N-(2-aminoethyl)piperazine, 2.5g, 19.35mmol) weredmvié
H,O (3.0g, 166.7mmol) in 23-mL Teflon-lined stainless steel autoclave tanedsfor
one hour. The vessel was then sealed and heat up 16 009 days. After cooling to
the room temperature, a large amount of pale-yellow octahegsthisr were obtained.
These raw products were then washed by water and ethanol, athdndae for other
measurement. Yield: 165.3mg.

Typical synthesis of quaternary tin-doped OCF-5-ZnGaSnSe-ECHAThis
compound was prepared in a synthetic procedure similar to that for OCF-5-ZAGRSe
only adding SnGl(50.0mg, 0.264mmol) into the mixture and replacing AEP with ECHA
(N-ethylcyclohexanamine, 2.5g, 19.64mmol). Yield: 119.6mg.

Typical synthesis of quaternary sulfur-doped OCF-5-ZnGaSeS-BP: This
compound was prepared in a synthetic procedure similar to that f/5cXDGaSe-AEP,
only adding DMSO (2.0g, 25.60mmol) into the mixture. Yield: 135.6mg.

Typical synthesis of pentanary tin- and sulfur-doped OCF-%2nGaSnSeS-
TMDP: This compound was prepared in a synthetic procedure similar to tr@Cterl -
ZnGaSeS-TMDP, only adding SnC{50.0mg, 0.246mmol) into the mixture. Yield:
105.8mg.

Typical synthesis of pentanary tin- and sulfur-doped OCF-40-Z&aSnSeS-

PR: This compound was prepared in a synthetic procedure similar to th&CBf5-
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ZnGaSnSeS-TMDP, only replacing TMDP with piperidine (PR, 2.5g, 29.36mendl)
decreasing DMSO to 1.0g. Yield: 128.9mg.
6.2.3 Single-Crystal X-ray Crystallography Studies

Single-crystal X-ray analysis was performed on a BrukerrSAREX Il CCD
area diffractometer with nitrogen-flow temperature controlleringus graphite-
monochromated Mg, radiation £ = 0.71073 A), operating in the andy scan mode
with a scan width of 0.5°. Raw data collection was done at 150K. rBdtection was
performed using SAINT The SADABS program was used for absorption correction.
The structure was solved by direct methods and the structunemefnts were based on
|F2|. All non-hydrogen atoms were refined with anisotropic displacenparameters.
Extra-framework organic amine molecules in OCF-1 and OCF-Bssefistructures can
not be located owing to their disorder, which is the case inynalr3-D structures
constructed from chalcogenide clusters. For molecular OCF-4Geamolecules are
ordered and hydrogen atoms were placed in calculated positionsrystallographic
calculations were conducted with the SHELXTL software suitdged constraint
instructions (EXYZ, EADP, and SUMP) were used to refine relative occupactoydaf
the mixed Sn/Ga sites and mixed Se/S sites.

Chemical compositions are determined by crystallographic reénes and are
further confirmed by EDAX. (Figure 6.1) and their phase purity is supported by power

ray diffraction (PXRD) (Figure 6.2).
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Figure 6.1. The energy dispersive X-ray (EDAX) spectroscopy of OCF-n.
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Figure 6.2. The powder X-ray diffraction patterns on OCF-1, OCF-5s and OCF-40.
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6.3  Results and Discussion
6.3.1 Determination and Selection of Optimum Synthesis Parameters

The large difference in the scattering factors between S& gdadd between Ga
and Sn) makes it possible to determine the site-selectivébdigin of Se/S and Ga/Sn
among different sites in the T4 cluster. However, the low arygtality often exhibited
by crystals containing large clusters can compromise theagcaf the crystallographic
results. To ensure the reliability in the determination of oaucypdactors of Se/S and
Ga/Sn, the quality of crystal data is essential. For thisorea large number of synthetic
trials were performed to identify the synthetic conditions for gmgwhigh quality
crystals. All the data used for occupancy refinement reporteddnre based on the high
quality diffraction data.

Although both Sn element and anhydrous tin(ll) chloride allow the introduction of
tin(IV) (through oxidation by Se) into Zn-Ga-Se compounds, tin(H)owkde is the
preferred tin source, because metal tin usually gives poorygoaystals, contaminated
with inseparable impurities. Sulfur element was initially usetha sulfur doping reagent.
While the doping of sulfur in T4 cluster was confirmed by the endrgpersive X-ray
(EDAX) spectroscopy, poor crystal quality prevents the preteg$ermination of the site
distribution within the crystal. Dimethyl sulfoxide (DMSO) waser proved to be a good
sulfur doping source for preparing sulfur-doped metal selenidegyaatth crystal quality.
In addition to DMSO, a number of other sulfoxide and thiourea rea¢ggokeme 6.1),
were also investigated as the sulfur source, but none forms srgétailifficient quality

for occupancy refinements.
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H,N NH, HT TH —T T—
thiourea 1,3-dimethylthiourea 1,1,3,3-tetramethylthiourea
(TU) (DMTU) (TMTU)
I I
S S
PN
ch/ \CH3 H,C C\ H;
dimethylsulfoxide tetramethylenesulfoxide
(DMSO) (TMSO)

Scheme 6.1. The structure of thiourea and sulfone molecules with different sudosti
groups used as sulfur sources.

Obviously, the doping level of sulfur in metal selenides can be tunedjbsgting
the amount of DMSO. A low amount of DMSO may cause the co-existef undoped
T4-ZnGaSe and slightly-doped T4-ZnGaSeS cluster in the sameviiak. The low
doping level makes it difficult to determine the sulfur distributionthe T4 cluster
through crystallographic refinement. Since we are interestetiamical and structural
factors that control the maximum possible doping level, all @axin this work use an
excess amount of sulfur source (typically, the molar ratio ofsS2MSO is 1:~10). In

addition, the Sn/Zn molar ratio is limited to about 1 because expesram: shown that
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higher ratios led to the formation of UCR-20-SnGa&&Because of the heterogeneous
nature of the reactants, a high temperature of@@employed.

Finally, the type of organic amines plays a key role in the fooamhposition and
topology of the framework. To examine effects of the amine-typ&4wclusters with
different framework compositions (such as undoped T4-ZnGaSe, sulfur-doped T
ZnGaSeS, tin-doped T4-ZnGaSnSe, and sulfur- and tin-doped T4-Zn€a)Sn&
systematic study has been performed by using different ar(fobeme 6.2) with and
without the addition of the sulfur and tin sources.

6.3.2 Cluster and Crystal Structures

In a typical un-doped T4 [ZGasSes cluster, there are 18 bi-coordinated®Se
sites on six edges, 12 tri-coordinated $ens on four faces, and one tetrahedrdl Se
the core of T4, and the four terminal’Sens. To satisfy Pauling’s electrostatic valence
rule, the core Sesite is surrounded by four zinc ions to give a bond valence sum of +2.
All the structures in this work (OCF-1, OCF-5, and OCF-40) aredas this type of T4
cluster*?® ¢ OCF-40 is a molecular crystal consisting of isolated T4 etssturrounded
by protonated amine templates. However, both OCF-1 and OCF-33Haveamework
structures formed though corner-sharing T4 clusters, and theydiff®rent framework
topologies, as shown in Figure 6.3. By treating each T4 clustarpsgudo-tetrahedral
atom, OCF-1 has the non-interpenetrating 3-D four-connected netwaii&, @CF-5 has
two-fold interpenetrating diamond topology. Table 6.1 consists of assefi OCF-5
phases, each possessing some unique aspects, such as new amime tghester

composition.
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Figure 6.3. The structures of OCF-1 (a), OCF-5 (b) and OCF-40 (c). The disordered ampiatéemolecules in OCF-1
and OCF-5 are omitted for clarity. Red spheres stand for Ga, yellow for 8,fgre®, purple for Sn/Ga, orange for Se/S.



H
HaN NH; C,Hs—N

1, 5-diamino-2-methylpentane N-ethylcyclohexanamine
(DAMP) (ECHA)
H H H
piperidine 2-methylpiperidine 3-methylpiperidine
(PR) (2-MPR) (3-MPR)
H
- : : ~ )iNj\ Emj
N O N
H H
2,2,6,6-tetramethylpiperidine  2,6-dimethylmorpholine piperazine
(TMPR) (DMMP) (P2)
(//\\\o HN NH
HN\)
morpholine 4, 4'-trimethylenedipiperdine
(MP) (TMDP)
HZN—\; /—\
~" \_/
dipiperidinomethane N-(2-aminoethyl)piperazine
(DPM) (AEP)

Scheme 6.2. The name (including abbreviation) and structure of amine templates.
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Figure 6.4  The labelling scheme for various®Ser § sites in the T4 supertetrahedral cluster. The green sphaneksfet
Zn**, red for G&'/Sr*, yellow for §, orange for S§S?. L1 and L2 indicate the edge distance.
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Table 6.2. The refined occupancy factors of Ga/Sn and Se/S in OCF-5-ZnGaSiMi2S and OCF-5-ZnGaSnSeS-
DAMP at various crystallographic sites with T4 clusters.

Crystal

Position Occupancy Between Se and S

Gal/sni

Sel/s1

Se2/S}

Se3/$3 Se4[S4 Seb/S5 Seb/S67/S7S  Se8/S8 Se9/S9®  Sel0/S10

Batch

0.27108/
0.72892

1.00021/
-0.00013

0.93875/
0.06124

0.90794/| 0.96855/| 0.80725/ | 0.95363/ | 0.73756/| 0.70643/| 0.97258/| 0.00853/
0.09205| 0.03144| 0.19276 | 0.04636 | 0.26244| 0.29358 | 0.02743 | 0.99144

Batch
TMDP 2

0.23172/
0.76829

1.03378/-
0.03377

0.93606/
0.06394

0.90514/| 0.95784/| 0.81735/ | 0.95674/ | 0.74483/| 0.71896/| 0.95390/| 0.00390/
0.09485| 0.04215| 0.18267 | 0.04327 | 0.25517 | 0.28104 | 0.04610| 0.99609

Batch

0.22650/
0.77353

1.00027/
-0.00017

0.94810/
0.05188

0.90033/| 0.94828/| 0.80801/ | 0.96635/ | 0.74684/| 0.72822/| 0.96760/| 0.00078/
0.09963| 0.05176| 0.19200 | 0.03368 | 0.25313| 0.27176 | 0.03242| 0.99920

Batch

0.46808/
0.53192

1.01501/
-0.01501

0.90722/
0.09278

0.87416/| 0.93302/| 0.77301/ | 0.96795/ | 0.74809/| 0.72047/| 0.96889/| 0.00511/
0.12583 | 0.06699| 0.22700 | 0.03206 | 0.25191| 0.27953 | 0.03111 | 0.99488

DAMP Batch

0.49967/
0.50033

0.98540/
0.01461

0.90224/
0.09775

0.82651/| 0.86948/| 0.78870/ | 0.96103/ | 0.78580/| 0.74828/| 0.98617/| 0.00584/
0.17348| 0.13051| 0.21131 | 0.03897 | 0.21420| 0.25172 | 0.01383| 0.99414

Batch

0.47656/
0.52343

1.01320/
-0.01318

0.89566/
0.10431

0.86174/| 0.91584/| 0.77558/ | 0.97172/ | 0.75356/| 0.73777/| 0.97244/| 0.00424/
0.13824 | 0.08414 | 0.22443 | 0.02831 | 0.24643| 0.26222 | 0.02756 | 0.99574




Table 6.3. The refined occupancy factors of Se/S and Ga/Sn in select OCF-n at vaysiaiagraphic sites with T4 clusters.

Position Occupancy Between Se and S
Compound
Gal/snl| Sel/S1| Se2/SP  Se3/$3  Se4Sa  Se$/S5  Sa6/S87/STS Se8/S8|  Se9/S9  Sel0/S10

(er?gage 0.97712/| 1.00614/-| 0.99829/| 1.00173/-| 0.97324/| 0.96672/| 1.00500/-| 1.00049/-| 1.00099/-| 1.00095/-| 0.96498/
e 0.02279 | 0.00572 | 0.00160 | 0.00159 | 0.02659 | 0.03341 | 0.00433 | 0.00061 | 0.00110 | 0.00095 | 0.03502
(er?gég'nSe_ 0.53279/ | 1.00030/ | 0.93759/| 0.92535/ | 0.95530/| 0.94763/| 0.99973/ | 0.95552/ | 0.94978/ | 0.97590/ | 0.96790/
Zroas 0.46701 | -0.00018 | 0.06247 | 0.07436 | 0.04464 | 0.05247 | 0.00042 | 0.04430 | 0.05034 | 0.02403 | 0.03212
OCF-5-

ZnGasnSe. | 0.52924/| 1.00017/ | 0.93761/| 0.92595/ | 0.95463/| 0.94879/ | 0.99943/ | 0.95565/ | 0.94912/ | 0.97620/ | 0.96655/
e 0.47128 | -0.00010 | 0.06237 | 0.07407 | 0.04530 | 0.05132 | 0.00053 | 0.04436 | 0.05082 | 0.02382 | 0.03335
gncc';'ges_ 0.96331/| 0.66814/ | 0.55827/| 0.59762/ | 0.52932/| 0.37655/| 0.77252/ | 0.41888/ | 0.35519/ | 0.73872/ | 0.00484/
e 0.03670 | 0.33187 | 0.44173 | 0.40238 | 0.47067 | 0.62344 | 0.22750 | 0.58114 | 0.64480 | 0.26128 | 0.99515
gncc';'ges_ 0.99592/ | 0.81754/ | 0.69128/| 0.67769/ | 0.72125/| 0.46558/ | 0.85722/ | 0.48110/ | 0.43253/ | 0.86581/ | 0.00006/
e 0.00415 | 0.18249 | 0.30865 | 0.32226 | 0.27869 | 0.53454 | 0.14272 | 0.51889 | 0.56743 | 0.13420 | 0.99985
(er?ggnSes_ 0.26530/ | 0.99987/ | 0.91915/| 0.89542/ | 0.93166/| 0.81132/ | 0.98431/ | 0.76170/ | 0.74781/ | 1.00031/ | 0.01811/
Znces 0.73467 | 0.00014 | 0.08080 | 0.10457 | 0.06824 | 0.18871 | 0.01578 | 0.23807 | 0.25189 | -0.00020 | 0.98278
gncc';"g'nSeS_ 0.54242/ | 1.00118/ | 0.89507/| 0.88077/ | 0.91571/| 0.73406/| 0.99074/ | 0.75240/ | 0.71630/ | 0.96298/ | 0.03447/
o 0.45824 | -0.00093 | 0.10475 | 0.11895 | 0.08423 | 0.26554 | 0.00926 | 0.24707 | 0.28333 | 0.03717 | 0.96554
gr?C';é?]-SeS- 0.50346/ | 0.91855/ | 0.97970/| 0.97970/ | 0.97970/| 0.89230/| 0.88395/ | 0.89230/ | 0.89230/ | 0.88395/ | 0.26824/
o 0.48654 | 0.08146 | 0.02027 | 0.02027 | 0.02027 | 0.10777 | 0.11605 | 0.10777 | 0.10777 | 0.11605 | 0.73178




6.3.3 Site Selective Distribution of S and Sn in Zn-Ga-Se-based T4 Sler

To conveniently describe the site-selective distribution of SetSd T4 cluster,
all the S€ sites are labeled as shown in Figure 6.4. For doping by Sntuhési is
simpler, because both crystallographic refinements and consideddtioond valence
indicate that dopant $hions will occupy the corner metal sites. The refined occupancy
factors for corner metal Sn/Ga and anionic Se/S sitessheel lin Tables 6.2 & 6.3. As
discussed below, thate-selective distribution of Se/S and Ga/Sn is dictated enal
and structural factors. Samples synthesized from different dmtsiow the consistent
pattern of distribution within the experimental errors, as demoedtiat the analysis of
three randomly selected crystals for both dual-doped OCF-5-Zn@&SH8DP and
OCF-5-ZnGaSnSeS-DAMP (Table 6.2). The reliability of occupancyemient was
supported by “control experiments” in which Se/S and Ga/Sn rat®gedined for
samples made without Sn and/or S-doping. For example, for OCF-5-Bn&iES
obtained with neither Sn nor DMSO, the occupancy refinement givestibeof Sn/Ga
close to 0:1 and the ratio of Se/S near 1:0.

In OCF-5-ZnGaSnSeS-TMDP with dual Sn- and S-doping, nearly 75%a it G
the corner site is replaced by tin(IV). For anionic sites, suléying occurs primarily at
the core site (position 10, nearly 100% replacement) and at tfeeleesites (positions 5,
7, 8, about 25%), while other sites remain relatively free fromusdibping. OCF-5-
ZnGaSnSeS-ECHA has a similar doping pattern.

The doping pattern in dual-doped OCF-5-ZnGaSnSeS-DAMP is somewhat

similar to that in OCF-5-ZnGaSnSeS-TMDP with two main déferes: (1) a smaller
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degree of doping by Sn (about 50% of Ga) at the corner site isvreldisand (2) a greater
degree of doping by sulfur at near-corner edge sites (positions 2). CF-5-
ZnGaSnSeS-PR has a similar doping pattern as OCF-5-ZnGaSnSeS-DAMP.

For sulfur-only-doped OCF-5-ZnGaSeS-AEP and OCF-5-ZnGaSeS-DMBn
at corner sites!), the core site (position 10) is also comiglegplaced by % as in Sn
and S dual-doped samples. However, the sulfur-doping level at otherop®sis
obviously different from that in dual-doped OCF-5-ZnGaSnSeS. The sldping level
at facial sites (positions 5, 7, 8) is greater than that in diyaéd OCF-5-ZnGaSnSeS-
TMDP. Furthermore, even the corner (position 1) and edge (pibsgion 2, 3, 4, 6, 9)

are partially doped by*S

Figure 6.5. lllustration of selective elemental distribution in pentanary- T4
ZnGaSnSesS cluster in OCF-5-ZnGaSnSeS-TMDP.

179



All the above observed doping behavior can be rationalized by a catiobirof
Pauling’s valence sum rule and Pearson’s hard and soft acid basB)(H®ory. First,
the valence sum rule requires that fouf'Zsites should surround the core”Ser &
after doping) site in the middle of T4 cluster and that high-vagsfit sites should
occupy the corner sites. Such a distribution of Zmd SA" then dictate the distribution
of Se and S on the basis of HSAB theory. Sulfur prefers to occigsyasijacent to Zf
while selenium favors the sites closer to"'SgFigure 6.5). In the un-doped Zn-Ga-Se
sample, the coordination environment of the coré Siee and twelve facial sites are
Zn,Se and ZnGsSe, respectively. As a result, the core siteé iSenost easily replaced by
S, while partial S& replacement by Soccurs at facial sites. It is particularly worth
noting that the doping by $hsuppresses the doping by sulfur. For example, in OCF-5-
ZnGaSeS without Sf an average of approximately 50% of all Se sites is replaged b
sulfur. In comparison, in Sfcontaining OCF-5-ZnGaSnSeS-TMDP, only an average of
about 15% of Se sites are replaced by sulfur.
6.3.4 Effects of Amine-Type on Sn- and S-Doping and on Size a@tharge of T4

cluster

From the aboveijt is clear that the level of $hdoping, to a large degree,
determines the level of S-doping in the Zn-Ga-Se system, inetlexse relationship.
How is the level of SH doping controlled? The answer lies in the fundamental difference
between Sn-doping and S-doping: the Sn-doping reduced the negative chdihge of
cluster while the S-doping has no effect on the charge of thercliBscause Sn-doped

clusters have a lower charge, it is therefore favored by orgamiees with a low charge
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density based on the concept of the global (i.e., host-guest) chargfg-deatshing. For

this reason, protonated amine molecules such as TMDP (the CaNorajiand ECHA

(the C/N ratio 8) induce more tin doping at corner metal dits DAMP (the C/N ratio

3) and PR (the C/N ratio 5) (The use of the C/N is only a rosgimate of the charge
density of protonated amines; other factors such as molecularcapéso be relevant).
In the present study, we have achieved two different ratios1ilegnd 3:1) of Sn/Ga at
corner sites are, corresponding to {@ay..SnSess]® and [ZnGasSnSexg ", respectively.
Thus, organic amines control the level of Sn-doping through host-gbasie density
matching, which in turn controls the S-doping through the HSAB principle.

Table 6.4. Summary of M-Q (M = Zn, Ga, Sn; Q = S, Se) bond lengths.

Bond length (A) Zn Ga Sn
S 2.306-2.315 2.225-2.324 2.390-2.449
Se 2.399-2.438 2.369-2.424 2.421-2.562
1570 T4-ZnGaSnSe
1560 T4-ZnGasnses © ®
1550 -
1540 1 T4-Zn EaSe
1530 -
‘S 1520
= ]
= 1510
— 1500 ] T4-ZnGaSeS
1490 4
1480 -
14704 T4-ZnGas
1460 4 g

1450 1460 1470 1480 1490 1500 1510 1520 1530
L1 (pm)
Figure 6.6. The size of five types of T4 clusters in OCF-5. The definitiohJofand
L2 is shown in figure 6.4.
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The Sn- and S-doping induce a systematic change in unit cell donenas seen
in OCF-5s (Table 6.1). In essence, it is the size of T4 clu@edsinter-cluster cavities)
that is altered by doping (Figure 6.4). As expected from ioni¢ (&divs. S, and Ga vs.
Sn) and related bond distances (Table 6.4), the size of the dlusteases with the
doping level of Sn and decreases with the level of sulfur (Ei§8). Thus, T4-ZnGaSeS
cluster is smaller than T4-ZnGaSe cluster, while T4-Zr@ze cluster is larger than T4-
ZnGasSe cluster. The dual-doping with Sn and S has two opposite @&ffebe cluster
size. Thus the size of T4-ZnGaSnSeS cluster lies between those of T&X3&and T4-
ZnGaSeS clusters. It is worth emphasizing that a minor changleei dimension of
clusters is sometimes essential for achieving host-guesjezdansity matching needed
for crystallization and can also lead to a different framewogology, as discussed
below.

6.3.5 Phase Selectivity Controlled by Amine-Type, Sn- and S-Doping

Because amine-type, Sn- and S-doping can be individually changed when
preparing reactant mixtures, it is possible to achieve syottattrols using any of these
three factors. Scheme 6.3 summarizes the effects of Sn- @oir® when four different
types of amines are used. ECHA and DAMP represent the singalest as both give
OCF-5 only. The difference is that DAMP gives OCF-5-ZnGaSnS&BHD only
through dual Sn- and S-dopings where ECHA can form OCF-5 with eitigde $Sn-
doping or with dual doping. Other reaction conditions (e.g., no doping, or no Srgilopi
results in no crystallization. Thus for both ECHA and DAMP, the incatmm of Sn is

essential for crystallization.
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X X X OCF-5-ZnGaSnSeS

T TSan TDMSO Tg,{}l%%

— 0OCF-1-ZnGaSe

X=—i

DAMP
SnCh, SnC
OCF'5'Z“Ga5”5""?MSO ECHA[ Ga(NOy); +Zn(NOy), | TMDP -S1Ch - OCF-42-ZnGaSnSe
X +Se+ HO | DMSO,_ ~cF.1-ZnGases
OCF-5-ZnGaSnSes2MS0O| PR | DMSO_

SnC SnC
. lSan I lSan "

OCF-5-ZnGaSnSeS
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OCF-40-ZnGaSnSe OCF-40-ZnGaSnSeS and OCF-5-ZnGaSnSeS

Scheme 6.3. Schematic of reactions in presence of different amine ters@aie auxiliary reactants. X means no crystalline
products are obtained.



Piperidine (PR) is similar to DAMP and ECHA, in a sense 8mis required for
crystallization. However, the product is quite different and involwesdifferent phases
(OCF-40 and OCF-5). With no or small amount of DMSO, OCF-40-ZnGa&n8e
only product. However, as more DMSO is added, a mixture of OCF-4@a3n&eS-PR
(minor phase) and OCF-5-ZnGaSnSeS-PR (major phase) is obtained.

TMDP is more versatile and can generate three different plt@ser--1, OCF-5,
and OCF-42) (Scheme 3). As long as Sn is absent, the product i$-Q0GaSe-TMDP
(without Sn, DMSO causes S-doping in OCF-1, but does not affect dheevrork
topology). When only Sn (no DMSO) is added, a totally differenictiire containing
both T2 and T4 clusters, OCF-42-ZnGaSnSe-TMDP, is formed. Finallyotiier three
amines, OCF-5-ZnGaSnSeS-TMDP is formed with dual-doping.

The correlation between the doping strategy and the structure typdeca
summarized as the following. In the absence of any doping or with only S-dopingl OCF-
is obtained with TMDP (no crystallization with other amines). W\\bbth Sn- and S-
doping, OCF-5 is obtained (for all four amine types). The most senpliase selectivity
by amines come when only Sn-doping is used, resulting in thregesiffphases, OCF-5
(for ECHA), OCF-40 (for PR), and OCF-42 (for TMDP).

6.3.6 Effects of Cluster Size and Charge on the Phase Selectivity

The above observed phase selectivity reveals important factarsaih@ol the
crystallization of chalcogenide clusters. For a particulars@ha crystallize, organic
amine molecules need to possess proper charge, size and shapéctiangnaith the

charge of the cluster and size of the inter-cluster cawigylatter is dependent on the Sn-
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and S-doping. This concept is denoted as the global charge density maGivieng a
particular amine, the synthetic system endowed with more veayigne its framework
charge density is more likely to find a way to crystalladich is easily proved by
Scheme 6.3.

Scheme 6.3 shows a total of 16 synthetic paths. With no doping and minimum
flexibility in charge density tuning, only 1 out 4 paths leads {statlization. The S-
doping only slightly reduces the cluster size, but does not alter the chargeloftee It
is not surprising that only 1 out 4 paths leads to crystallization. Siikenly doping
provides the flexibility to alter both charge and size of the alusthich provides a
greater freedom in the charge density tuning. As a result, 34opaths lead to
crystallization. The greatest flexibility comes from the bamd S- and Sn-doping,
which leads the crystallization in 4 out of 4 paths.

It is worth noting that while the size reduction caused by S-dopingitself not
adequate for the phase selectivity, it does exhibit a controllifegtewhen used in
combination with Sn-doping. For example, Sn-only-doped OCF-5-ZnGaSn&4¥Ten
not be made, possibly because protonated TMDP does not match wia{BmnSes]
to generate OCF-5-ZnGaSnSe-TMDP. However, TMDP does match el Sn-dual-
doped size-shrunken [#Ba:SnSes.S]” T4 cluster to form OCF-5-ZnGaSnSeS-
TMDP. The same is true for OCF-5-ZnGaSnSeS-DAMP and OCARFa2nSeS-PR,
both of which require dual S- and Sn-doping.

OCF-42-ZnGaSnSe, made by TMDP and the only Sn-doping, reveals another way

to realize the global charge density matching. It is compos&a-ooped [S1Ga .4Sg)
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T2 cluster and undoped [fBasSes]’™ T4 cluster, instead of Sn-doped T4
[ZnsGaisSnsSed” cluster seen in OCF-5. Why isn’t T4 cluster doped with Sn?rigjea

the charge of Sn-doped [dBaSrsSess]” T4 cluster in combination with T2 cluster

does not match with protonated TMDP, which only matches the moreiveegat
[ZnsGasSe]** T4 cluster and T2 clusters to form OCF-42-ZnGaSnSe-TMDP.

The synthesis of OCF-40 using piperidine has an unusual feature notifound
other amine-templated systems. This feature is that OCF-4@azapt a very limited
amount of the S-doping and an increased amount of DMSO shifts the ghaceos
from OCF-40 to OCF-5. OCF-40-ZnGaSnSe-PR is composed of isolatelbp8d-
[ZnsGaSnSe:] ™ cluster and piperidinium. Twenty four piperidinium ions compactly
cover the surface the T4 cluster by Se...H-N hydrogen bonds. Inabés the charge
balance and size match between the cluster and 24 amine cagonstiaal to the
formation of OCF-40-ZnGaSnSe-PR. In fact, it has been found that th&tigeds
piperidine (such as 2-MPR, 3-MPR, and 2,2,6,6-TMPR) tend to give OGKa32nSe,
which is because the Sn-doped J@maSnSes|'” T4 cluster does not have enough
surface area to accommodate these more bulky amines to form OCF-40-ZnGaSnSe

While the Sn-doped T4 [4Ga.SnSes]'” cluster in OCF-40 can not generally
accommodate amine molecules other than piperidine, it does allow a limited amount of S
doping to give somewhat smaller Sn- and S-dual dopedGEiBnSes,S]*> T4
cluster. However, the level of S-doping in OCF-40-ZnGaSnSeS<$&;idenced by the
sulfur occupancy factor at both core site and facial sites i$ houeer than that in OCF-

5-ZnGaSnSeS-PR. This means that the core site in OCF-40 can rooimipetely
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occupied by &. As a matter of fact, OCF-40-ZnGaSnSeS-PR is the “cdattysf Sn-
doped [ZnGaw.SnSes]*® T4 cluster and dual-doped [dBa..SnSes,S*> T4 cluster.
With an increased amount of [£Ba.SnSes.S]* clusters, OCF-5-ZnGaSnSeS-PR
becomes the preferred framework for better matching with the protonatedipiper

6.3.7 Optical Properties

Since optical properties (such as electronic band gaps) of satéd-st
semiconductors are strongly influenced by chemical compositionsrgsi@l structures,
the ability to create these multi-component chalcogenides vifdreht structures makes
it possible to achieve a wide range of band structures in theseaisatén this work, the
fact that Sn-doping causes a red shift while S-doping causesg albft (Figures 6.7-6.8)
greatly boosts the range of band gaps that can be achieved (e.gv, th6&n-doped
OCF-42-ZnGaSnSe-TMDP and 3.37eV for S-doped OCF-1-ZnGaSeS-TMDP).

The synthesis of a series of framework materials (e.g.,-®Ge&ries) with the
same framework topology, but different framework compositions providesxeellent
opportunity for probing effects of chemical compositions on band stas;twithout the
complications caused by the variation in framework topologies. Asrsbgwrigure 6.7,
the Sn-doping into the gallium leads to a red shift in the band gajgnasnstrated by
undoped OCF-5-ZnGaSe-AEP (band gap, 3.23eV) and Sn-doped OCF-5-ZnGaSnSe-AEP
(band gap, 2.49eV). On the other hand, S-doping causes a blue shift imdhgalpa as
evidenced by undoped OCF-1-ZnGaSe-TMDP (band gap, 1.71eV) and S-doped OCF-1

ZnGaSeS-TMDP (band gap, 3.37eV) (Figure 6.8). The similar S-dagffagt is also
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observed in Sn-doped OCF-5-ZnGaSnSe-ECHA (band gap, 2.24eV) and dual-doped
OCF-5-ZnGaSnSeS-ECHA (band gap, 2.54eV) (Figure 6.9).

Because Sn-doping and S-doping have opposite effects on the bandhgaps, t
dual-doped sample is expected to have a band gap between Sn-doped andfBakesed
However, a complication occurs when comparing the undoped sample and khe dua
doped sample, in which case the direction of the shift by the dual-dapeple would
depend on which dopant (Sn or S) plays a dominant role. A comparison between undoped
OCF-5-ZnGaSe-AEP (band gap, 3.23eV) and dual-doped OCF-5-ZnGaSnSeS-ECHA
(band gap, 2.54eV) seems to suggest that Sn has a stronger eff&{(ifhhe difference
in the amine-type is not taken into consideration). Note that possible that the S-
doping can cause a more dramatic shift than the Sn-doping, when eachisl@pgohied
individually (i.e., when comparing S-doped sample with Sn-doped samplegvdown
the case of dual doping by both Sn and S, the level of S-doping is sqipres
discussed above based on the HSAB principle) by the Sn-dopind) miaig lead to the
greater control of the band gap by Sn rather than S.

In addition to Sn- and S-doping, the nature of organic amines alsdsafifec
electronic properties. Organic amines can not only affectopp@dgical types, but also
the level of doping and distribution of dopant in different sites. $filen the same
framework structure, effects of organic amines on band ategtappear to be smaller
than Sn- and/or S-doping, as seen for OCF-5-ZnGaSnSeS-TMDP, O0G&sASeS-

DAMP, and OCF-5-ZnGaSnSeS-ECHA (Figure 6.10).
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Normalized solid-state Uv-vis adsorption spectra of OCF-5-ZnGaSe-AEP

and OCF-5-ZnGaSnSe-AEP, showing the red shift caused by Sn-doping.

Figure 6.7.

OCF-5-ZnGaSnSeS-TMDP|
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Normalized solid-state Uv-vis adsorption spectra of OCF-1-ZeGaS

TMDP, OCF-5-ZnGaSnSeS-TMDP and OCF-42-ZnGaSnSe-TMDP.

Figure 6.8.
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Normalized solid-state Uv-vis adsorption spectra of OCF-5-ZnSaS

ECHA and OCF-5-ZnGaSnSeS-ECHA, showing the blue shift caused by S-doping.

Figure 6.9.
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Figure 6.10. Normalized solid-state Uv-vis adsorption spectra of OCF-5-ZnG&snSe

TMDP, OCF-5-ZnGaSnSeS-DAMP and OCF-5-ZnGaSnSeS-ECHA.
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6.4  Conclusion

We have synthesized a series of Sn- and/or S-doped open-framewvatknt
selenide superlattices and isolated nanoscale molecules, \ahicf are composed of
multi-component supertetrahedral T4 cluster and protonated amine tesnpldt is
discovered that Sn- and S-doping has a dramatic effect on thallagtbn of Zn-Ga-Se
clusters and frameworks, because of the extraordinarily hightisgpsif the framework
formation process to the charge and size of both organic templadeshe size and
charge of the T4 clusters, the latter of which can be fine-tup&hband S-doping. It is
demonstrated that a chemical system with the greatesbifigxin self-adjusting the
cluster size and pore dimension (e.g., through the presence df ioretasuch as
Sr*/Ga**/zn?* with comparable bonding geometry, but complementary oxidation states)
is the easiest to form a crystalline framework capablecobmmodating different types
of template amine molecules being employed. Amines with tharge density
encourage a higher level of Sn-doping because the replacement dfyGaf* serves to
reduce the negative charge of the cluster and framework. A higholeS8edoping (up to
100% at certain sites) is possible. Yet, when co-doped with 8 doping level of S
can be suppressed by the Sn-doping because of the Sn’s strongéy fffilde. The
highly site selective distribution of Sn within the T4 clustersastrolled by the valence
sum rule while the site selective distribution of S within the duster is largely
controlled by sulfur’s affinity for Zn. The availability ofdiversity of compositions and
structures has made it possible to tune the electronic band gap targe range from

about 1.5 to 3.4eV.
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Chapter 7

Three-Dimensional Covalent Co-Assembly between Inganic

Supertetrahedral Clusters and Imidazolates

7.1 Introduction

Supertetrahedral chalcogenide clusters are of high currentsintezeause their
unique compositions and structures allow them to border severaiceseaas including
semiconductor nanoparticles, crystalline porous materials, and incaygaigic hybrid
framework materials® While each of these research areas has undergone dramatic
growth in the recent decades, the integration of synthetic andustiuconcepts from
these different areas into a coherent synthetic methodology to dexelofamilies of
materials that combine functionalities of these individual matéy@es is still at a
nascent stage.Composite materials in which chalcogenide clusters and organic
functional molecules are covalently assembled into ordered 3D &ebyrsy to such new
families of materials.

The assembly of chalcogenide clusters into extended frameworksliyeoecars
via sharing of anionic sulfur (or selenium) sites at four corakesch cluster, leading to
extended frameworks with all linkages made through inorganic compdnéfus
example, 3-D inorganic frameworks made from T3 (e. g..0®'®), T4 (e. g.,
[IN16CciSs5) ™), and T5 (e. g., [GiIn0Ssgl*") clusters are all knowtf. This type of inter-
cluster linkage mode (i. e., M-X-M, X=S, Se) is common, in partabse of the

compatibility between inter-cluster bonds (M-X) and intra-clubmds (M-X too). A
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more complex situation occurs when attempts are made to useiorggands to
crosslink inorganic clusters, because of the need for matchingdjgjp@&rate intra-cluster
(M-X bonds) with inter-cluster (M-L bonds, L=organic ligands) bond types. For eeampl
the strong M-L interaction could lead to the extraction of metas from chalcogenide
clusters to form coordination polymers with monomeric metal Sites.

The integration of organic components into the chalcogenide suijgcedabffers
opportunities for not only new structures types, but also synergisiperties resulting
from inorganic and organic components through their uniform integratiorheat t
molecular level. During the past decade, the covalent orgamzafi Cd-S-SPh based
tetrahedral clusters into 1-D chains and 2-D layers has bdgrved? Recently,
additional progresses have been made, leading to the 1-D andszidy of inorganic
Ga-S supertetrahedral clustérs® Despite these promising progresses, a number of
limitations still exist prior to this work including: (1) only uteal organic ligands
(usually bipyridine types) have been shown to function as crosdinketween
tetrahedral clusters; (2) only low-dimensional 0-D, 1-D, and S+perlattices have been
made; and (3) for supertetrahedral clusters, the size ofusiercis limited to T3 with 10
metal site$.

In this work, we seek to explore a new type of chemistrpatrterface of two
seemingly unrelated types of materials: (1) inorganic chatsdge clusters and
frameworks (e.g., CdInS-44-[Qd16Ss3'”, UCR-17-[CuInseSsd ™), and (2) zeolitic
imidazolate frameworks, commonly called ZIFs (e.qg., [Zn(2-pietfidazolate)])*. We

report here a new family of 3-D four-connected superlattioesafgd as supertetrahedral
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cluster imidazolate framework§CIFs) comprising supertetrahedral chalcogenide T3
and T4 clusters linked by imidazolate ligands (Scheme 7.1 and Tahl&Rel$ize and
geometry of their pore space can be influenced by the site aluster and the type of
substituents on the imidazolate. Their semiconducting propertieselearonic band
gaps) can also vary. One member of this family also displaysgpent porosity with the

CO, uptake capacity comparable to some porous metal-organic framework edteria

DO~

Imidazole 2-Methylimidazole 2-Ethylimidazole  4-Methylimidazole  Benzimidazole
(IM) (2-MIM) (2-EIM) (4-MIM) (BIM)

) Ty CO

5-Methylbenzimidazole 5,6-dimethyl-benzimidazole 1,8-diazabicyclo[5.4.0]-7-undecene
(5-MBIM) (5,6-DMBIM) (DBU)

Scheme 7.1. Imidazole and its derivatives and template amine.

7.2 Experimental Section
7.2.1 Solvothermal Syntheses

SCIF-1: Li,S (76.3mg, 1.66mmol), In(N§x-xH.O (98.1mg, 0.326mmol based
on anhydrous indium nitrate), imidazole (72.5mg, 1.07mmol) are mixed?vathino-1-
butanol (1.647g, 18.5mmol), acetonitril (1.220g, 29.7mmol), 1,8-diazabicyclo[5.4.0]-7-

undecene (DBU, 1.614g, 10.6mmol) in a 23-mL Teflon-lined stainledsastielave for
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half an hour. This vessel is then sealed and heated % I&012days. The autoclave is
subsequently cooled to room temperature. Some semi-transparentdaatatrgstals
(7.9mg) are obtained after washed with ethanol and dried. Elemeatgsia: C 21.6 H
3.18 N 7.04 Li 0.1.

SCIF-2: A mixture of LbS (58.5mg, 1.27mmol), In(Nx-xHO (96.3mg,
0.320mmol based on anhydrous indium nitrate), 2-methylimidazole (131.4mg,
1.60mmol), 2-amino-1-butanol (1.609g, 18.1mmol), acetonitril (1.114g, 27.1mmol),
DBU (2.322g, 15.3mmol) is prepared and stirred in a 23-mL Teflon-lireedless steel
autoclave for half an hour. After the vessel is sealed and hatal&®C for 12 days, the
autoclave is subsequently cooled to room temperature. Semi-transpahgmedron
crystals are obtained with a yield of 13.2mg after purification.

SCIF-3: Li,S (62.3mg, 1.36mmol), In(N§-xH-O (96.3mg, 0.326mmol based
on anhydrous indium nitrate), 2-ethylimidazole (142.4mg, 1.48mmol) aredmiith 2-
amino-1-butanol (1.800g, 20.2mmol), acetonitril (1.776g, 43.3mmol), 1,8-
diazabicyclo[5.4.0]-7-undecene (DBU, 1.681g, 11.0mmol) in a 23-mL Tefhmatli
stainless steel autoclave for half an hour. This vessel issttaad and heated at 260
for 12days. The autoclave is subsequently cooled to room temperature.s8ome
transparent octahedral crystals (6.9mg) are obtained aftbed/agth ethanol and dried.
Elemental analysis: C 21.85 H 3.34 N 6.295 Li 0.67.

SCIF-4: Li,S (91.6mg, 1.99mmol), In(Nx-xH-O (131.7mg, 0.438mmol based
on anhydrous indium nitrate), 4-methylimidazole (120.2mg, 1.46mmol) amednvith

2-amino-1-butanol  (1.931g, 21.7mmol), acetonitril(2.075g, 50.5mmol), 1,8-
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diazabicyclo[5.4.0]-7-undecene (DBU, 2.583g, 17.0mmol) in a 23-mL Téfled-
stainless steel autoclave for half an hour. This vessel issttaad and heated at 260
for 12days. The autoclave is subsequently cooled to room temperature.s8ome
transparent octahedral crystals (13.3mg) are obtained afteedvastin ethanol and dried.
Elemental analysis: C 23.05 H 3.49 N 7.22 Li 0.035.

SCIF-5: A mixture of LS (98.6mg, 2.15mmol), In(N§x-xHO (136.9mg,
0.455mmol based on anhydrous indium nitrate), benzimidazole (150.2mg, 1.27mmol), 2
amino-1-butanol (2.859g, 27.0mmol), acetonitrii (1.637g, 39.9mmol), 1,8-
diazabicyclo[5.4.0]-7-undecene (DBU, 2.322g, 18.8mmol) is prepared and stirred in a 23-
mL Teflon-lined stainless steel autoclave for half an hour. Aftervessel is sealed and
heated at 151 for 12 days, the autoclave is subsequently cooled to room temperature
Semi-transparant polyhedron crystals are obtained with a yield8dmg after
purification. Elemental analysis: C 23.9 H 3.23 N 6.42 Li 0.066.

SCIF-6: Li,S (62.3mg, 1.36mmol), In(N§-xH.O (97.6mg, 0.324mmol based
on anhydrous indium nitrate), 5-methylbenzimidazole (149.8mg, 1.13mmol) izreel m
with 2-amino-1-butanol (1.619g, 18.2mmol), acetonitril (1.218g, 29.7mmol), 1,8-
diazabicyclo[5.4.0]-7-undecene (DBU, 1.947g, 12.8mmol) in a 23-mL Tefhmatli
stainless steel autoclave for half an hour. This vessel issttaad and heated at 260
for 12days. The autoclave is subsequently cooled to room temperature. 6.8emgi-of
transparent octahedral crystals are obtained after washed with ethemaiviesl.

SCIF-7: A mixture containing LIS (62.1mg, 1.35mmol), In(N§-xH,0 (97.7mg,

0.325mmol based on anhydrous indium nitrate), 5,6-dimethylbenzimidazole (136.5mg,
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0.934mmol), 2-amino-1-butanol (1.676g, 18.8mmol), acetonitril (1.238g, 30.2mmol),
1,8-diazabicyclo[5.4.0]-7-undecene (DBU, 1.757g, 11.5mmol) is stirred in alL23-m
Teflon-lined stainless steel autoclave for half an hour. Thiselésshen sealed and
heated at 151C for 12 days. The autoclave is subsequently allowed to cool to room
temperature. 10.5mg of semi-transparent octahedral crystalsolat@ned after
purification. Elemental analysis: C 26.0 H 3.38 N 6.65 Li 0.11.

SCIF-8: A 23-mL Teflon-lined stainless steel autoclave containin I(63.1mg,
1.37mmol), In(NQ)3:xH>O (96.3mg, 0.320mmol based on anhydrous indium nitrate),
Cd(NG;)2-4HO (5.5mg, 0.018mmol), 2-ethylimidazole (182.5mg, 1.90mmol), 2-amino-
1-butanol (1.615¢g, 18.1mmol), acetonitril (1.220g, 29.7mmol), 1,8-diazabicyclo[F-4.0]-
undecene (DBU, 2.522g, 16.6mmol) is sealed and heated t€ ¥60 12 days, then
allowed to cool to room temperature, 7.9mg of pale-yellow cuboidatsyate obtained
after purification. Elemental analysis: C 19.2 H 3.01 N 5.255 Li 0.37.

SCIF-9: Li,S (61.3mg, 1.33mmol), In(N§-xH-O (98.2mg, 0.326mmol based
on anhydrous indium nitrate), Cd(M@4H,O (16.4mg, 0.053mmol), 5, 6-
dimethylbenzimidazolg207.8mg, 1.42mmol), 2-amino-1-butanol (1.609g, 18.1mmol),
acetonitril  (1.242g, 30.3mmol), 1,8-diazabicyclo[5.4.0]-7-undecene (DBU, 2.523g,
16.6mmol) are mixed in a 23-mL Teflon-lined stainless stetdcdave for half an hour.
This vessel is then sealed and heated atQ %@ 12days. The autoclave is subsequently
cooled to room temperature. 6.6mg of pale-yellow octahedral @yatalobtained after

washed with ethanol and dried. Elemental analysis: C 20.8 H 2.99 N 5.01 Li 0.34.
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Table 7.1.  Summary of crystal data and refinement reslits.

X024

Name (F:fr;n;(\)ﬂé?t:gn S.G. S.B.U  a(A) b (A) ¢ (A) R(F) Net
SCIF-1  [IngSu(IM)o]* Pbca 205121(6)  22.6610(6)  33.3409(10) 0.0521  D.D.
SCIF2  [IngSig(2-MIM);]* Ccolc 49.9905(16)  68.2851(21)  25.5907(8)  0.0938  D.D.
SCIF3  [IngSi2-EM)]* I-42d 25.0058(2)  25.0958(2)  36.6912(5) 0.0785  D.D.
SCIF-4  [IngSis(d-MIM),]* Pbca Eﬁl‘;g‘l‘:)ter 22.6617(3)  22.5629(4)  33.7015(4)  0.0710 D.D.
SCIF5  [IngSi(BIM)o* P2:2:2; 21.2772(10) 21.4180(10)  36.0100(17) 0.0724  D.D.
SCIF-6 1n,.S1(MBIM) o] Phca 22.4388(11)  22.4165(10)  33.9940(16) 0.0547  D.D.
SCIF-7  [IngSi(DMBIM) ]+ Pbca 205220(3)  22.4835(4)  34.4841(5) 00571  D.D.
SCIF-8  [InCdSu(2-EM)]*  1-42d T4 cluster  30-8096(46)  30.8096(46)  16.6159(25) 0.0649  T.D.
SCIF-9  [InCdSu(DMBIM),]*  Pbca (neCdiSs) o5 7702(10)  25.6993(11)  48.340(2)  0.1459  D.D.
OCF-31  [InSu® P2,2,2,  P1 cluster 18.1936(24)  18.3672(25)  22.1072(28) 0.1018  S.D.

[a] # = 91.159(2) for SCIF-2. S. G. = space group, S.B.U. = secondary building unit, S. D. = single diamond, D. De= doubl
diamond, T. D. = triple diamond.



7.2.2 Structure Determination

Single-crystal X-ray analysis was performed on a BrukerrS&REX I CCD
area diffractometer with nitrogen-flow temperature controllesing graphite-
monochromated Mg, radiation £ = 0.71073 A), operating in the andy scan mode
with a scan width of 0.5°. Raw data collection and refinemerg dene using SMART
at 150K for obtaining good diffraction data. Data reduction was pertbusig SAINT
and corrected for Lorentz and polarization effects. The SADAB8rpm was used for
absorption correction. The structure was solved by direct methodshanstructure
refinements were based d?ﬂ|with anisotropic displacement using SHELX-97. Most of
non-hydrogen atoms in the framework were refined with anisotrdplacement
parameters. Some organic amine template molecules can be pointédtosdme can
not be located owing to serious disorder. Part of hydrogen atonms placed in
calculated positions. All crystallographic calculations were uootetl with the
SHELXTL software suites. The crystal 795458-795467 contain the suppkmyme
crystallographic data, which can be obtained free of charge at
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridgest&ltggraphic
Data Center, 12, Union Road, Cambridge CB21EZ, U.K.; fax: (+44) 1223-336-033; or

deposit@ccdc.cam.ac.uk

7.2.3 Powder X-ray Diffraction
Room temperature X-ray powder diffraction experiments wereopeed on a

Bruker D8 Advance powder diffractometer, equipped with a Sol-X tetesing Cu
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Ko, radiation (A = 1.5406 A). The simulated XRD pattern was calculated from the
structure data using the Mercury 2.4 software.
7.2.4 Optical Property

The band gaps were determined through the UV/vis/near-IR diffieetamce
spectra measured on a Shimadzu UV-3101PC double-beam, double-monochromator
spectrophotometer. Bag@owder was used as both reference (100% reflectance) and
sometimes base material for the coating of samples. Absorptit8) data were
calculated from the reflectance data by using the Kubelka-Munkidmnet/S = (1-R¥/R,
where R is the reflectance at a given wavelengtis, the absorption coefficient, and S is
the scattering coefficient.
7.2.5 Thermal Analysis

The simultaneous DSC-TGA thermal analysis was performed om3tfuments
SDT Q600. All samples was prepared by grinding single crystadsfine powder and
heated between room temperature and £208t a heating rate of®/min under N gas
or air flow (100 ml/min).
7.2.6 Gas Adsorption

CO, gas sorption experiments were carried out on a MicromeA®AP 2010
surface area and pore size analyzer. Prior to the measur¢heerdayv sample was was
dried under vacuum at ambient temperature for 10 hours to yieldiaated sample for
gas adsorption measurements. Before the measurement, the saspleed again by
using the “degas” function of the surface area analyzer for 15 hodi@0°C. The CO

adsorption measurement was performed at 273.15K with ice water bath.
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7.2.7 Quantum Chemical Calculations for Frontier Orbital of theFragment of the
Crystal Lattice

The DFT calculations were performed on B3LYP functional with LAREZ
basis set using G09 package. The model systems were built basedjioal arystal
structures however with small change on the distortion angle betweerlusters and
imidazolate ligands. A fragment with two clusters linked wetkies imidazolate ligands
([(In10S16)2(CH3C3N2H2)7]) was chosen to alternatively represent the feature of the whole
crystal in order to reduce the calculation cost. The designeensysilds one negative
charge since the linkage imidazolate ligand is deprotonated, anestheegative charge
carried by the cluster building units were passivated byopsoattached to the surface
sulfur atoms. Hence in the data analysis the frontier orbitailchvare responsible for the
optical gap were picked as HOMO-1 and HOMO-2 since the none-p@skisgstem
carries 5 negative charges. Presented in here are thenctmrsg distortion and with 30
degree distortion; and the 2-ethylimidazole was simplified asethylimidazole for
easier calculation.
7.3 Results and Discussion
7.3.1 Synthesis

Prior to this work, inorganic supertetrahedral frameworks are dgnprapared
by redox reactions between metal and non-metal elements orésence of different
amines-’ Under such conditions, we have found that the addition of imidazoles(or i
derivatives) provides some control over the assembly process#isgléa various 3-D

inorganic framework materials such as UCE-ACR-7% ASU-31>° ASU-32%° ASU-
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345 and a previously unknown phase called OCF-31 (Scheme 7.2 and Figure 7.1). Thus
when starting from elemental forms, clusters tend to selfvddsewith themselves,

instead of co-assembling with imidazolate.

ASU-34
in+S+H0+( )™ - UCR-2 -
N ASU-32
UCR-7 N ’
n+ S+ /" N In+S+HO + O MM ASU-32
UCR-7 2PV ASU-32
ASU-31
n+s+rno+( ) "M . ocF-31
NN M . ASU-32 (New phase)

In + S + 2-amino-1-butanol + Acetonitril E\/O ™M . No crystal
N N
o L O 00

H
(IM) (2- MIM) (BIM) (2-PIM)

Scheme 7.2. Comparison on synthetic procedure of several chalcogenide superlattices
with or without adding imidazole or its derivatives.

7.3.2 Structure

By choosing both soluble metal and sulfide sources as precursemjes of
SCIF-n (n=1-9) with T3 or T4 clusters have been made with the usé, o8-
diazabicyclo[5.4.0]-7-undecene (DBU) as template and their stagctdetermined by
single-crystal X-ray diffraction. These SCIFs are constdudtem T3 or T4 clusters
interlinked by various imidazolate ligands (Figure 7.2a and 7.2b), amdniéngatively
charged frameworks are balanced by lithium cations and protonatee dRDBU).
These SCIFs adopt interpenetrating diamond-type topology (byntyest entire cluster

as a single tetrahedral node, Figure 7.2e, 7.2qg, 7.2i, 7.2k). The dégnésrpenetration
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(i.e., 2-fold vs. 3-fold) is related to the size of both clusterd imidazolate ligands. All
SCIFs with T3 clusters exhibit two-fold interpenetration (Fegdr2f, 7.2j, Figure 7.3).
With larger T4 clusters, three-fold interpenetration which has riefere been observed
in chalcogenides superlattices can also be realized as k&EFigure 7.2h). However,
two-fold interpenetration can be restored with T4 clusters byguainmore bulky
imidazolate ligand as in SCIF-9 (Figure 7.2l). SCIF-8 and SCéFeSthe first example
that demonstrates the covalent assembly of T4 clusters tmganic ligand. Prior to this
work, T4 clusters have not been assembled into any dimension bygamcoligand.
Even though these SCIFs exhibit the same diamond-type frameworkdgptiiey have
quite different space group symmetries and various channel geomé&tiesighest

symmetry occurs when 2-ethylimidazolate is used.

Figure 7.1. Single network (left) with diamond topology (right) when P1 cluskers
OCF-31 are treated as tetrahedral nodes. Tetrahedron in ysllthe isulfur atom in
central anti-T1.
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Figure 7.2. Connectivity of supertetrahedral chalcogenide cluster T3 (a)Tdan(b)
crosslinked by imidazolate. Classical adamantane-like unit based onsi& ¢ft) and T4
cluster (d) in SCIFs. 3-D single net and two-fold interpenedradtameworks with
diamond topology in SCIF-3 (e, f); single net and three-fold interpetedt frameworks
with diamond topology in SCIF-8 (g, h) viewed down theaxis, with ethyl group
omitted for clarity. 3-D single and two-fold interpenetrateahfeworks with diamond
topology in SCIF-7 (i, j) and SCIF-9 (k, 1), viewed down taxis.
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Figure 7.3. 3-D single (a, ¢) and two-fold interpenetrated (b, d) framewavits
diamond topology in SCIF-1 and SCIF-2, respectively, viewed thrbugins.

The synthesis of SCIFs represents a significant advance irakaspects. For the
first time, supertetrahedral chalcogenide clusters have besslinked with anionic
organic ligands (imidazolates in this case). SCIFs also reprasefiirst 3-D covalent
inorganic-organic superlattices with chalcogenide tetrahedral duste one of the
building blocks. While 3-D frameworks comprising only supertetrahecltedters are

well known® ® all previous efforts aimed at crosslinking tetrahedral chynile
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clusters of any composition (e.g., organic-capped Cd-S-SPhrsysténorganic Ga-S
system) using organic ligands have only resulted in the formafidow-dimensional
structures (up to 2-D¥°

The formation of SCIFs depends on achieving a suitable balance anmumgber
of factors. The complexity of the assembly can be seen froepiitgining SCIF-8 and
SCIF-9 which require the assembly of a number of individual solution spectesqtf",
S*, , Im, plus extra-framework charge balancing and pore filling ispesuch as
HDBU"), each of which plays a unique role. From such initial solubilsgegcies, a
much higher structural hierarchy (i.e., large T4 clusters teetblély cations and
crosslinked by organic anions) is established. It is worth notingtileathemistry of
DBU is highly unique because among many amines used for the Sgnihés so far the
only one that has been found to template the formation of SCIFs.

Given the aforementioned complex multi-component chemical systasmnot
unreasonable to expect that multiple competing pathways for tamilysinto 3-D (or
lower-dimensional) frameworks should exist. For example, Tn clusterself-assemble
into purely inorganic frameworks while Cd-imidazolate can fornk-&je porous
MOFs!’ It is clear that the chemistry and bonding of the SCIF sybesnat the interface
between inorganic chalcogenide frameworks and ZIFs mateffdls. benefit of the co-
assembly between chalcogenide clusters and imidazolates is th&igboté such
composite system for incorporating new structural patterns aogefies (e.g.,

semiconductivity).
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7.3.3 Optical Properties

Solid-state diffuse reflectance UV-Vis spectra were stuthe using samples of
SCIF-3, -7, -8, and -9 (Figure 7.4). The effect of the clusterisiabvious by comparing
band gaps of T3-containing SCIF-3 (3.35eV) and SCIF-7 (3.43eV) withoifit&iaing
SCIF-8 (3.12eV) and SCIF-9 (3.22eV). The difference in band gapseéetmaterials
with the same cluster size is less prominent and can resuittfre effect of imidazolate
ligands and the related change in the lattice symmetry.tréinel seems to be that the
compound with a higher symmetry (e.g., tetragonal SCIF-3 vs. orthorb@al--7) has
a lower band gap. In fact, a similar trend is also observed ith $ill, semiconductors
(3.03 eV for rutile and 3.18eV for anatase), in which the symmetryi@§ pseudo-

octahedron in rutile is higher than that in anatase.
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Figure 7.4. The normalized solid-state Uv-Vis absorption spectra of SCIF-3, -7, -8, -9.
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Figure 7.5. The HOMO of T3-EIM-T3 molecular moiety in the perfect aligned (a, O
degree distortion) and most distorted (b, 30 degree distortion) orientation, showing the p-
7 conjugation system between cluster and imidazolate.
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7.3.4 Quantum Chemical Calculations

The above observed variation of band gaps with the crystal symradikely
determined by the p-interactions between the sulfur atoms (near the corners of the
supertetrahedra) and imidzolaterings. Such interaction is strongly affected by the
relative orientation of these two building blocks (i.e., cluster andanolate). A more
parallel aligned pe system gives a smaller band gap, and a more distortatraig
results in a wider band gap. To further support this, we performeduguarhemical
calculations based on their crystal structures. Because ofléteely weak long-range
interactions between clusters, we only focus on a molecular mesesjhown in Figure
7.5. The DFT calculations were performed on B3LYP functional with L2DIZ basis
set using G09 packad®The modeling systems were built to simulate two extrermesca
of the perfect aligned and most distortect Bystems. Figure 7.5 depicts ther p-
conjugation in the T3-ethylimidazol-T3 moiety. The results show ithahe perfectly
aligned system, electrons are delocalized through imidazolage amto both sides.
However, such delocalization is dramatically decreased whetigtwetion is introduced.
While this preliminary simulation does not capture the whole piattitiee crystal lattice,
the results do help to better understand experimental data and suppa thieligand-
cluster interactions to control local orientations of framework building @sita means in
band gap engineering.
7.3.5 Gas Adsorption

The permanent porosity of SCIF-3 was confirmed by, Gf§as sorption

measurement performed on Micromeritics ASAP 2020 surface ardapare size
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analyzer. Compared to the bridging 8nions in T3 and T4 inorganic frameworks (such
as UCR-5 and UCR-7), imidazolate ligands are longer and less negatuige {2), which
contribute to the porosity because fewer protonated template malereleequired to
balance the less negative charge of SCIF framework. Howevdrathework distortion
as well as bulky substituents on the imidazolate ring and noldtititerpenetration tends
to reduce the porosity. Considering all these factors, SCIF-3 i®mhas a promising
candidate for gas sorption analysis, because of its high syynared small substituent
and lower degree of interpenetration. A sample of SCIF-3 was @egas$006C prior to
the measurement, and its stability upon degassing was confirmé&&Ayand PXRD
(Figure 7.6 and Figure 7.7). The initial gradual weight loss of 2.6&8teen 30-150°C
could be attributed to loss of solvent molecules trapped in the p@ésorbed on the
surface (acetonitril and water). An abrupt weight loss of 30.71%eeet\200-45tC is
attributed to the carbonization of template amine, which resultemplete collapse of
framework. While no obvious Nadsorption was observed, a significant .Qfptake
capacity (18.6crilg at 1 atm and 273.15K, Figure 7.8) occurred. Such a @ake
capacity is comparable to some quite porous metal-organic frarkenaterials such as
BIF-3. The difference between,Nand CQ adsorption is likely caused by the smaller
dynamic diameter of C£(0.33nm) (c.f. NO.36nm) and the stronger interaction between

CO, and charged porous environméht.
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Figure 7.6. Thermogravimetric analysis (TGA) for complex SCIF-3 underogén
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Figure 7.7. Powder X-ray diffraction patterns of SCIF-3.
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Figure 7.8. CO, gas sorption isotherms of SCIF-3 at 273.15K.
7.4 Conclusion

A family of 3-D covalent arrays of supertetrahedral chgdeude clusters and
imidazolate ligands has been synthesized and their unique struptunasity, and
semiconducting properties characterized. These are thexi@nsipdes of supertetrahedral
clusters being assembled with anionic ligands and are beautiful deations of
integrative chemistry between metal chalcogenides and zdaiitiazolates. Because of
the wide availability of various anionic ligands including carbabeda the use of
negative ligands as a general strategy in the co-assenthlgdrechalcogenide clusters
and organic ligands could lead to a new generation of hybrid multiibmat porous
materials. The work also represents a significant step fdriea the metal chalcogenide
chemistry because of the demonstrated feasibility to use orfigands to covalently

assemble larger supertetrahedral clusters into evdngher dimensions (3-D).
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