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Abstract

The present thesis has been devoted to the synthesis of a series of novel carborane-
based Coordination Polymers (CPs) or Metal Organic Frameworks (MOFs)
incorporating also polycarboxylate ligands and various metals. These obtained
carborane-based MOFs exhibited various architectures including 2D and 3D structures,
some of them porous. Motivated by the observed weak interactions between layers in
the 2D materials, the first high-aspect ratio carborane-based Metal Organic Nanosheets

(MONs) were produced via exfoliation of 2D bulk crystals using top-down method.

In chapter 1, a brief introduction on CPs and MOFs is given, and relate this with Soft
Porous Crystals (SPCs) and their Guest dependent transformations and properties. Then
is briefly introduced the current methodologies and applications of Metal Organic
Nanosheets (MONSs) and the chapter is concluded with a short history of Carboranes,

their properties and their used as linkers in CPs and MOFs.
In chapter 2, the general and specific objectives of this thesis are introduced.

In chapter 3, the synthesis and characterization of a family of carborane-based
coordination polymers are described. They are constructed with cobalt or zinc metals
sources, tritopic or tetratopic carboxylic acids and a bis-pyridylalcohol carborane linker.
All new compounds have been fully characterized and their structures are described.
One of the structures, CBIMOF-1 possesses large solvent accessible channels and
shows a crystal sponge behavior. CBIMOF-1 can incorporate a variety of solvents and
their structures have been determined by Single Crystal X-ray Diffraction (SXRD). A
higher number of interactions could be observed between aromatic guest molecules and
the CBIMOF-1 framework and a correlation has been found between such host-guest
intermolecular interactions and the mechanical properties of CBIMOF-1 o Guest by

nanoindentation experiments.

In chapter 4, a reversible single-crystal to single-crystal transformation of CBIMOF-

1 is introduced. This 3D porous MOF could be transformed into 2D non-porous
Vii



structure through replacement of initial solvent (DMF) by poor hydrogen acceptor
molecules following thermal vacuum treatment. In the final 2D structure CBIMOF-1",
the carborane linker coordinate to Co atoms in the same layer instead of in different
layers like in CBIMOF-1. Notably, this transformation is reversible via simply heating
the 2D phase in DMF solution. By taking advantage of this unprecedented reversible

transformation, encapsulation of a large molecule such as fullerene was achieved.

In chapter 5, a disubstituted 3-pyridylphenylalcohol carborane ligand (CB2) and a B-
iodinated bis-pyridylphenylalcohol carborane ligand (I-CB2) were synthesized and
characterized. Solvothermal reactions of CB2 with Co(NOs3); and tri- and di-topic
carboxylic acid afford four new carborane-based MOFs CB2MOF-1 to CB2MOF-4.
Substitution of CB2 with I-CB2, an iodo-functionalized compound I-CB2MOF-1 was
obtained, which is isostructural with CB2MOF-1. The structures of those new MOFs
were solved by SXRD and fully characterized. A fast reversible solid to solid
transformation was observed for both materials 2D CB2MOF-1 and I-CB2MOF-1.
When the DMF solvent molecules in the channel were exchanged by poor polar
solvents or evacuated, a sliding of layers is observed affording CB2MOF-1" and I-
CB2MOF-1". The initial framework could be recovered simply by immersing the
crystals in DMF solution at room temperature for 30 min. CB2MOF-1" and I-

CB2MOF-1" are non-porous to N2 but porous to COs».

In chapter 6, we extend the investigation from the bulk carborane-based MOFs to high
aspect ratio metal-organic framework nanosheets. Considering the brittle interaction
involved in the 2D carborane based MOFs, they are adopted to exfoliate into ultrathin
nanosheets. CBIMON-1 was obtained by exfoliation or delamination of CBIMOF-1"
by fast sonication. Similarly, CB2MOF-1 and I-CB2MOF-1 could also be delaminated
into atomic thickness CB2MON-1 and I-CB2MON-1 respectively. The high-resolution
images of SEM and TEM give information on their flat and large particle size
distribution. The detected height profiles from AFM show a few layers thickness thus

identifying its high surface to volume atom ratio. Tyndall light scattering effects
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demonstrates the existence of nanosheets in solution. More specifically, the GIWAX

spectra indicating the nanosheets are highly oriented deposited on the substrate.






Resumen

Este trabajo de Tesis estd dedicado a la sintesis de una nueva familia de Polimeros de
Coordinacion (CPs) o Redes Metalorganicas (MOFs) basados en la unidad carborano y
que incorporan ademas ligandos policarboxilicos y diversos metales. Los MOFs
obtenidos muestran diversas arquitecturas con estructuras 2D y 3D, algunas de ellas
porosas. Motivados por la presencia de interacciones débiles entre capas en los
materiales 2D, se ha realizado la exfoliacion de dichos materiales usando un método
descendente (tow-down). De esta manera se han obtenido las primeras Nanocapas

(MONSs) ultrafinas decoradas con carborano y con elevadas dimensiones laterales.

En el Capitulo 1, se hace una breve introduccion sobre los CPs y MOFs, para pasar a
describir los Cristales Porosos Blandos (SPCs) y las transformaciones y propiedades
relacionadas con los huéspedes en este tipo de materiales. A continuacion se introduce
brevemente el concepto de Nanocapas Metalorganicas (MONSs), asi como los métodos
de preparacion y aplicaciones de las mismas. Finalmente se describe brevemente la
historia y propiedades de los carboranos, asi como su empleo como ligandos en CPs y

MOFs.

En el Capitulo 2, se introducen los objetivos generales y especificos de la presente tesis.

En el Capitulo 3, se describe la sintesis y caracterizacion de una familia de polimeros
de coordinacion basados en carborano. Estos materiales se construyen con cobalto o
zine, acidos tri- o tetra-carboxilicos y un ligando carborano funcionalizado con bis-
piridilalcoholes (CB1). Los nuevos compuestos se han caracterizado completamente y
se describen las estructuras cristalinas. Una de dichas estructuras, CBIMOF-1 se
comporta como una esponja cristalina, ya que presenta canales grandes en los que se
alojan una variedad de disolventes. Se han determinado las estructuras cristalinas para
los diversos materiales CBIMOF-1 o Guest mediante Cristalograf & de Rayos X de
cristal Cnico (SXRD). Se ha observado un mayor nUmero de interacciones

intermoleculares con el material en aquellos casos en que el disolvente es arom&ico y
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se ha establecido una relacicn directa entre esto y las propiedades mecanicas de material

mediante experimentos de nanoindentacian.

En el Capitulo 4, se describe una transformacion reversible de cristal-inico a cristal-
unico en CBIMOF-1. Este MOF 3D y poroso es capaz de transformarse en una
estructura 2D y no porosa al intercambiar el disolvente en los canales (DMF) por otros
disolventes que se comportan como malos aceptores de enlaces por puente de hidroégeno,
y tras ser sometido posteriormente a un tratamiento de calentamiento y vacio. En la
estructura final 2D CB1MOF-1", el ligando carborano se coordina a atomos de Co en
la misma capa, a diferencia de en CBIMOF-1, que se coordina entre capas. Cabe
destacar ademas que dicha transformacion es reversible y requiere tan solo calentar la
fase 2D en DMF. Usando esta transformacion reversible, se ha podido encapsular una

molécula grande como es el fulereno.

En el Capitulo 5, se describe la sintesis y caracterizacion de un nuevo ligando
carborano que contiene los fragmentos bis-piridilfenilalcohol (CB2) y el analogo
correspondiente en el que uno de los boros del cluster ha sido iodado (I-CB2). Las
reacciones solvotermales de CB2 con Co(NOs3), y tri- o di-carboxilatos han dado lugar
a cuatro nuevos CPs basados en el carborano CB2ZMOF-1 a CB2MOF-4. El compuesto
iodado I-CB2MOF-1, andlogo a CB2MOF-1, se ha obtenido mediante el empleo de
I-CB2 en lugar de CB2 en la sintesis. Las estructuras de los nuevos compuestos se han
resuelto mediante SCXRD en la mayoria de los casos. Se describe ademas en este
capitulo, una transformacion de fase s6lido-s6lido en ambos materiales 2D CB2MOF-
1 y I-CB2MOF-1. La transformacion parece ser debida al desplazamiento lateral de las
capas en la estructura masiva, al intercambiar el disolvente inicial (DMF) por
disolventes poco polares y dando lugar a dos nuevas fases CB2MOF-1" y I-CB2MOF-
1". Las estructuras iniciales se recuperan facilmente mediante la inmersion de las
ultimas en DMF a temperatura ambiente y en 30 minutos. Se ha encontrado ademas que

CB2MOF-1" y I-CB2MOF-1" no son porosos a N> pero si lo son a CO».

En el Capitulo 6, se expande la investigacion de los MOF basados en carborano

Xii



masivos (bulk) a la formacion de nanocapas metalorganicas. Las débiles interacciones
entre capas de los materiales masivos 2D basados en carborano permiten exfoliarlos
para dar lugar a nanocapas ultrafinas. Asi, CBIMON-1 se ha obtenido mediante
exfoliacion o delaminacion de CB1IMOF-1" mediante sonicacion rapida. De la misma
manera CB2MON-1 y I-CB2MON-1 se han obtenido mediante delaminacion de
CB2MOF-1 y I-CB2MOF-1, respectivamente. Se han realizado imagenes de alta
resolucion mediante espectroscopias SEM y TEM de las nanocapas, y que muestran la
naturaleza plana y la distribucion y gran tamano de particulas. Los perfiles de altura
medidos mediante AFM muestran un grosor de pocas capas y por tanto demuestran un
elevado ratio de superficie a volumen atémico. El efecto Tyndall demuestra la
existencia de nanocapas en disolucion. Mas especificamente, los espectros de GIWAX
indican que las nanocapas presentan una alta orientacion cuando son depositadas sobre

un substrato.
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Chapter 1

1.1 Metal-organic frameworks (MOFs)

1.1.1 From Coordination Polymers to MOFs

Coordination polymers (CPs) belong to the extensive family of Coordination
Compounds (CCs), where materials are built by joining metal-containing units with
organic linkers through coordination bonds. Therefore, they are considered the natural
extension of CCs towards polymerization. The dimensionality and architecture of these
hybrid compounds are principally defined by the coordinative geometry of these two
components, making possible to extend their structures in one, two or three dimensions
leading to chains, layers and three-dimensional frameworks, respectively (Figure 1-1).
It is well known that, due to the large number of available metal ions and organic ligands,
as well as the different geometries of the coordinated nodes, the variety of the potential

CP structures is almost unlimited.!

ﬂetal-Organic Materials

MOMs

n

1D

+ Chains
« Ladders

Discrete 0D W

+ Faceted Polyhedra 2D

* MOPs + Sheets
+ Cubes « Bilayers

+ Molecular polygons

A 4

Figure 1-1. Metal-organic materials encompass discrete as well as extended structures with

periodicity in one, two, or three dimensions. The latter have also been referred to as coordination
polymers, metal-organic frameworks, and hybrid inorganic—organic materials.?!

Metal-organic Frameworks (MOFs) are a class of porous crystalline materials based on
the assembly of organic ligands and metal centers or metal-containing units. [UPAC
(The International Union for Pure and Applied Chemistry) has recommended to define
MOFs as “a coordination compound continuously extending in 1, 2 or 3 dimensions

through coordination bonds (coordination polymer or alternatively coordination
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Introduction

network) with an open framework containing potential voids”*!. The first MOF was
born in Yaghi’s group in 19951 They synthesized an extended crystalline open
framework Cu(4,4'-bpy)i.5-NO3(H20)125 through hydrothermal reaction. This MOF
possessed large rectangular channels filled with nitrate ions which could be exchanged
by other anions, indicating the accessibility to channel of crystalline zeolite-like
coordination polymers. Since Yaghi introduced the term of “MOF”, the related
publications in this field sprung up over the scientific community which is illustrated
with an huge number of ca. 70 000 MOFs collected in Cambridge Structural Database
(CSD) during last 20 years (Figure 1-2)P!. This trend is still increasing as the building-

block approach to MOFs synthesis provides more possibility to create new materials.
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Figure 1-2. Growth of the CSD and MOF entries since 1972. The inset shows the MOF self-
assembly process from building blocks: metals (red spheres) and organic ligands (blue struts)Pl.

The immense interest in MOFs is due to their unprecedented properties' 3. Once the
solvents, unreacted ligands and counterions in the frameworks are evacuated, their
structures can be porous. Interestingly, the crystallinity of these compounds allows their
characterization by X-ray diffraction, considerably simplifying efforts to use
computational modelling in order to predict or justify their unique physical and
chemical properties!!*l. Apart from the purely metal ligand coordination bond, weak

non-covalent interactions are of great importance because they can be responsible of
2
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the final dimensionality, by packing one-dimensional chains or two-dimensional layers.
The hybrid nature of CPs and MOFs is translated in a synergic effect between the metal
containing sub-unit and the bridging ligands, where the characteristic properties of the
building blocks are transferred to the final extended structure. The extraordinary
variability for both, the organic and the inorganic components, provides endless
possibilities and make CPs/MOFs to be strongly interesting for many potential
applications!'”!. The wide range of properties and potential applications that these

ol7:16

promising materials offer goes from gas storage!”-'), chemical separations!!”), chemical

(131 proton conductivity®®! and

sensing!'®], drug delivery to catalysis!!?], light harvesting
magnetism?!l among others. In addition, the chemical functionality of the final
materials can be tuned by modifying the functional groups of the organic ligands!??,

However, other porous materials such as aluminosilicates or zeolites have been
preferentially utilized and the market has been totally dominated by them because
MOFs family still present a number of limitations, such as the scale-up synthesis,
production cost and chemical or mechanical stability, that do not allow them to be fully
introduced in the industry yet. Specifically, these stabilities are determined by some
well-known factors. On one hand, their lack of chemical stability is largely determined
by the presence of environmental humidity that causes the cleavage of coordination

s?*! (Figure 1-3). For this reason,

bonding between metal nodes and organic ligand
researchers have recently begun to investigate hydrophobic and superhydrophobic
MOFs to enhance their aqueous stability and enable new applications (e.g. self-
cleaning)?*. Some advances have been made to this end. The most common strategy

to synthesize these hydrophobic MOFs is via introduction of hydrophobic molecules as

linkers (e.g. trifluoromethyl group!?>1, carboranes!?’!, and alkyl chains®*2%),
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Figure 1-3. Mechanism of paddlewheel breakdown in HKUST-1 where the adsorption of water onto
the open metal sites in HKUST-1 can release energy that can then be used to break metal—
carboxylate oxygen bonds in the paddlewheel, opening up further sites for more water adsorption,
leading to the breaking of another metal—carboxylate oxygen bond and eventual breakdown of the
HKUST-1 structure. Blue spheres, Cu; red, O; black, C; pink, H?%:30],

Due to their hybrid inorganic—organic nature, MOFs possess attractive characteristics
that are absent from purely inorganic or organic systems. MOFs can exhibit, for
instance, higher thermal stabilities than organic polymers while maintaining a degree
of mechanical flexibility that is largely inaccessible to inorganic materialsi*'l. By
conventional mechanical property metrics such as the Young's modulus and hardness,
MOFs also bridge a design space that spans those of both traditional “soft” and “hard”
materialsi®?). However, it is this hybrid nature combined with their permanent porosity
that leads to some of their most attractive characteristics from an applications
standpoint. For example, dynamic behaviors under applied stress are observed that
make these “soft-porous”**! network structures flexible or stimuli-responsivel**.
Although many phenomena fall within the realm of flexible materials, such as gate-
opening!®], or breathing*®!, all involve some degree of structural change, which will
lead not only to a variation in porosity but also in mechanical properties®”). However,
flexibility often comes with the penalty of reduced stability, which limits their
applications. Thus, the development of flexible yet stable MOFs depends on a better
fundamental understanding of the conformational changes or phase transitions
associated with such flexibility, opening the way to the rational design of novel “smart”

or stimuli-responsive materials*®).

1.1.2 Soft porous crystals (SPCs): a subclass of MOF's

In 1998, porous coordination polymers were divided into three categories as shown in

4
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figure 1-45%1. The initial generation of materials exhibited fragile porosity which will
collapse irreversibly after removing the guest molecules from channels or caves in the
frameworks. Afterwards, a class of stable and robust frameworks have been produced
that could maintain the structure after thermal activation and be considered as high
porous zeolites. More recently, the third generation, soft porous crystals, have been
introduced by Kitagawa that exhibited both a highly ordered network as well as a
flexible and dynamic behavior of frameworks responding to chemical or physical
external stimuli™®]. Its rigid regular porous structure is beneficial for molecular sieving
and storage for guest species avoiding structural collapse under severe conditions
similar to zeolites and aluminophosphates. Unlike the first two generation materials,
soft porous crystals displayed a reversible transformability between different states, at
least accessible to guest molecules in one crystal phase thus reflecting a reproducible
guest adsorption. During the single crystal to single crystal transformation, the
imperfect crystallinity of MOFs could be produced as a consequence of partially loss

of long-range order of frameworks instead of whole structure collapsing.

1st generation

Figure 1-4. Classification of porous coordination polymers into three categories3].
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1.1.2.1 Guest dependent properties of SPCs

The flexible and responsive SPCs could act as the crystal sponge for guest molecules
via a number of variable host-guest interactions between the frameworks and adsorbed
molecules, which bring various interesting properties for materials. In 2002, Fujita
reported a springlike 3D-coordination networks that transform in a crystal-to-crystal
mode depending on guest removal and readsorption without impact in its framework or
crystallinity (Figure 1-5)%. This structure is capable of exchanging initial guest
molecules for a variety other guest molecule whose structure is able to be detected by

single-crystal diffraction even after guest replacement.

ﬁg o

+Q

Figure 1-5. Schematic representation of the contraction or expansion of the 3D network on the
removal or addition of guest molecules, respectively!l,

Mechanical properties are of great importance for materials applying in industry.
However, research related to mechanical behavior of SPCs has been rarely reported*!.
Currently, Cheetham and coworkers firstly disclosed the exceptional anisotropic
mechanical behavior of a series of pillared-layered SPCs of [M2L,P], frameworks by
single crystal nanoindentation measurements!**. The nanomechanical properties were
controlled by simple adsorption of diverse guest molecules. Immersing as-synthesized
[Zn2(NOz-bdc)2(dabeo)]n (1, NO2-bdc=2-nitro-1,4-benzenedicarboxylate) into an
excess of organic solvents, such as dimethyl sulfoxide (DMSO), mesitylene or toluene
to exchange DMF molecules in the structure 1, tetragonal structures with different
framework geometry either bent (1>dmso) or straight NO»-bdc linkers (1>mesitylene,
1otoluene) (Figure 1-6) were obtained. Among them, 1>dmso shows the largest
anisotropy and the largest elastic anisotropy measured experimentally in the MOF area.
This exceptional mechanical anisotropy is of major importance for variable applications

such as sensitive pressure sensor or artificial skin[*%.
6
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1Dmesitylene /
1Dtoluene

Figure 1-6. Representation of the crystal structures of different guest containing forms of [Zn>(NO»-
bdc).(dabco)]n (1) viewed along the dabco axes (top) and the linker axes (bottom). Zn polyhedra, O,
N and C atoms are shown in yellow, red, blue and grey. Disordered groups, H atoms and guest
molecules are not shown. The dabco-linker plane ({110} for 1>dmf and 1>dmso; {100} for
1omesitylene and 1otoluene) is shown in cyan and the plane orthogonal to the dabco axis ({001}
for all compounds) is highlighted in pink. The dihedral angles between the {110}/ {100} plane and
the carboxylate groups of adjacent linkers are shown in the upper panel3,

In 2016, a novel series of 2D MOF of general formula [Co(bpeb)2(NCS):]-nG, where
G stands for the ortho-dichlorobenzene (DCB@]1 with n = 7), thianthrene (TAN@1
with n = 4), toluene (TOL@1 with n = 6), and pyrrole (PYR@1 with n = 8) guest
molecules was synthesized with cobalt(Il) single-ion magnets (SIMs) and long rod-like
aromatic bipyridine ligands, possessing large square channels to accommodate different
guest molecules. Based on the single crystal X-ray diffraction, the encapsulated solvent
guest molecules induced non-negligible distortions on the ligand conformation thus,
endowing a “fingerprint” on the cobalt environments and tune the slow magnetic

relaxation effects of the SIM nodes. These results expand scope of guest-dependent

SIM-MOFs#4,

1.1.2.2 Properties from transformations of SPCs

In general, the bond energies of coordination and hydrogen bonding from metal-ligand
typically range from 10 to 200 kJ/mol, certainly lower than the covalent or ionic

bonding with energies distributing typically between 200 and 1000 kJ/mol™®!. This
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allows the realization of reversible bonding cleavage and regeneration in coordination
frameworks that contributes the design and application of flexible MOFs. Such
transformation often involves geometry deformation or topology change of framework,
such as “breathing” behavior responding to external stimuli, reconstruction associated

with secondary building units (SBUs) and photo-tuning transformation.

Inspired by the classic philosophy paradox, “ship of Theseus”, Hupp and Farha
developed a sequential building block replacement (BBR) method to endow specific
properties for daughter porous MOFs via substitution of organic ligand and node
transmetalation based on the affinity and strength of coordination bond to retain original
network topology as exhibited in figure 1-7. The mother MOF Zny(tmbdc)2(bpy) has a
non-catenated pillared-paddlewheel structure, whose exchange of two ligands was
accomplished by soaking in an access of concentrated new ligand solution. In essence,
the solvent assisted ligand exchange (SALE) could be achieved because the incoming
linker shows higher affinity for node-based metals than the linker being replaced.
Similarly, considering the relative strength of coordination bonding increase as: Cu®" >
Ni?* > Co?" = Zn*", Ni (II) was chose to substitute the Zn (II) by iterative immersion
(three times) of Znx(ndc)2(dabco) to a concentrated solution of Ni(NO3)2:6H20. The
progressive transformation was proved by NMR of digested crystals in D>SO4 and
[Ds]DMSO and the obtained isostructural MOF Nij sZnos(ndc)2(dabco) exhibited
higher BET surface areas owing to boosted structural stability resulting from stronger

coordination connection of Ni atoms comparing with Zn atoms!*®!,
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2Zn,(tmbdc),(bpy) Zny(ndc)y(bpy)

Substitution of each
MOF building unit

DMF /80°C/72h
Ni(NO;),

N 47_L

Niz(ndc),(dabco)

Figure 1-7. Representation of the parent framework with all of its original components replaced
completely with other new ones via SALE and transmetalation to give the daughter framework[#6].

Among numerous SPCs, the potential instability of SBUs could be taken advantage to
build flexible frameworks. For instance, controlling the existence of coordinated
solvents molecules in metal units sometimes leads to variation of coordination numbers
and geometry of metal nucleus introducing favorable properties rather than collapsing
the structure. Bu’s group presented a reversible single-crystal to single-crystal
structural transformation of a Co (II) -based framework which is the first example of
self-penetrating to interpenetrating topology transformation in a 3D MOF (Figure 1-8).
When the [Coi5(tipb)(SO4)(pta)o.s]-(DMF)1.7s (BPoODMF) was exposed to air, the
coordinating configuration of Co(II) ions altered from tetrahedral to octahedral that was
indicated by the color changed of crystal from blue to red (Figure 1-8). Particularly,
such transformation is reversible and rapid thus creating a switchable “gate” effect
where the pta® ligands act as gates distributing in the channels. This character allows it

to be suitable platform for sensing and monitoring for coordinative molecules. *7)
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Figure 1-8. (a) Self-penetrating framework of BP. (b) Twofold interpenetrating framework of RP.
Microscope image of (¢c) BPoDMF (blue) and (d) RP-H,O (red) crystals. (¢) The SC-SC
transformation during H>O adsorption],

Broadly speaking, the comprehensive investigation of structural transformation is still
rare, especially continuous reversible behavior of flexible MOFs. In 2017, Lee
Brammer and coauthor reported a diamondoid metal-organic framework
(MexNH2)[In(ABDC).] (ABDC, 2-aminobenzene-1,4-dicarboxylate) whose structure
shows a solvent-switchable continuous-breathing behavior reflected by its selectivity
of CO, versus CH4*®!. Apart from these conventional stimuli, broad wavelength of light
has apparent advantage due to driving photoreactive processes without the generation
of any byproducts. Utilizing photo-sensitive organic ligand is recognized as a proper

route to design a light responsive MOF4%-%%],

Despite the exciting application opportunities of these SPCs, to date, there is no
reported fully rational method for designing a breathing MOF. As mentioned above,
flexibility often comes with the penalty of reduced stability, which limits their
applications. Collapsing of the structures is generally the rule, and reversible flexibility
mostly a question of serendipity. Thus, the development of flexible yet stable third-
generation MOFs depends on a better fundamental understanding of the conformational
changes or phase transitions associated with such flexibility, opening the way to the

rational design of novel “smart” or stimuli-responsive materials.
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1.2 From bulk crystals to nanosheets: Metal-organic frameworks nanosheets
(MONs)

Among the large number of MOFs structures, 2D layered structures take a large
proportion!®]. Recently, inspired by the favorable properties of single-layer-graphene
and other functional inorganic nanolayers, 2D-MOFs tend to be fabricated into high
aspect ratio metal organic frameworks nanosheets (MONs) isostructural to bulk
crystals®!! (Figure 1-9). Accordingly, MONSs can be defined as materials that possess
the following: “1) organic ligands coordinated to metal ions or clusters with continuous
connectivity in two-dimensions, but only non-covalent interactions in the third
dimension; 2) highly anisotropic materials with one dimension approaching monolayer
thickness and the others being at least an order of magnitude larger and approximately
equal in size; 3) materials which can be isolated in a form with the dimensions outlined
above as free standing sheets, not attached to a surface or other scaffold or as layers in

a bulk material P2,

~—————Metal ions ———— - Ligands

Coordination Nanosheets (CONASHs)

Figure 1-9. Concept of the coordination nanosheets (CONASHSs). Various combinations of metal
ions and ligands produce a range of functionalized CONASHs!%3,

However, synthesizing high surface-to-volume atom ratios MON:Ss is still difficult since
growing 2D frameworks to the microscale and at the same time maintaining crystal
stacking in the few or mono-layer often leads to fragile nanosheets lacking long-range

order. Moreover, in terms of characterization, owing to specific structure of MONSs, sets

11
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of specific of proper techniques are required to identify its structures and explore
properties. For instance, synchrotron grazing incidence X-ray diffraction (GIXRD),
which is sensitive to lattice parameters parallel to horizon direction, can be used as an
ideal technique for detecting the in-plane peaks of MONs[P+%. Grazing incidence
wide-angle X-ray scattering (GIWAX) and grazing incidence small-angle X-ray
scattering (GISAX) are also powerful and versatile structural measurement techniques
to probe nanoscale objects deposited on surfaces’®l. Solid state nuclear magnetic
resonance spectroscopy (NMR), pair distribution function (PDF) data, X-ray photo
spectroscopy (XPS), selected area electron diffraction (SAED) and Raman
spectroscopy are also adopted to probe the structure and composition information of
nanosheets. In addition to the structural analysis, the nanoscopic characteristics must
also be investigated. Atomic force microscope (AFM) is used to determine the thickness
of nanosheets. Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) provide information about morphology with high resolution images.
Energy dispersive X-ray spectroscopy (EDX) and electron energy-loss spectroscopy

(EELS) were utilized to analyze the elemental distribution of nanosheets.
1.2.1 Synthesis of MONs

Difterent from preparation of MOFs materials, the synthesis of MONSs is not restricted
to self-assembly of organic linkers and metal ions or clusters, but also include delicate
exfoliation from stacked bulk crystals to provide highly anisotropy 2D freestanding
nanosheets (Figure 1-10). However, it remains challenging to fabricate high quality
MONSs with high aspect-ratio in high yield because the breaking oft 2D layers and
structural collapse needs to be prevented during the process. Furthermore, it is very
important to control the thickness of the lamellar to avoid aggregation. To address these
challenges, researchers have developed two main approaches, top-down and bottom-up
methods related to a variety of nanosheets which have yielded promising applications.
Top-down methods are mostly used for the 2D MOFs which are formed by layers

stacking perpendicular to horizon direction with weak interactions, such as van der
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waals forces, hydrogen bonding, m-m interaction, etc. The non-covalent bonding
between layers allows the exfoliation without disturbing the coordination within layers.
At present, the reported top-down approach includes liquid sonication exfoliation!*”,
Scotch tape method (mechanical exfoliation)!®”, chemical exfoliation[®!l, Li-
intercalation!®” and freeze—thaw method!®’], to name a few. Although the top-down
method is simple and efficient, the exfoliation rate and yield are generally too low for
further application. Another important approach is bottom-up, which controls the
growth of crystals within only two dimensions resulting in fewer layers or even
monolayers without the need of further modification. Additionally, there are some
researchers which successfully achieved the stacking of the layers via bottom-up

6 three-layer synthesis!®*, modulated

method including interfacial synthesis!®
synthesis!® and directly sonication synthesis!® efc. In fact, the combination of solvents
influenced the morphology and crystallinity of nanosheets via modulation of MOF

growth kinetics. Although the research in MONSs has developed with unexpectedly fast

space, there are still some problems to solve such as chemical and mechanical stability

or flexibility.
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Figure 1-10. Schematic illustration of the bottom-up and top-down methodologies for producing
MONs.B2!

1.2.2 Properties of MONs

In the past several years, MONs showed excellent performance in wide range of
applications such as energy storage, biology, medicine and sensing!®>>%*+67-%1 This is
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due to its unique properties stemming from distinct ultrathin 2D structures. They do not
only share the advantages of other bulk 2D MOFs, such as chemical tunability and
dynamic behavior, but also overcome the shortcomings from stacked layers and buried

active sites.

MON:s, due to the large number of exposed active sites and short diffusion distance for
the regents during reaction, have attracted more and more attention as electrochemistry
catalysis. Oxygen evolution reaction (OER), a reaction related to metal—air batteries,
and water splitting technologies—typically require expensive noble metal or metal
oxides. MONs showed high potential to improve this situation. Recently, Huang et.
al."" used electrochemical exfoliation of a pillared-layer metal-organic framework to
obtain a 2D ultrathin nanosheet which boost the oxygen evolution reaction. It is an
efficient catalyst with overpotentials as low as 211 mV at 10 mA/cm? and a turnover
frequency as high as 30 s at an overpotential of 300 mV. After exfoliation, the
concentration of active sites increased 4 times than 3D bulk crystals which is important
for the significant improvements of the OER performances (Figure 1-11a). In 2014,
Gascon et. al. prepared high aspect ratio and high quality Cu(BDC) MOF nanosheets
using a bottom-up strategy depending on diffusion-mediated modulation of the MOF
growth kinetics. The two-dimensional nanosheets could be incorporated into polymer
matrices to obtain ultrathin MOF—polymer composites with outstanding CO> separation
performance from CO,/CH4 gas mixtures, together with an unusual and highly desired
increase in the separation selectivity with pressure. This is mainly due to superior
occupation of membranes cross-section by nanosheets fillers distributing uniformly at
different depth thus effectively eliminates the undesired plasticization effect and repeats
gas discrimination to improve separation selectivity!®¥ (Figure 1-11b). Additionally, the
suppressed fluorescence of materials could be turned on via solvent-mediated
exfoliation which is beneficial for biology sensing platforms!’!). Zhang’s group adopted
2D M-TCPP M = Zn, Cu, Cd or Co, TCPP = tetrakis(4-carboxyphenyl)porphyrin)
nanosheets as fluorescent sensing platforms for DNA detection. The 2D Cu-TCPP

nanosheet exhibits the best performance for sensing DNA with detection limit of 20 X
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1072 M, which is much lower than the previously reported MOF particle-based
fluorescent assayst’?! (Figure 1-11c¢).

a) 60—

NiCo-UMOFNs

Co-UMOFNs
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Figure 1-11. (a) Polarization curves of NiCo-UMOFNs, Ni-UMOFNs, Co-UMOFNs, RuO, and
bulk NiCo-MOFs in O;-saturated 1 M KOH solution at a scan rate of 5 mV/s. The dotted horizontal
line is a guide to the eye showing a current density of 10 mA/cm?73l; (b) FEB-SEM of nanosheets
dispersed in a polymer membranel®l; (¢) Schematic illustration of 2D MOF nanosheet-based
fluorescent DNA assayl’?l.

1.3 Carborane-based MOFs

As described above, MOFs are usually constructed by the assembly of organic ligands
and metal centers or metal-containing clusters. In the last decade, a few groups initiated
utilization of the icosahedral boron cluster or carboranes as building blocks for ligands
in metal-organic frameworks. Similar to carbon-rich organic linkers, carboranes can be
functionalized, expanding the ligand pool, as well as topology of MOFs. The
introduction of boranes and carboranes have a beneficial impact in the stability and
properties of MOFs. In the following, I will make a brief introduction on carboranes

and the more relevant studies on the MOF area.

1.3.1 Properties of Carboranes

Carboranes (“carbaboranes” in the formal nomenclature) are polyhedral boron-carbon

molecular clusters that are stabilized by electron-delocalized covalent bonding in the
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skeletal framework. Carboranes have been known for more than half a century, but for
much of that time they were of interest primarily to boron chemists, theoreticians
interested in their structures and bonding, and small groups of industrial researchers,
whore cognized their potential for creating extremely heat-stable polymers. In recent
years, the picture has dramatically changed. Carborane chemistry is experiencing a
major surge in interest across a wide spectrum of technologies, fueled by developing
applications in medicine, nanoscale engineering, catalysis, metal recovery from
radioactive waste, and a number of other areas, documented in thousands of

74771 This resurgence has been ignited by a wide (if belated)

publications and patents!
recognition of the unique electronic properties, geometry, and extraordinary versatility
of carboranes, and a growing recognition that carborane chemistry affords a whole new

realm of possibilities that transcends conventional organic, organometallic or

coordination chemistry.

Carboranes had been envisioned by William Lipscomb, Roald Hoffmann, and others
from theoretical considerations!’®”°! before reports of the synthesis of any such
compounds appeared (although it is entirely possible that they may have been present
in some CxByHz products generated by experimentalists as far back as Alfred Stock,

80.81] " Ag jcosahedral B> clusters are

the great pioneer of boron hydride chemistry
present in all known forms of elemental boron and in some metal borides, and several
boron hydrides have boron frameworks that are fragments of an icosahedron (e.g.,
BioH14), it was conjectured that an icosahedral Bi2Hi> hydride might exist. However,
in a classic 1955 paper, Longuet-Higgins and Roberts calculated that two additional
electrons would be required, stabilizing the icosahedron as a Bi2Hi»>" dianion [32],
Shortly thereafter, Bi2Hi2> salts were isolated by Pitochelli and Hawthorne!® and
found to be incredibly robust, withstanding temperatures above 800°C and exhibiting
inertness toward most reagents. Its discovery strongly implied the viability of neutral
C2BioH12 clusters, isoelectronic analogues of BizHj2*" in which two BH units are

formally replaced by CH groups whose carbon atoms would be six-coordinate (a fairly

startling idea at the time)”>! Subsequently, the synthesis of polyhedral boron-rich
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compounds and their various derivatives containing heteroatoms (such as carboranes,
metallaboranes, and main-group heteroboranes) all have profoundly exerted influence
on the area of inorganic and organic chemistry (Figure 1-12). For the 10-vertex neutral
carborane cluster (C2BsHi1o), analogues of 12-vertex carborane compound, it received
less attention in spite of the fact that their unique electronic structure induces more
interaction with m-substituents!®*%3], In 1965, metallacarboranes containing one or more
transition metal or main group metal atoms in the cage framework were discovered by
degradation of carborane with base to obtain anionic nido derivatives that then reacted
with transition metals!®>. Those boron clusters own a number of unique properties, such
as high thermal and chemical stability, ease of functionalization, three-dimensional
structure, aromaticity and special electronic properties that have major importance for

their use in materials sciencel’*$68,

In this thesis, as only dicarba-closo-
dodecaboranes (C2B1oH12) clusters were utilized, the introduction mainly describes this

carborane compound in detail.

888

1,2-CByyHy; 1, 7-CoByoHy;  1,12-C;ByyHy; 1, 10-C;BgHy

o-Carborane m-Carborane p-Carborane
—l 2- H —| - gz:zg _I
Co
B Hyp» 7,8-C,BoHyy” A

@® = CH; rest of vertexs = BH )
Co(C,ByHyy);

Figure 1-12. Structures of some commonly used boron clusters.

According to the position of carbon atoms in the cluster, it occurs three isomers: 1,n-
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CoBioHi2 (n = 2, ortho; 7, meta; 12, para), as illustrated in figure 1-12. The van der
Waals volume (Vyaw) of the cluster based on crystal structures for ortho-, meta- and
para-carborane are 148, 143 and 141A respectively. The cluster volume decreased
slightly with the increased distance between two carbon atoms, generating a greater
extent of derivation from ideal icosahedral geometry in para-carborane. Although
carborane was called as ‘benzene analogues’ in the literature, it is worth noting that
volume of carborane cluster is almost twice that of benzene and also slightly higher
than adamantane. Even if taking into account of rotation of benzene, the volume of

carborane cluster is still approximately 40% larger (Figure 1-13)°%,

benzene adamantane carbaborane

79 A3 136 A® ortho 148 A3
(rotating 102 A3) meta 143 A3
para 141 A3

Figure 1-13. Graphical visualization of the van der Waals volumes of benzene, adamantane, and
ortho-carbaborane based on the program DIAMOND (C and H = gray, B = black). Calculations are
based on the program PLATON with the use of deposited crystal structure datal®"l.

There are 26 electrons for 12 vertices in the c/oso carborane cluster. The carbon atom
is slightly more electronegative comparing with boron thus leading to hydrogen atoms
at carbon vertices far more acidic than those at boron atoms. On account that the
electrons distribute non uniformly at various vertex, substitutes attached at different
vertex possess different inductive effects. According to studies on carborane isomers,
all the cluster carbon atoms have electron withdraw inductive effect on the attached
substituents (Figure 1-14)P°! while the effects exerted to substitutes at boron atoms
depends on the isomer and position within the icosahedron. Boron atoms which are
antipodal to carbon atoms could be electron-donating as in ortho- and meta-carborane.

If substituted at boron atoms with one or two adjacent carbon atoms, it could reflect
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electron-withdrawing effects. This concept has been identified by Teixidor and Vifas,
who first succeed to proof the existence of electron-withdrawing methyl groups bonded

to boron atoms of permethylated o-carborane!®?l.

Figure 1-14. Inductive effect (oi) of the carbaborane isomers®3l.

As we mentioned above, the protons at carbon atoms are relatively acidic (pKa: 23-
30)PY. An organometallic base such as #-BuLi, can be used to deprotonate the cluster
carbon atoms obtaining a carbaboranyl nucleophile, that can further react with
electrophiles for functionalization of the cluster. Carborane functionalization will be

described in section 1.3.2.

In general, due to the existence of 10 rather hydride-like hydrogen at boron atoms,
carborane clusters are extraordinary hydrophobic!®. For example, Fauchére and co-
workers created carborane cluster functionalized with amino groups, which is by far the
most hydrophobic artificial amino acid®®. The substitution at different vertex position
of icosahedral would determine hydrophobicity of final carborane compounds. If
substituting at carbon atoms, its hydrophobicity is higher than attaching at boron vertex

because the acidity of free CH groups will lower hydrophobicity.

Carboranes show a rich supramolecular chemistry (Figure 1-15). When carborane
moieties are employed in molecular structures, they are often involved in a number of
intermolecular interactions. Two different sets of hydrogen groups are involved: acidic
CH groups and hydridic BH groups creating C-H---X (X = O, N, S, F, 7 system)"7-%8]
hydrogen bonds (ca. 8~96 kJ/mol) and B-H---H-X interactions®” (ca. 4~28 kJ/mol;
electronegativity X > H > B) respectively. The existence of a S—H---H—B dihydrogen

bond and its combination with a C—H:---S hydrogen bond in an unusual cooperative
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effect was first reported by Planas, indicating that substituted carboranes has potential

to act as building blocks for assembling complex structures!! %,

X
H
|
W /C\ H----.
o ~ BZ A\C/ 'X\
- | |
X /\ .
B B \n\‘“
PR S N
\"H B
HY 3
N
X =
H—X
e =BH
______ hydrogen bonds
ortho-carbaborane wimmmn dihydrogen bonds

X: electronegative element (E.N.>2.2)
or m system

Figure 1-15. Two-dimensional illustration of intermolecular interactions of ortho-carbaborane,

representatively for all carbaboranes. BH vertices (b) are also capable of forming dihydrogen
bonds!7®],

1.3.2 Carborane functionalization

Carborane chemistry is constantly expanding, however, a comprehensive review is out
of scope here. Herein, only the functionalization routes related to this thesis is
introduced. Due to the different nature of the vertexs, carboranes can be functionalized
at carbon or at boron, without the need to use protecting and deprotecting routes. C-
functionalization of carboranes via nucleophilic substitution is the most widespread
method to substitute the carborane cluster. As previously explained, the acidic CH
protons can be easily removed by a strong base (such as e.g., n-BuLi), resulting in a
carboranyl nucleophile. The later can react with various electrophiles to obtain the
desired substituted clusters. Symmetrical disubstituted carboranes could be simply
formed by dilithiation of the cluster and reaction with the appropriate amount of
electrophile (scheme 1-1). This reaction is conducted under relatively mild conditions
and high yields. Comparing with nucleophilic substitution at carbon atoms, the

electrophilic substitution at boron vertex is more challenging, because the B-H bonds

20



Chapter 1

are less polar and also due to the difficulty for selective modification of one out of ten
B-H vertices. Specifically, halides and AlX3 are utilized to replace hydrogens atoms at
selective boron position (B9) of ortho- or meta- carboranes. Then the boron halides can
be substituted by cross-coupling reaction with a palladium catalyst (scheme 1-2). In
2013, Teixidor, Viias and Nufiez published a comprehensive review which summarized

a variety of methods to generate B—-C, B-P, B-N and B—S bonds in boron clusters!?!],

Scheme 1-1: General synthetic procedure for C-disubstitution.

i) 2eq. nBuLi

ii) 2eq. or more R

C,BgH1g; @ = CH; rest of vertexs = BH; R = electrophile

Scheme 1-2: One of the common synthetic procedures for B9-substitution.

AICI5/I, catalysts

C,B4gH10; @ = CH; rest of vertexs = BH; R = nucleophile

1.3.3 Synthesis of carborane-based MOF's

As we introduced before, carboranes exhibit various desirable properties. Scientists
start to incorporate carborane cluster into coordination polymers one decade ago.
However, carborane based MOFs are not yet a widespread area and less than 30 papers

has been published so farl!9*!1]

. The carboranes employed in the construction of
linkers for MOFs could be categorized into two types: neutral clusters (CoBioHi2 or
C2BsHi),[107-109:11L120-124] \which are the most widely used in design of carborane based
coordination polymers (Figure 1-16); anionic boron clusters including [Bi2Hi2]*

(Figure 1-12) and metallacarborane [Co(C2B9oHi1)2]” based ligand (Figure 1-

21



Introduction

166)[106’125’126].

(a)

COOH COOH HOOC COOH COOH
OJA\

() Hooc cooH (© COOH

COOH

Figure 1-16. Illustration of ligands utilized for MOFs synthesis that incorporate carborane
moietieS[IOS—l11,116,117,121,127]

In 2007, the first carborane-based MOF was born in Mirkin and Hupp’s group who
utilized 1,12-dihydroxycarbonyl-para-carborane (p-CDCH») coordinating with zinc
ions to obtain a porous compound displaying hydrogen sorption!!!!l. Consecutively,

their group reported a series of novel MOF structures constructed by the same carborane
22
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ligand (p-CDCH;) combining with zinc or cobalt ions under different solvothermal
conditions. Owing to the structures, the materials exhibited potential for separation for
CO2/CHs4, O2/N2, CO2/N2 benefiting from molecular sieve and uncoordinated metal
sites which is predicted via experimental pure isotherms using ideal adsorbed solution
theory (IAST)[197:120.1221 "] ater, the same group synthesized a variety of carboxylic
linkers incorporating the p-carborane or p-C>BgH 10 (Figure 1-16a) or cosane (Figure 1-
16e) moieties and the corresponding porous MOFs!'?*), Remarkably, among those
structures, NU-135 is by far the most highly porous carborane-based MOF (Figure 1-
17). Its excellent deliverable methane capacity indicated that it is a promising porous
material for driving a natural gas vehicle (NGV). This is benefit from well balance
between pore volume, pore size and surface area of the structure, resulting from the
icosahedral carborane units and their hydride-like hydrogen atoms at boron vertex. The
latter is a unique property of carboranes and inaccessible from hydrocarbon organic
linkers!!®]. Furthermore, the presence of carborane ligands in the frameworks allowed
activation of NU-700, which retained its porosity, whereas that was not possible with

the analogue structure having phenyl rings (MOF-143) instead of carboranes!!2!l.

. "’.\\ . o f.‘

& 6
¢

S

v A
&5 ol
Wi
vVigw
p-carborane NU-135
subunit high volumetric surface area

Figure 1-17. Structures of NU-135 (left) and experimental (blue) and simulated (red) high-pressure
absolute gas adsorption isotherms for NU-135 at several temperatures (right)!'%),

In the meantime, Jin’ s group extended the carborane based MOFs by taking advantage
of lanthanide contraction to improve selective CO2 adsorption[!®l. This group also

employed the dicarboxylic acid of the p-carborane as the linker. It is important to note
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that all above results deal with the use of para-carborane based linkers for MOFs or
CPs. One of the major drawbacks of using this particular isomer of carborane is the
high price of the starting compound, compared to the other two isomers: Price for 1 g:
o-carborane: 122 EUR (Sigma-Aldrich); m-carborane: 176 (Sigma-Aldrich), p-
carborane: 1963 EUR (Carbosynth US LLC). It is evident that the high price of the p-
carborane isomer limits its practical use in industry. From this point of view, the cheaper
o- and m-carborane are a more reasonable choice for designing coordination polymers
(Figure 1-16b-c). A few examples have been published. For example, Jin and coauthors
investigated a series of isostructural metal-organic frameworks based on the

[108] Furthermore, in

dicarboxylic acid of the m-carborane clusters and Cu2(CO2)4 units
2016, Planas and co-workers reported a novel highly hydrophobic o-carborane porous
material (Figure 1-18)?7]. This material is stable in water and shows a reversible switch
of the hydrophobic/hydrophilic properties. Apart from 12-vertex closo-carboranes, 10-

vertex closo-carboranes were also introduced into porous frameworks, reported by

Boldog (Figure 1-16d)11%:124],

NaOH, DMF

Figure 1-18. Ideal mechanism proposed for the switchable surface hydrophobicity—hydrophilicity
of oCB-MOF-1. Pillaring oCB-L linkers are represented in blue and Zna(bdc), layers in green?7],

Recently, a microporous 3D MOF consisting of 1,2-bis(4-pyridyl)acetylene (bpa) and
copper (II) dodecaborate (B12H12%") dianion was reported. In this supramolecular MOF,
the dodecaborate dianion not only serves as counter anions but also pillars to support

)28

layers (Figure 1-19)1128]. The authors also prove that this MOF is water stable and

therefore a good choice for potential applications.
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bpa

B H,J*
Figure 1-19 starting materials used for the synthesis of BSF-1 (left) and interactions between Cu(II),
[B12H12]* and bpa, (right), the blue dashed line representing the B-H:--M interactions and the green
dashed lines representing the B-H?--H%"-C interactions (defined by H ---H®" distance shorter than
2.4 A)ias,
The introduction of carborane based MOFs have advanced during the last 12 years. As
it has been summarized above, most of the carborane linkers used in the preparation of
MOFs are derivatives of para-carborane. A few examples from meta-carborane derived
linkers have been also reported, but in all the cases, the choice for functionalization was
the carboxylic groups (Figures 1-16). The first example of a non carboxylic carborane
derivative was reported in our group, by Planas and coworkers. Overall, all these
materials show a variety of promising and unprecedented properties, some derived from
the carborane moieties. Some include structural robustness, exceptional hydrophobicity
and porosity that are beneficial for gas separation, catalysis, medicinal chemistry etc.
Herein, this thesis will try to expand this area and introduce investigation of carborane

based coordination polymers and their interesting properties.
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As illustrated in chapter 1, the unique properties of MOFs have sparked immense
attention among material researchers during last two decades. Its potential highly-
developed porosity, diverse topology, controllable active sites and infinite frameworks
enable it to be utilized in a variety of applications. However, to some degree, their weak
structural stability restricts its extensive industrial application. Their instability toward
humidity is also a major drawback that needs to be resolved. The introduction of
carboranes into these potential porous materials is quite limited and most of examples
are devoted to polycarboxylates of the highly expensive para-carborane compound.
Thus, the major objective of the present Thesis was the study of N-disubstituted meta-
carborane linkers for Coordination Polymers (CPs) or Metal-Organic Frameworks
(MOFs) and study their properties. More specifically, the objectives of the present work

were:

= Explore the preparation of CPs or MOFs with flexible meta-carborane bis-
pyridylalcohols in combination with neutral polycarboxylic acids and different
transition metals. It was planned to follow solvothermal reaction conditions and

study the properties of the obtained materials.

= Develop new and longer derivatives of the previous carborane ligand by
synthetic chemistry and further explore the formation of CPs or MOFs,
following the same reasoning than above. It was interesting to investigate the
influence of the length of these ligands into the final polymeric structures and

their possible properties.

Demonstrate the introduction of flexibility into CPs or MOFs by using the synthesized
flexible meta-carborane linkers. It was particularly interesting to demonstrate whether
the flexibility of the ligand could be transferred to the MOFs and, in that case, if the
spherical carborane moiety played any role in the stability of the final products. Owing
to the hydrophobicity of the carboranes, it was also interesting to study the water

stability of the new compounds.
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3. Carborane bis-pyridylalcohols as linkers for Coordination Polymers: Synthesis,

Crystal Structures and Guest-Framework dependent Mechanical Properties

3.1 Introduction

Porous Coordination Polymers (CPs) or Metal-Organic Frameworks (MOFs) are a class
of porous crystalline materials formed by the assembly of metal ions or metal clusters
with different types of bridging organic linkers!!™. Multiple network structures with
various topologies can be prepared by the appropriate choice of metal ion geometry and
the binding mode of the bridging ligand. The primary choice of the organic part has
been polycarboxylates, polypyridines, and organic ligands that possess both
carboxylate groups and N donor atoms. Thus, the chemistry of CPs has been dominated
by these ligands. Sometimes, the above-mentioned ligands are simultaneously used to
generate mixed-ligand three-dimensional (3D) CPs!®!. The majority of these CPs are
formed by connecting metal-polycarboxylate layers through pyridyl-based ligands.
This approach allows higher flexibility in terms of pore size and introduction of
functional groups. In this regard, MOFs can be easily tuned and are amenable to a wide
variety of guest compounds, through host-guest interactions!®. Preferential
arrangement of guest molecules within CPs has enabled the structural determination of
molecules that did not crystallize otherwise. The latter method, known as the crystalline
sponge method'®, relies on specific host-guest interactions that renders the guest
molecules regularly ordered!”). Such host-guest interactions are being explored for a
variety of applications!®). In light of the imminence of these materials applications,
mechanical properties, which are critical to the industrial manufacturing and processing,

need to be taken into account!®!?l,
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Scheme 3-1. Graphical representation of the carborane isomers (closo-C2BigHi2) and their
derivatives used as linkers to form CPs.
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The icosahedral closo-carboranes (dicarba-closo-dodecaboranes; C2BioHi2) are an
interesting class of exceptionally stable boron-rich clusters that can be prepared on the
kilogram scale, and that can be modified at different vertices via chemical reactions! !~
161 Three isomeric forms are known: ortho, meta and para, which are differentiated by
the position of the carbons in the cluster (Scheme 3-1). The average size of the
carboranes (141-148 A®) is comparable to that of adamantane (136 A%) and is
significantly larger (40%) than the phenyl ring rotation envelope (102 A®). The
spherical feature of these molecules, with slightly polarized hydrogen atoms, and the
presence of the hydride-like hydrogens at the B-H vertexes make the carboranes very
hydrophobic. In addition to that, the high thermal and chemical stability, acceptor
character and 3D aromatic nature of the icosahedral carborane clusters make them
valuable ligands in coordination chemistry!!’2*. For example, some of us have reported
the synthesis and electronic and magnetic properties of purely inorganic CPs based on
the dicarboxylic acid of ortho-carborane!® 271, Mirkin and co-workers explored the use
of di-, tri- and tetra-carboxylic acid derivatives of para-carborane (I to IV in Scheme

1) for CPs synthesis, providing a series of CPs exhibiting unprecedented stabilities with
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respect to thermal degradation, inherited from the carborane moiety?®>*. Some of the
CPs including these polycarboxylato p-carborane-based linkers showed gas uptake
properties and excellent selectivity for CO»/CH4 mixtures. Jin and co-workers also
constructed CPs based on the dicarboxylic acid derivatives of para- but also of meta-
carborane linker (V in Scheme 3-1), and studied their adsorption and luminescence

§[35.36

propertie 1. More recently, dicarboxylic and tricarboxylic derivatives of the smaller

carborane closo-1,10-C2BsH 1o were also incorporated into porous CPs!*%37],

The hydrophobic properties of carboranes, exploited in a number of medical
applications, can potentially enhance the hydrolytic stability of CPs. In fact, we have
recently communicated the first example that uses a non-carboxylic derivative of o-
carborane (VI in Scheme 3-1) as a linker to form a Zn(II)-based CP*®l. In this CP, the
o-carborane based ligand VI acts as a bridging linker to connect Zn(II)-1,4-
benzenedicarboxylate layers, giving a porous hydrophobic and water stable 3D
framework. In our continuing exploration of the synthetic and structural chemistry of
these carborane-based molecules, we have now synthesized a new disubstituted m-
carboranylpyridylalcohols (CB1 in Scheme 3-2). It is readily envisaged that these
carborane based N-donor ditopic ligands are able to display various ligating topologies
depending on the relative orientation of the pyridyl rings with respect to the
carboranyldiol spacer. Consequently, the resulting CP architectures should be
dependent on the ligand conformation and the relative position of nitrogen in the
aromatic ring. The ligand flexibility is expected to be higher in the case of the m-
carborane derivatives as the substituted carbons are farther away than in the o-carborane
ones (VI in Scheme 3-1). We are particularly interested in the effect that the flexibility
of these N-donor ditopic ligands may have on the crystal structures and networks but
also in the potential use of these disubstituted carboranes as linkers in CPs. Herein, we
report the synthesis of a novel carboranylalcohol 1,7-bis {(piridin-z -yl)methanol}-1,7-
dicarba-closo-dodecaboranes (n’ = 4, L.2) ligands, and their reaction with different tri-
and tetratopic carboxylic acids and metal salts to form six new extended CPs (Scheme

3-2). We present the syntheses, crystal structures, thermal properties and water stability
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of the new CPs. In addition, we show the crystal sponge behavior and guest dependent

mechanical properties of one of these CPs.

Scheme 3-2. Representation of the new ligands (CB1) employed in this work and of the synthesis
of CPs CBIMOF-1 to CBIMOF-4.
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3.2 Results and discussion

Following our previous reportsi*®3 a new bis-pyridylmethyl alcohols derived from the
m-carborane cluster, CB1 (Scheme 3-2), was prepared by the reaction of dilithiated m-
carborane with the corresponding aromatic aldehydes at low temperature and isolated
in high yields(92%). The alcohol was fully characterized by standard spectroscopic and

analytical techniques™®. The molecular structure of CB1 was unequivocally established
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by single crystal X-ray diffraction (SCXRD) (Figures 3-1), which was in agreement
with the NMR data.

Figure 3-1. Molecular structure of CB1; thermal ellipsoids set at 50% probability (B-H and pyridine
hydrogen atoms are omitted for clarity). Selected distances (A) and angles (3 C1-C7, 1.558(3); C7-
08B, 1.270(4); C7-C9, 1.519(3); C1C708B, 116.3(2); C1C7C9, 111.8(2).

Solvothermal reactions (DMF/EtOH or DMF/EtOH/H20 mixtures at 85 T or 100 <C)
of these m-carborane ligands with 1,3,5-benzenetribenzoic acid (HsBTB) or 1,2,4,5-
benzenetetrabenzoic acid (H4sTCPB) in the presence of M(NOs)2 (M = Co and Zn)
provided crystalline CPs CB1MOF-1 to CB1MOF-4 in good yields and as pure phases
(Scheme 3-2). IR spectra showed the characteristic broad B-H stretching bands from
the carborane (in the range 2617 to 2531cm™), and the C=0 vibration of the carboxylate
groups and the DMF solvent molecules (Figure 3-2). Crystal structures of these CPs
were determined by SCXRD (vide infra), and their simulated powder X-ray diffraction
(PXRD) patterns compared with their experimental ones, confirming their phase purity
(Figures 3-3 to 3-6). SEM and optical images of these CPs also showed the formation
of homogeneous crystalline samples (Figure 3-7). TGA data for CB1MOF-1 to
CB1MOF-4 (Figures 3-8 to 3-11) showed a first weight loss (13-20%) in the range of
95-350 <€, which corresponds to the release of solvent molecules, followed by their
decomposition starting at 350 €. Gas sorption measurements showed that all these CPs
are non-porous to gases. Water stability of CBLMOF-1 to CB1MOF-4 was studied by
immersing them in liquid H>O overnight at room temperature. Analysis of the recovered

crystalline solids by PXRD revealed that only CB1MOF-1 and CB1MOF-2 retained
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their structure after this incubation time, as no change in their PXRD patterns were

observed (Figures 3-12).
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Figure 3-2. IR-ATR spectra of CBIMOF-2 (black), CBLMOF-1 (red), CB1IMOF-3 (blue) and
CB1MOF-4 (green).

5 10 15 20 25 30 35 40
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Figure 3-3. Simulated (black) and experimental (green) PXRD patterns of CBIMOF-1.
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Figure 3-4. Simulated (black) and experimental (green) PXRD patterns of CBIMOF-1.
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Figure 3-5. Simulated (black) and experimental (green) PXRD patterns of CBIMOF-3.

43



Results and Discussion

JL_J~,AAAJl.AAJLJLﬁL~_AUM_N~,hk- e

10 20 30 40
2 theta(deg)

Figure 3-6. Simulated (black) and experimental (green) PXRD patterns of CBIMOF-4.

Figure 3-7. SEM images of (a) CBIMOF-1, (b) CB1MOF-2, (c) CBIMOF-3 and (d) CBIMOF-4
showing crystals morphology and confirming the homogeneity of the samples.
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Figure 3-8. TGA diagram of CBIMOF-1.
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Figure 3-9. TGA diagram of CBIMOF-2.
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Figure 3-10. TGA diagram of CB1MOF-3.
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Figure 3-11. TGA diagram of CB1MOF-4.
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Figure 3-12. Powder patterns of the as made compounds (black) and after water treatment (red) for
(a) CBIMOF-3 and (b) CBIMOF-4.

3.2.1 Crystal structures of carborane-based MOFs

Suitable crystals for SCXRD were obtained for CBIMOF-1 to CB1MOF-4 (Table S3-
1). CB1IMOF-1 and CB1MOF-3 crystallized in the triclinic P-1 space group.
CB1MOF-2 crystallized in the monoclinic Pn space group and CB1MOF-4 in the
monoclinic P21/c one. In these structures (Figure 3-13), the carborane-based ligand
CB1 ligands showed two major roles: (i) acting as pillars, being involved in the
dimensionality of the final CP structure; and (ii) acting as decorative ligands in order

to complete the coordination sphere of the metal centers (Figures 3-14 to 3-17).
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Figure 3-13. Molecular conformation of (a) free CB1, and CB1 in (b) CBIMOF-1, (c) CBIMOF-
2, (d) CBIMOF-3 and (¢) CBIMOF-4 showing selected structural parameters.

[Co3(BTB)2(CB1)2] 4DMF (CB1MOF-1). As shown in Figure 3-14a, the basic building
unit of CB1MOF-1 consists of a trinuclear [Co3(COO)sNa4] unit. This unit is similar to
that found in CB1MOF-1, except that the terminal DMF molecules are here exchanged
by two CBL1 ligands. Each BTB ligand adopts the bridge bidentate (JtxO:xO") and the
bridge bidentate chelate (Jrx?0,0":x0") coordination modes, connecting a total of six
Co(Il) centers. In CBLMOF-1, each trinuclear Co(ll) unit is coordinated to six different
BTB ligands, thus creating six-pointed star fashion layers running along the bc plane
(Figure 3-14b). Then, these layers are pillared by CB1 ligands resulting in a 3D
framework that exhibits 1D channels along the b axis (Figure 3-14d). These channels
are occupied by highly disordered DMF molecules that were masked by Olex2!°, The
total solvent-accessible volume in the channels account for approximately 35.7% of the
whole crystal volume, as estimated by PLATON. The flexibility of these carborane
ligands was evident as the association of layers is carried out by two carborane ligands

that adopt an almost L-shape (Figure 3-14c).
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Figure 3-14. Crystal structure of CBIMOF-1: (a) view of the trinuclear Co(ll) unit and coordination
environment of the Co(ll) ions; (b) six-pointed star fashion layer; (c) view of two trinuclear Co(ll)
units interlinked by two CB1 ligand adopting a L-shape; and (d) 3D pillaring framework (CB1 is
represented in orange).

[Zn4(BTB)2(CB1)(OH)2(H20).] 5H2.0 4DMF (CB1MOF-2). The fundamental building
unit of CBIMOF-2 is a tetranuclear ([ZnsO02(COO)sN:] cluster, in which the four Zn(I1)
ions are connected through six BTB and two CB1 ligands (Figure 3-15a). Zn(1) and
Zn(2) are hexacoordinated with {O¢} and {NOs} environments, respectively. Zn(1) is
coordinated to four O atoms of three different BTB ligands and to two O atoms of two
OH groups. Zn(2) is coordinated to one CB1 ligand, to three O atoms of three BTB
ligands, to one OH group and to one water molecule. Zn(3) and Zn(4) are {NO3}- and
{O4}-tetracoordinated. These metal centers are coordinated to two O atoms of two BTB
ligands, to one OH group and to one CB1 ligand for Zn(3) or to one water molecule for
Zn(4). The BTB ligands exhibit three different coordination modes: monodentate (xO),
bridge bidentate (tkO:xO") and bridge bidentate chelate (u-k?0,0":k0") modes. In
CB1MOF-2, the connection of the tetranuclear Zn(ll) units through the BTB linkers

creates a 3D honeycomb-like network (Figure 3-15c¢). In this network, CB1 ligands
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bridge two tetranuclear Zn(I1) units with a N-N distance of 12.20 A, creating zig-zag
chains that run along the ac plane (Figure 3-15d). Overall, this framework exhibits 1D-
channels running along the b axis, which are occupied by highly disordered DMF
molecules that were masked by Olex2%. The total solvent-accessible volume of
CB1MOF-2 accounts for approximately 33.3% of the whole crystal volume, as
estimated by PLATONM . Hydroxyl groups of the carborane moiety are pointing to the
interior of the honeycomb pores, and they are likely establishing H-bonds with the

squeezed solvent molecules.

a

Figure 3-15. Crystal structure of CB1MOF-2: (a) view of the tetranuclear Zn(ll) unit and
coordination environment of the Zn(ll) metal centers; (b) view of two tetranuclear Zn(Il) units
interlinked by a CB1 ligand; and (c-d) 3D-honeycomb net (CB1 is omitted in ¢ and is represented
in orange in d).

[Zn2(TCPB)(CB1)] 2DMF (CB1MOF-3). The building unit of CB1 is a paddle-wheel
[Zn2(CO0)sN2] cluster (Figure 3-16a). In this unit, the Zn(Il) ions are {NOa4}-
pentacoordinated. The values of the Addison parameter 1l indicates that both Zn(11)
centers adopt a square pyramidal geometry (0.054 for Znl and 0.059 for Zn2)

coordinated to four O atoms of four different TCPB linkers occupying the basal position

and to one N atom of the CB1 in the apex position with a Zn-N distance of 2.030(4) A.
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In this structure, each TCPB ligand is fully deprotonated and coordinates four paddle-
wheel units in a bridge bidentate mode (rxO:x0"), creating 2D layers in the ab plane
(Figure 3-16b). These layers are further pillared by CB1 linkers with a N-N distance of
12.04 A (Figure 3-16c), resulting in a 3D 2-fold interpenetrated framework (Figure 3-
16d)431,

a

Cc
Lb '
Figure 3-16. Crystal structure of CB1MOF-3: (a) view of the Zn(Il) paddle-wheel unit; (b) 2D layer;
(c) 3D pillaring structure (CBL1 is represented in orange); and (d) two-fold interpenetrated
framework, highlighting each one of the pillaring structures in red and blue.

[Co2(TCPB)(CB1)(H20)(ltH20)(DMF)] 2.7DMF (CB1MOF-4). As shown in Figure
3-17a, the building unit of CBLMOF-4 is a dinuclear [Co2(COO)sNz2] cluster, in which
both Co(ll) centers are {NOs}-hexacoordinated. Co(1) is coordinated to two O atoms
from two TCPB ligands, to one DMF molecule, to one bridge and one terminal water
molecule and to one N atom from one CB1 linker, whereas Co(2) is coordinated to four
O atoms from four different TCPB ligands, to the bridge water molecule and to the N
atom of one CBL1 linker. The TCPB ligands coordinate the dinuclear Co(ll) units in a

bridge bidentate (Jt+«xO:x0") and a monodentate (kO) coordination mode (Figure 3-17D).
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The structure of CB1MOF-4 consists on bidimensional square grid layers built up from
connecting each dinuclear Co(Il) unit to four TCPB ligands and each TCPB ligand to
four Co(ll) units (Figure 3-17b). In this structure, CB1 ligands are not involved in
increasing the structural dimensionality of CB1MOF-4. Instead, the U-shape
orientation of CB1 bridges two Co(ll) atoms of the same layer with a Co-Co distance
of ca. 11 A (Figure 3-17b and 3-17c). These layers are packed through several O-H --O
H-bonds involving the coordinated water molecule and the O atom of a carboxylate

group (Figure 3-17d).

a

Figure 3-17. Crystal structure of CB1LMOF-4: (a) view of the dinuclear Co(ll) unit; (b) square grid
layer extended along the ab plane (CB1 connecting two Co(ll) centers in the same layer is
represented in orange); (c) view of two dinuclear Co(ll) units bridged through one CBL1 ligand; and
(d) 3D packing of the coordination layers through Ow-H --O H-bond interactions (represented as
black dotted lines).

3.2.4 Guest encapsulation and nanomechanical properties of CBIMOF-1

Motivated by the relatively large solvent accessible volume of CBIMOF-1 (~36%) and
the large size and morphology of the crystals (Figure 3-7a), we decided to study whether

this CP could act as a crystalline sponge for guest molecules and whether some specific
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host-guest interactions could be observed®7l. As mentioned above, the as-prepared
CBIMOF-1 contains DMF molecules as guest; so, hereafter it will be named as
CBI1MOF-1 o DMF. To study its guest-exchange capabilities, the as-prepared crystals
of CBIMOF-1 o DMF were immersed in an excess of several selected organic solvents
for 24-48 h, and the exchange was monitored by IR-ATR following the changes in the
C=0 stretching band of DMF. Remarkably, complete post-synthetic exchange of DMF
guest molecules was achieved in methanol, chloroform, benzene, toluene, nitrobenzene
and 1-nitropropane, but no significant exchange was observed for cyclohexane, hexane
and carbon tetrachloride. The different nature of the solvents that replaced the DMF in
CB1MOF-1 o DMF prompted us to study more in detail the sponge behavior of this
particular CP. Structural characterization using SCXRD showed that guest exchange
processes resulted in six new structures, including CBIMOF-1 > MeOH (methanol),
CB1MOF-1 o CHCIs (chloroform), CBIMOF-1 o NP (1-nitropropane), CBIMOF-1
> NBz (nitrobenzene), CBIMOF-1 o Bz (benzene) and CBIMOF-1 o Tol (toluene).
Crystal and data collection details can be found in table S3-2. All guest-containing
structures CBIMOF-1 o Guest were found to crystallize in the same centrosymmetric
space group P-1, showing an expansion (Bz < NP < Tol < NBz), a contraction (MeOH)
and almost no change (CHCIs) of the unit cell parameters when compared with the as-
prepared CBIMOF-1 o> DMF. The higher expansion of the unit cell was found in
CBIMOF-1 o NBz and CBIMOF-1 o Tol with a volume increase of 140 A% and 71
A3, respectively. DMF and MeOH molecules in CBIMOF-1 o Guest structures were
highly disordered, so that the solvent masking procedure implemented in Olex2[“% was
used to remove the electronic contribution of solvent molecules from the refinement.
CHCIs and NP were partially masked, but aromatic solvents (benzene, toluene and

nitrobenzene) were clearly located and refined (Table S3-2 and Figure 3-18).
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Figure 3-18. Plots of the SCXRD crystal structures for CB1IMOF-1 o Guest, viewed along the b
axis: (a) DMF, (b) chloroform, (c) 1-nitropropane, (d) benzene, (e) nitrobenzene and f) toluene.
Guest molecules are shown with colors corresponding to equivalent sites. The framework is shown
in grey, except for CB1, that are represented in orange. H atoms are omitted for clarity. The plane
orthogonal to the CBL1 linkers {100} is highlighted in red.

The possibility to solve the X-ray crystal structures of the different CBIMOF-1 o
Guest (Figure 3-17) allowed us to further analyze the nature of the host-guest
interactions (Tables 3-1 to 3-2 and Figures S3-1 to S3-5). In the case of CBIMOF-1 5
CHCIs and CBIMOF-1 o NPr, one guest molecule was found in the asymmetric unit
(Figures 3-18b and 3-18c). Here, whereas the nonpolar CHCIs molecule interacts with
the aromatic rings of the BTB molecules by C—H--*rt interactions, the polar aprotic NP
mainly establishes H-bond interactions with the OH groups of CB1. For CBIMOF-1
> NBz, CBIMOF-1 o Bz and CBIMOF-1 o Tol, it was possible to precisely refine
all aromatic guest molecules inside the framework (Figure 3-18d to 3-18f), probably

due to the large number of host-guest interactions present in these solvates/structures
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(Tables 3-2 and Figures S3-3 to S3-5). Hydroxyl groups of CB1 establish classical H-
bond interactions with NBz molecules in CB1 o NBz (Figure S3-4a), whereas O-H---nt
interactions are observed in CBIMOF-1 o Bz and CBIMOF-1 > Tol (Figures S3-3,
S3-5). The aromatic nature of these guest molecules allows establishing C—H---= and
71 interactions with BTB and CB1 linkers. Interestingly, the carborane core also
participates in host-guest interactions via weak C—H---H-B interactions, as observed in
CBIMOF-1 o Bz and CBIMOF-1 > Tol*4],

Table 3-1. Geometrical parameters of host-guest contacts (A, 9, involved in CBIMOF-1 > Guest
structurestal.

Guest D-H --Altl d(H --A) <(DHA) <(HHB)
Host-Guest
(CHCI3) C(62)-H --M 2.367 171.86
CHCls

Guest-Guest

Host-Guest
(L2) O(22B)-H --0(62) 2.451 156.0
NPT (L2) O(22B)-H --0O(64) 1.809 125.8
(NPr) C(65)-H(A) --M 2.476 143.3
Guest-Guest
Host-Guest
(L2) O(22A)-H --0O(82) 2.368 143.9
(L2) C(19)-H --0(92) 2.651 122.4
(L2) C(20)-H --0(92) 2.577 124.4
NBz (BTB) C(54)-H ---O(93) 2.633 160.6
(L2) C(17)-H --M 2.820 145.3
(NBz) C(99)-H --M 2.660 153.6
Guest-Guest
C(97)-H ---0(72) 2.483 132.9
Host-Guest
(L2) O(01M)-H ---C(95) 2.648 165.3
(L2) O(01M)-H ---C(90) 2.702 150.6
(BTB) C(45)-H ---C(90) 2.640 159.5
Bz (BTB) C(43)-H --M 2.943 139.8
(Bz)C(82)-H --M 2.704 155.2 -
(Bz) C(80)-H --H-B(2) 2.246 130.4 157.7
Guest-Guest
C(96)-H --M 2.969 121.0
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Host-Guest
(L2)0(022A)-H ---C(84) 2.648 154.7 -
(L2) O(022A)-H ---C(85) 2.654 156.1 -
Tol (Tol) C(73)-H --M 2.692 147.6 -
(Tol) C(71A)-H --H-C(37) 2.313 129.4 131.3
Guest-Guest
C(71B)-H ---M 2.949 130.0

[a]For C-H --st contacts, geometries are given with respect to the aromatic centroid M. See figures S3-1 to S3-5 for
XRD representations of the contacts. [b] O—H bond lengths are not normalized to neutron distances. Symmetry codes
(i) -x,1-y,1-z.

Table 3-2. Arene—arene packing geometries (A, 9, involved in CBIMOF-1 > Bz and
CB1MOF-1 > Tol.[

LHe

A

SRED

M = Centroid
Interplanar
Guest distance angle  d Hdl orl
3.3960 11.39 3.890 1.897 29.2
Bz

3.082[] 22.53 3.988 2.531 394
Tol 3.397MM 10.11 3.848 1.808 28.0

[a] See embedded Chart at the top for nomenclature and Figures S3-2 and S3-4. [b] Ring centroid to ring centroid
distance. [c] Ring normal to vector between the ring centroids. [d] Shortest carbon-carbon distance (C24-C92). [e]
Shortest carbon-carbon distance (C36-C98). [f] Shortest carbon-carbon distance (C24-C82)

3.2.5 Nanomechanical Properties of CBIMOF-1 5 Guest.

Mechanical tunability of CPs/MOFs as a result of strong host—guest interactions
represent nowadays a challenging approach for the development of novel
applications®% (Figure 3-19). The mechanical properties of a number of CPs/MOFs,
such as MOF-547481 Z|Fs!*91 and soft porous crystals of the type [Znz(Lz2)(dabco)]n (L
= 1,4-benzenedicarboxylate derivatives, dabco = 1,4-diazabicyclo[2.2.2]octane), have
been investigated experimentally®®l. The latter is an interesting example that is closely
related to our findings. It was found that the mechanical properties of [Zn2(L2)(dabco)]x

are primarily dependent on the detailed network geometry and the precise orientation
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of the molecular building blocks within the porous framework, but not to specific guest-
framework interactions. However, in this study, the authors demonstrated that guest
molecules influence the framework geometry (e.g. tilt angle and bending of linkers) of
this family of CPs and, therefore, their mechanical properties. On another study, effects
of pore occupancy on elasticity were proved on ZIF-8 single-crystals, where a decrease

(to 7%) in elasticity (E) was observed on desolvationt®,

Figure 3-19. Simplified image of nanoindentation technique

The series of guest-containing structures CBIMOF-1 o Guest in this work represents
an ideal platform for studying the mechanical properties of such porous materials.
Indeed, as shown in the previous section, the guest molecules affect the volume of the
structures but not the symmetry of the framework (neither tilt angle nor bending of
linkers was observed). Thus, we hypothesized that any variation on the mechanical
properties for the CBIMOF-1 o Guest structures should be related to the nature of the

guest molecules and/or the specific host-guest interactions.

Single-crystal nanoindentation experiments were performed under conventional quasi-
static stiffness using Berkovich pyramidal-shaped diamond tip operating in the load
control mode. Crystals of CBIMOF-1 o Guest (Guest = DMF, CHCI3, NPr, NBz, Bz,
Tol and MeOH) were carefully selected, for the indentation measurements and the
{100}-oriented facets were oriented normal to the indenter axis. Note here that the
anisotropic shape of the plate-like crystals of CBIMOF-1 o> Guest enabled indexing
their plate face, which was identified as the {100} plane (Figure 3-18a and 3-20).

Measurements were done after taking the crystals from the appropriate solvents (within
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5 h) and crystallinity of the measured samples was confirmed a posteriori by PXRD
and optical microscope. Solvent loss and amorphization were observed in crystals being
in air for over 24 h in all cases, except for CHCIs and MeOH that occurred after 10 h
(Figure 3-21). Averaged data is listed in Table 3-3. The nanoindentation results on
CB1MOF-1 o Guest revealed significant variations in the reduced Young’s modulus

(Er) depending on the guest.

Figure 3-20. Photograph of representative example of face-indexed single crystals for CB1MOF-
1 o CHCls.
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CHCl; DMF

Distance =40 mm

20=5°
® =-5°
¢=0°

¥ =55°

Exposure time=10s

Figure 3-21. Representative diffraction images of CBIMOF-1 o> CHCIs (left column) and
CB1MOF-1 o DMF (right column) at different times. First measurement of crystals right after
being taken from the solvents is taken as T = Oh.
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Table 3-3. Mechanical properties of different CBIMOF-1 o Guest on the {100}-oriented facets
determined by nanoindentation experiments. E; is the reduced elastic modulus and H the hardness.
All samples were measured right after taking them out of the solvents and slightly dried on a filter

paper.

Guest E/GPa H/GPa

CHCls  0.556(36) 0.078(8)

NPr 1.20(13)  0.203(28)

MeOH  1.367(65) 0.272(18)

DMF  171(17) 0.197(27)

Toluene 1.75(15) 0.250(28)

NBz 1.83(13)  0.471(43)

Bz 2.67(28)  0.322(56)

The elastic modulus of CBIMOF-1 can vary by a factor of nearly 5 for the {100}
crystallographic orientation by simply exchanging the guest molecules. The average
moduli Eg1o03 are in the range from 0.6 to 2.7 GPa. These values are comparable to other
porous MOFs %% |t is however interesting that higher elastic modulus values of
CB1MOF-1 were observed when aromatic solvent molecules or DMF were occupying
the voids (1.71-2.67 GPa). On the other hand, sensibly smaller elastic modulus values
were observed when non aromatic polar solvent molecules (MeOH, 1.37 GPa; NPr,
1.20 GPa) or the non-polar CHCI3 (0.56 GPa) were filling the pores of CBIMOF-1.
The hardness along the same {100} crystallographic orientation also revealed an
increase, although not as pronounced, depending on the adsorbed guest. H{io03 values
are in the range 0.20-0.47 GPa, except that for the CHCI3 guest structure, that gives a
sensibly lower value (0.08 GPa).

As hypothesized above, any variation on the mechanical properties for CBIMOF-1 o
Guest structures should be related to the nature of the guest molecules and/or the
specific host-guest interactions. The mechanical response of the {100}-oriented facets

is mainly dominated by the CB1-pillars, which interconnect the 2D {Co-BTB} layers
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(Figures 3-14 and 3-18). In all CBIMOEF-1 o Guest structures, the CB1-pillars are at
the same angle with respect to the {100} crystals facets, so that comparable Er and H
values should be obtained based on the network geometries®®. This suggests that the
observed specific host-guest interactions have an impact in the mechanical properties
of CBIMOF-1. Solvates with higher number of host-guest interactions lead to higher
Young’s moduli and higher hardness (Young’s moduli is 5 times higher in CBIMOF-
1 o Bz than in CBIMOF-1 o CHCIs). In contrast, lower elastic modulus and hardness
was found in CBIMOF-1 o CHClIs, in CBIMOF-1 o NPr and in CBIMOF-1 > DMF,
where the guest molecules are highly or partially disordered, which suggests that very
weak or non-specific host-guest interactions are taking place in these cases. On the
contrary, aromatic solvents show a high number of specific interactions with the
framework of CBIMOF-1, and consequently, lead for high elastic modulus and

hardness values.

3.3 Conclusions

In conclusion, we have reported the synthesis and characterization of four new CPs
obtained from the reaction between a novel m-carborane bispyridylalcohol ligand and
tri- and tetracarboxylic linkers with M(NO3): salts (M = Zn and Co). The flexibility of
the carborane moieties is reflected in the structural diversity of the generated
coordination networks, showing in most of the cases their ability to increase the
dimensionality of the final framework by acting as pillar ligands. Complete post-
synthetic exchange of DMF guest molecules by a variety of organic solvents was
achieved in one of these CPs. This CP (named as CBIMOF-1) acts as a crystalline
sponge showing a higher affinity for aromatic guest molecules due to the presence of a
large number of host-guest interactions (O-H-*w, C-H--*%, ©***n and weak C—H---H-
B). This high number of interactions is probably the reason to render the aromatic guest
molecules regularly ordered in the X-ray structures, unlike other non-aromatic
molecules. The nanoindentation experiments on CBIMOF-1 o Guest suggest that a

higher number of host-guest contacts has also an effect on the hardness and Young’s
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moduli values, which can vary by a factor of five (e.g. CBIMOF-1 o Bz versus

CBIMOF-1 o CHCl3).

3.4 Experimental section

3.4.1 Materials and methods

Syntheses for the carboranylalcohol ligands were carried out under nitrogen atmosphere
in round-bottomed flasks equipped with a magnetic stirring bar, capped with a septum.
Tetrahydrofuran (THF) was distilled from Na/benzophenone. CPs syntheses were done
in air. All chemicals were commercially available and used as received. IR ATR spectra
were recorded on a Perkin—Elmer Spectrum One spectrometer. *H, *C and 'B NMR
spectra were recorded respectively at 300, 75 and 96 MHz with a Bruker Advance-300
spectrometer in deuterated dimethylsulfoxide, unless denoted, and referenced to the
residual solvent peak for *H and 3C NMR or to BF3 OEt; as an external standard for
1B NMR. Chemical shifts are reported in ppm and coupling constants in Hertz.
Multiplets nomenclature is as follows: s, singlet; d, doublet; t, triplet; br, broad; m,
multiplet. Elemental analyses were obtained by a CarboErba EA1108 microanalyzer.
The mass spectra were recorded in the negative ion mode using a Bruker Biflex
MALDI-TOF-MS [N:2 laser; Aexc 337 nm (0.5 ns pulses); voltage ion source 20.00 kV
(Uisl) and 17.50 kV (Uis2)] with 3,5-dimethoxy-4-hydroxycinnamic acid as the matrix.
TGA-DSC from NETZSCH (heating rate: 10 €€/min; temperature range: 25 to 800 €).
Gas sorption (CO2/195 K and N2/77 K) measurements for CB1MOF-2 were performed
using an AutosorblQ (Quantachrome Instruments). Field-Emission Scanning Electron
Microscopy (FE-SEM) images were collected using a Quanta 650F Environmental
Scanning Electron Microscopy (Field Emission Inc, USA). Powder X-ray Diffraction
(PXRD) patterns were recorded at room temperature on an X’Pert PRO MPD

diffractometer (Panalytical) using Cu Ka (A = 1.5405 A) radiation.

3.4.2 Synthesis of carborane substitute ligands

1,2-bis{(pyridin-4’-yl)methanol}-1,7-dicarba-closo-dodecaborane (CB1). n-BuLi

(4.49 mL, 1.55 M in hexane, 7.0 mmol) was added dropwise to a solution of
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m-carborane (502.4 mg, 3.5 mmol) in THF (25 mL) at 0 °C (ice/water bath) under
nitrogen atmosphere. The mixture was stirred at 0 °C for 30 min and at room
temperature for 1h to give a pale-yellow suspension. The flask was then cooled to -
41 °C (acetonitrile /liquid N2), whereupon a solution of 4-pyridinecarboxaldehyde (0.7
mL, 7.0 mmol) in THF (1 mL) was added. The resulting solution was stirred at -41 °C
for 4 h. Then, a saturated aqueous solution of NH4C1 (10 mL) was added at -41 °C. The
resulting mixture was taken out of the cooling bath and allowed to warm naturally to
room temperature while stirring. Afterwards, Et2O (15 mL) was added while stirring. A
white solid precipitated after to 20-25 min, which was filtrated, washed with water and
Et;0, and dried under vacuum affording pure CB1 (1.16 g, 3.23 mmol, 92.3 %). 'H
NMR 8.53 (d, J = 6.0 Hz, 4H, CsH4N), 7.23 (d, J = 6.0 Hz, 4H, CsHaN), 6.64 (d, J =
5.1 Hz, 2H, OH), 4.83 (d, J = 5.1, 2H, CHOH). "B NMR: -11.36 (br, 10B). 1*C NMR:
149.9 (CsHaN), 149.3 (CsHaN), 127.8 (CsHaN), 81.0 (Celuster), 72.2 (CHOH). IR (ATR;
selected bands; cm™): v 3093 (OH), 2590 (BH). MALDI-TOF, m/z: M: 359.4 [M+H]".
Elemental analysis (%) calculated for B10C1402N2H22: C 46.9, H 6.2, N 7.8; found C
46.5,H 6.2, N 7.6.

3.4.3 Synthesis and characterizations of carborane-based MOFs CB1IMOF-1 to
CB1MOF-4

[Cos(BTB)2(CB1)2] 4DMF (CBIMOF-1). Co(NO3). 6H20 (31.43 mg, 0.108 mmol)
was mixed with CB1 (10 mg, 0.027 mmol) and H:BTB (23.6 mg, 0.054 mmol) in 2
mL of DMF/ethanol/H.O (2:1:1). This mixture was sonicated until all solids were
uniformly dispersed, followed by heating at 100 <C for 48 h. Red-violet crystals of
CB1MOF-1 were collected and washed with DMF (28 mg, 81.7%). IR (ATR; selected
bands; cm™): v 3298 (OH); 2931, 2829 (CH); 2607 (BH); 1662 (C=0 from DMF); 1602
(C=0 from carboxylate). Elemental analysis (%) calculated for CozCgsaH102B20NgO20:

C53.4,H5.0,N5.2; Found: C53.2, H5.1, N5.3.
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[Zn4(BTB)2(CB1)(OH)2(H20)2] 6H20 4DMF (CB1IMOF-2). CBIMOF-2 was
obtained by mixing Zn(NOz)2 6H-0 (33.2 mg, 0.112 mmol), CB1 (10 mg, 0.027 mmol)
and H3BTB (23.6 mg, 0.054 mmol) in 2 mL of DMF/ethanol/H20 (2:1:1). This mixture
was sonicated until all solids were uniformly dissolved, followed by heating at 85 °C
for 48 h. Colorless block crystals of CBIMOF-2 were collected and washed with DMF
(48.5 mg, 89%). IR (ATR; selected bands; cm™): v 3350 (OH); 2933, 2964, 2865 (CH);
2617, 2554 (BH); 1660 (C=0O from DMF); 1610, 1585 (C=0O from carboxylate).
Elemental analysis (%) calculated for ZnsCgoHssO23B10Ne: C 49.5, H 4.9, N 4.3; Found:
C50.0,H4.7,N4.7.

[Zn2(TCPB)(CB1)] 2DMF (CB1MOF-3). CB1IMOF-3 was obtained by mixing
Zn(NO3)2 6H20 (11.06 mg, 0.037 mmol), CB1 (20 mg, 0.054 mmol) and HsTCPB
(20.8 mg, 0.037 mmol) in 2 mL of DMF/ethanol/H>O (2:1:1), and one drop of
concentrated HCI. This mixture was sonicated until all solids were uniformly dissolved,
followed by heating at 80 °C for 48 h. Pale yellow crystals of CB1 were filtered and
washed with DMF (14.9 mg, 67.4%). IR (ATR; selected bands; cm™): v 3434 (OH);
2927, 2859 (CH); 2604(BH); 1653 (C=0 from DMF); 1609 (C=0O from carboxylate).
Elemental analysis (%) calculated for CssHs4B10N4O12Zn2: C 54.51, H 4.57, N 4.71,;
Found: C 54.70, H 4.58, N 4.70.

[Co2(TCPB)(CB1)(H20)(H20)(DMF)]-2.7DMF (CB1IMOF-4). CBIMOF-4 was
obtained by mixing Co(NO3)2-6H20 (16.3 mg, 0.056 mmol), CB1 (10 mg, 0.027 mmol)
and H4TCPB (15.6 mg, 0.027 mmol) in 2 mL of DMF/ethanol/H,O (2:1:1). This
mixture was sonicated until all solids were uniformly dissolved, followed by heating at
80 °C for 48 h. Violet crystals of CBIMOF-4 were collected and washed with DMF
(29.73 mg, 79.8%). IR (ATR; selected bands; cm™): v 3374 (OH); 2925, 2872 (CH);
2616 (BH); 1647 (C=0 from DMF); 1608 (C=O from carboxylate). Elemental analysis
(%) calculated for CeoH72B10C02NsO16: C 53.02, H 5.34, N 6.18; Found: C 51.50, H
5.20, N 6.05.
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Chapter 4

4. An Unprecedented Stimuli Controlled Single-crystal Reversible Phase
Transition of a Metal-Organic Framework and its Application to a Novel Method

of Guest Encapsulation

4.1 Introduction

So called “stimuli-responsive” or “smart” materials have the ability to go through
conformational changes or phase transitions as a result of external chemical or physical
stimulil*61. Such responsiveness to specific stimuli or local environment is typical for
biomolecules in nature but it is particularly difficult to achieve artificially. Such
materials form the corner stone of developing intelligent technologies and are at the
forefront of strategies addressing a number of global challengest”.. Porous Coordination
Polymers (CPs) or Metal-Organic Frameworks (MOFs) are a class of porous crystalline
materials formed by the assembly of metal ions or metal clusters with different types
of bridging organic linkers or ligands® 4. Third-generation MOFs, also known as “soft
porous crystals” (SPCs) are defined as “porous solids that possess both a highly ordered
network and structural transformability. They are bistable or multistable crystalline
materials with long range structural ordering, a reversible transformability between
states, and permanent porosity, at least in one crystal phase”*?. These latter materials
undergo a structural change, known as a “breathing” phenomenon, whereby the
framework flexes in a reversible fashion in response to the changing nature and quantity
of the adsorbed guest. However, flexibility often comes with the penalty of reduced
stability, which limits their applications. Thus, the development of flexible yet stable
third-generation MOFs depends on a better fundamental understanding of the
conformational changes or phase transitions associated with such flexibility, opening
the way to the rational design of novel “smart” or stimuli-responsive materials*3-71,
Despite the exciting application opportunities of these SPCs, e.g. in selective gas
adsorption, chemical sensing or hazardous waste adsorption™®2% to date, there is no
reported fully rational method for designing a breathing MOF. Framework flexibility
is usually associated with flexible ligands, bond cleavage and regeneration, metal-metal

interactions, supramolecular host-guest interactions, or a combination of a number of
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thesel214-1721221 1| jgands in MOFs or CPs are usually built from aromatic fragments
with planar structures (e.g, phenyl, pyridyl, porphirinyl)l"224 Some degree of
flexibility can be easily introduced by using flexible ligands, e.g., by adding aliphatic
chains to the ligand structures or by substituting the planar systems by non-planar
onesl?®l, However, as mentioned above, flexibility often comes with the penalty of
reduced stability. Collapsing of the structures is generally the rule, and reversible
flexibility mostly a question of serendipity. In this investigation, we argue that with an
appropriate design, the substitution of planar by spherical systems could influence the
dynamic behavior of MOFs in the sense of avoiding or limiting the collapse of the
structure. Spherical shaped linkers in 3D MOFs could help in stabilizing flexible
structures. Different from classical rigid flat aromatic ligands-based MOFs, spherical
based linkers can access to extensive conformational space by a combination of low-
energy torsion of the substituents (e.g., aliphatic) and by the spherical core of the linker.
Thus, a spherical ligand shape could diminish or even prevent the structure collapse
simply by its globular nature or multiple supramolecular contacts, as opposed to the
conventional planar nature of the ligands commonly employed. The idea of spherically
shaped linkers avoiding collapse of the structure can also be understood like this: two
layers will roll over each other if separated by spheres; whereas they will collapse if
non-spherical columns are used (like in classical aromatic linkers). Suitable spherical
systems for ligand syntheses are represented by Ceo or dodecahedrane (C20H20). These
carbon-based molecules can be envisioned with various heteroatoms incorporated, but
their synthesis is a challenging task!?6-2%l. In comparison, icosahedral boranes and
carboranes ([BizH12]*, 1,n-C2B1oH12 (n = 2, 7 or 12)) are an interesting class of
commercially available and exceptionally stable 3D-aromatic!?®3 boron-rich clusters
that possess material-favorable properties such as thermal and chemical stability and
hydrophobicity:-31. Interestingly, such molecules can be easily functionalized by a
wide range of known chemical transformations**!. These icosahedral boron-based
molecules can be visualized as hollow spheres. This fact has previously been exploited

to provide carborane capped gold nanoparticles that exhibit redox-dependent solubility
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and phase transfer between water and nonpolar solventst®! and also carborane linked
quantum dots with unprecedented Kinetic Fluorescence Switching™l. The packing of
the spherical carborane moieties creates openings or channels that are crucial for such
unprecedented properties. Herein we report a SPC containing a flexible carborane
linker that reversibly responds to guest exchange through multi-step SCSC
transformations, in which the synthesis of a crystalline 2D material is attained from a

3D framework and vice versa.

4.2 Results and discussions

4.2.1 Reversible single-crystal to single-crystal transformation

In pursuit of synthesizing water resistant architectures in general, and dynamic MOFs
in particular, we have recently initiated the design of flexible carborane based
ligands®83%. In this endeavor, we have recently reported a water stable SPC that
behaves as a crystalline sponge for a variety of guests [Co3(BTB)2(CB1)2] Guest (1 o
Guest; BTB: 1,3,5-benzenetricarboxylate, CB1: 1,7-bis{(piridin-4-yl)methanol}-1,7-
dicarba-closo-dodecaborane; in figure 4-1 and left column figure 4-2 B9 (see also
chapter 3). The available open space of this SPCs is not just a container for guest
accommodation, but it demonstrates host-guest interactions between the framework and
the guest molecules. Hence, either a contraction (in methanol (MeOH) or chloroform
(CHCI_3)) or an expansion (in benzene, nitropropane, toluene or nitrobenzene) of the
unit cell parameters of CB1MOF-1 were observed upon solvent exchange when
compared with the as-prepared CBIMOF-1 o> DMF (dimethylformamide); this is in
agreement with a lower or higher number of intermolecular contacts, respectively.
Flexibility of CB1MOF-1> Guest is related to the flexible m-carborane
bispyridylalcohol ligand (CB1) and to the supramolecular host-guest interactions, as
demonstrated by the mechanical properties and crystalline sponge behavior of
CB1MOF-1 5 Guest!® (as introduced in chapter 3). In this chapter, we show that this
SPC/MOF (CB1MOF-1) shows an unprecedented reversible multi-step SCSC
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transformation from a 3D to a 2D framework through partial metal-linker bond
cleavage/formation, rather than through the conventional metal-linker bond
deformationt!. This reversible transformation is achieved by solvent-guest exchange
under ambient conditions in one direction (3D to 2D) and in DMF solutions at 100 €
in the other (2D to 3D). A combination of single-crystal (SCXRD), powder (PXRD) X-
ray diffraction and DFT calculations provided an unusually detailed structural insight
into the observed reversible dynamic behavior. Moreover, it is demonstrated that such
reversible transformation can be used for entrapping molecular guests that are too large
to diffuse into the initial 3D structure, disclosing a new approach for exploring

encapsulation in other flexible MOFs.

HO__O
l HO
O Ny S
o O O OH N A
OH o OH

H.,BTB CB

CB1MOE-15 Guest- . Dimethylformamide, methanol,chloroform,

nitropropane, benzene, toluene, or nitrobenzene.

Figure 4-1. Plot of the SCXRD crystal structure of CBIMOF-1 > Guest and ligands employed in
this work. (a), Perspective view along the b crystallographic axis of the crystal structure of
CB1MOF-1, showing the channels where various guests can be encapsulated. (b), H3;BTB is 1,3,5-
tris(4-carboxyphenyl)benzene. (c), 1,7-dicarba-c/oso-dodecaborane or meta-carborane fragment,
C2B1oH 1o is depicted as an orange icosahedra with two black dots, the latter representing the carbon
atoms.

The previously reported SPC [Co3(BTB)2(CB1):] xDMF (CB1MOF-1 > DMF or just
CB1MOF-1) can be seen as a 2D rigid system composed of flat layers that can be
opened and closed via flexible carborane linkers connecting the layers. CBIMOF-1
consists of trinuclear [Co3(COO)sN4] units (left of Figure 4-2b), each coordinated to
six different BTB ligands, thus creating six-pointed star motif Co/BTB rigid layers
extending in the bc plane (left of Figure 4-2c). These layers are pillared by CB1 ligands
resulting in a 3D framework that exhibits 1D channels along the b axis (Figure 4-1 and

Figure 4-2d)E°. The flexibility of the carborane ligands was evident by nanoindentation
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experiments, as the association of layers occurs through two carborane ligands that
adopt an almost L-shape (left of Figures 4-2a and 4-2d). Thus, CB1MOF-1 can be seen
as a model SPC with flexibility along one dimension, through the flexible ligand 3D

aromatic based carborane system.
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View of the trinuclear Co(Il) units (as blue-violet polyhedrons) with CB1 coordination. (b) View of
the trinuclear Co(1l) unit and coordination environment of the Co(ll) ions. (c) Six-pointed star motif
trinuclear Co(l1)/BTB layers. (d) A comparative view of the structures represented in three
dimensions along two perpendicular directions; for clarity carborane linkers are here colored green
or yellow and the OH groups are omitted. H atoms (except that for H,O) are omitted for clarity.
Color code: H yellow; B pink; C grey; O red; N blue, Co violet.
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Immersion of crystals of CB1IMOF-1 > DMF in methanol (MeOH) for 1-2 days under
ambient conditions showed a clear macroscopic transformation in the morphology of
the crystals, from large rhombohedral crystals to thin plates (Figure 4-3). Such a
macroscopic change in the habit was also observed after a similar treatment in CHCI3
or by processing the crystals under a continuous flow of supercritical CO2 (scCO>) at
45 € and 20 MPa. No such changes were observed by immersion of CBIMOF-1 o5
DMF crystals in benzene, nitropropane, toluene or nitrobenzene or even in water for 2
days. Crystals of [Co3(BTB)2(CB1)2(H20)] H20 (CB1MOF-1a),
[Co3(BTB)2(CB1)2(H20)2] XDMF  (CB1IMOF-1b) and [Cos3(BTB)2(CB1)2] 4H20
(CB1MOF-1"), were recovered at different times of the solvent exchange process and
their structures were solved by SCXRD. A full comparison of the structure of
CB1MOF-1 with those obtained for CBIMOF-1a, CBIMOF-1b and CB1MOF-1"is
shown in figure 4-2. Structural details are provided in the Annex 1 (Table 4-1). The
basic unit of CB1IMOF-1, CBIMOF-1a, CB1MOF-1b and CB1MOF-1"is a trinuclear
Co3(COO0)s cluster in which the central Co atoms adopt an octahedral geometry {Oe¢}-
coordinated to six neighboring BTB ligands (Figure 4-4). The terminal Co atoms of the
trinuclear Co3(COO)s clusters also adopt an octahedral geometry; however, they differ
in the nature of their terminal ligands and this has a pronounced effect on their 3D
structures as explained below. In CB1MOF-1 and CB1MOF-1"both terminal Co atoms
are {N20s}-octahedrally coordinated to two CB1 ligands and to four O atoms of three
BTB ligands (Figure 4-4 and Figure 4-5). In contrast, both terminal Co atoms in
CB1MOF-1b are {NOs}-octahedrally coordinated to one CB1 ligand, four O atoms of
three BTB ligands and one O atom from a coordinated H,O molecule (Figure 4-2a to
4-2b). Interestingly, an uncoordinated pyridine moiety from the CB1ligand is O-H--"N
hydrogen bonded to the coordinated H,O molecule in CBIMOF-1b (H"N, 1.83(3) A;
OHN, 172(4)< Figure 4-2a and Figure 4-6). The situation is more complex in the case
of CB1MOF-1a as the terminal Co atoms alternate throughout the structure, either
{N204}- or {NOs}-octahedral coordination (Figures 4-2a to 4-2b). As mentioned above,

the Co/BTB layers are pillared by CB1 ligands resulting in a 3D framework that
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exhibits 1D channels along the b axis in CBIMOF-1 (Figure 4-1 and Figure 4-2d)E,
That is, each pyridine moiety of one CB1 ligand is coordinated to a terminal Co atom
of contiguous Co/BTB layers. In CB1IMOF-1a and CB1MOF-1b, some or all of the
CB1 ligands are not acting as pillars (Figure 4-2a) since one of the two pyridyl moieties
per CB1 linker is no longer directly bonded to a Co atom. The Co-N bond cleavage
generates unsaturated vacant sites at the metals that has been occupied by an H>O
molecule, as exhibited in the crystal structures CB1MOF-1a and CB1MOF-1b (Figure
4-2). The consequence of such partial (CB1MOF-1a) or total (CB1MOF-1b) Co-N
bond cleavage of one of the pyridyl moieties per CB1 linker is the transformation of a
3D structure (CB1MOF-1a) into a 2D structure (CB1MOF-1b) with an associated loss
of porosity (Figure 4-2d). Such a 2D structure is also observed in CB1MOF-17
however the uncoordinated pyridine moieties in CB1MOF-1b are now again
coordinated to Co atoms (e.g. displacing the Co-coordinated H,O molecules in
CB1MOF-1b), but now to a contiguous trinuclear Co3(COO)s cluster in the same layer
(Figures 4-2a and 4-2d). Figures 4-4 and 4-5 show a schematic representation of the
transformation. The SCXRD data confirms that a 3D (CB1MOF-1, CB1MOF-1a) to
2D (CB1MOF-1b and CB1MOF-1") transformation is feasible by solvent exchange in
MeOH, CHCIs and by desolvation aided by scCO. (Crystallography and structural
details in supporting information S4.1 and table S4-1).

(a) (b)

Figure 4-3. SEM (Top) and low-resolution images (Bottom) showing crystals morphology of: (a)

as made CB1MOF-1, (b) CB1MOF-1 after 5 days in methanol, and (¢) CBIMOF-1"
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Figure 4-4. Schematic illustration of the multi-step SCSC transformations from CB1MOF-1 to
CB1MOF-1". Proposed mechanism for the 3D to 2D transformation based on the SCXRD analysis.
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Figure 4-5. Schematic illustration of the multi-step SCSC transformations from CB1MOF-1 to
CB1MOF-1" View of the trinuclear Co(ll) units (as blue-violet polyhedrons) with CB1 linker
coordination; narrow blue arrows represent the movement of pyridine moieties during the process.
Note the interlayer linker coordination in CB1MOF-1 and intralayer hydrogen bonded or
coordination in CB1IMOF-1b or CB1MOF-17, respectively.

Layer 2
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Figure 4-6. Representation of the O—H--*N hydrogen bonded to the coordinated H,O molecule in
CB1MOF-1b.

The observed arrangement of the CB1 ligand during the transformation is certainly
unusual: one of the pyridine moieties of each ligand uncoordinated from a Co center
and coordinates to another Co in the same layer in a sort of inter-layer to intra-layer
arrangement or folding of the CB1 linkers (Figure 4-4). Such folding of the carborane
linkers causes the “disconnection” of the Co/BTB layer and therefore the 3D to 2D
transformation (Figures 4-4 and 4-5). Structural conversion of compound CB1MOF-1
occurs when DMF guest molecules are exchanged with poor hydrogen bonding
acceptors such as MeOH, CHCIs or scCO> (vide infra). With the solvent-synthesis
molecules gradually escaping, the unit cell parameters dramatically change while the
space group symmetry is retained. Phase CB1MOF-1"was indexed with a cell similar
to that of phase CBLMOF-1, except for a radically contracted c axis (reduction of 38 %).
In the absence of weak or specific host-guest interactions, the network contracts to fill
the void space created by the displacement of DMF. The deformation of the network
then provokes a displacement of the pyridyl ligands bound to the Co/BTB layers
through a multi-step SCSC transformation to yield CB1MOF-1" (Figure 4-4). The
process can be observed macroscopically as a change in the morphology and size of the
crystals (Figure 4-3). CB1MOF-1a to CB1MOF-1b are presumably not the only
transition points between CB1MOF-1 and CB1MOF-17, but simply the ones that were
characterized in this work, although other successive intermediates should be formed
in a continuous structural transformation. Note that the single crystals used to elucidate

CB1MOF-1a and CB1MOF-1"were obtained from the same sample, thus showing that
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the bulk crystals of CBIMOF-1 were not all transformed into CB1MOF-1"under the
exchange conditions used. The isolation and characterization of these structural
intermediates was crucial in proposing the mechanism for the dynamic transformation,

since they provide convenient snapshots during the dynamic transformation.

Motivated by the above SCXRD results, we followed the transformation of CB1MOF-
1 o> DMF crystals exposed to MeOH by powder X-ray diffraction (PXRD). Here, we
have focused on the low angle peaks, from 26 5 to 12° as our similarity markers, since
powder diffraction patterns of low symmetry flexible structures can become quite
dissimilar at higher 20 angles as a result of only very minor structural changes. In
addition, the transformation of 3D crystals into 2D crystals involves crack or crumble
as a result of the long-range strain introduced when the internal periodicity is disrupted
(Figure 4-3). The transformation thus involves concomitant degradation of crystal
singularity and the forming multiple domains, which results in diffraction peak
broadening. Another possible source of peak broadening is the reduction of order along
the c direction —perpendicular to the Co/BTB layers— in the 2D phases CB1IMOF-1b
and CB1MOF-1191. Considering this, the SCSC transformation from CB1MOF-1 to
CB1MOF-1" could also be identified by PXRD (Figure 4-7). Recorded profiles
obtained by treating CB1MOF-1 in MeOH at different immersion times were compared
with the calculated PXRDs patterns from single crystal data of structure CBIMOF-1.
The analysis of data reveals that CBIMOF-1 gradually transforms into CB1MOF-1~
and other intermediate phases when exposed to MeOH for 2-5 days (Figure 4-7b to 4-
7d). Crystals were then further treated at 40 € under vacuum for 20 h (Figure 4-7e);
however, complete transformation to phase CB1MOF-1" was only achieved after
heating at 80 <€ (Figure 4-7f). The heating step is fully consistent with the above
SCXRD results (Figure 4-3), as uncoordination of water (or any other solvent) from the
cobalt centers in intermediate stages, such as e.g. CB1MOF-1b, is required in order to
obtain CB1MOF-1". Hydration/dehydration of the Co(ll) centers with
displacement/coordination, respectively, of a 4,4’-bipyridine has been previously

observed. In addition to the PXRD data, unit cell determination by SCXRD of up to
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sixteen crystals of the transformed phase provides further support for the conversion of
CB1MOF-1to CB1MOF-1"(Table S4-2). Furthermore, optimization of the framework
transformation from CB1MOF-1 to CB1MOF-1"is achieved by solvent exchange of
CB1MOF-1 o DMF with MeOH or CHCI3z under ambient conditions for 5 days
followed by heating at 80 <€ under vacuum for 20 h; or by straight treatment in a flow
of scCO> at 20 MPa and 45 <€ (Figure 4-8 and Table 4-2). FT-IR, thermogravimetric
analysis (TGA), elemental analysis and nitrogen sorption measurements (Figures 4-9
and 4-10) of CB1MOF-1"confirms the non-porous nature of this phase, only containing

residual water (<5%).
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Figure 4-7. PXRD of CB1IMOF-1 > DMF (26 5 to 30° and 5 to 12°) on methanol exchange
experiments and further vacuum treatment. (a) Calculated PXRD of CBIMOF-1 from single crystal
data. (b) as synthesized CBIMOF-1 > DMF. (c) 2 days immersion in MeOH under ambient
conditions. (d) 5 days immersion in MeOH under ambient conditions. (¢) heating at 40 °C under
vacuum for 20 h. (f), heating at 80 °C under vacuum for 20 h. (g) Calculated PXRD of CB1MOF-

17 from single crystal data.
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Figure 4-8. PXRD spectra of CBIMOF-1" obtained from: (a) MeOH. (b) CHCls. (c) scCO.. (d)
calculated.

Table 4-2. Elemental analysis of as made CB1MOF-17, after vacuum for 12-48 h.

%C %N %H

CB1MOF-1"as made from MeOH (exp. wt%) 51.49 2.45 431
Calcd. wt% [Co3(BTB)2(CB1)z] 7H20 52.09 2.96 4.69
CB1MOF-1"as made from CHCI3 (exp. wt%) 53.35 3.36 4.47
Calcd. wt% [Co3(BTB)2(CB1)z] 6H20 52.60 2.99 4.63
CB1MOF-1"as made from scCO2 (exp. wt%) 53.63 3.05 4.50
Calcd. wt% [Cos(BTB)2(CB1)2] 4H20 53.70 3.46 4.36
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Figure 4-9. IR-ATR spectra of (a) CBIMOF-1o> DMF, (b) CB1MOF-1 after 5 days immersion in
MeOH under ambient conditions, and (c) CBIMOF-1~
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Figure 4-10. TGA diagram of as made CB1MOF-1 > DMF (black), after immersion in MeOH for
5 days (red), and CB1MOF-1"(blue).

Density Functional Theory (DFT) calculations were performed to analyze the energy
contributions involved in the MOF transformation described in Figure 4-4. The
structures of the systems CB1MOF-1 > DMF, CB1IMOF-1""(CB1MOF-1 with empty
channels), CB1IMOF-1b and CB1MOF-1" were thus optimized using the FHI-aims

code (PBE exchange correlation functional including dispersion energies, see
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supporting information S4.2 for details). Compound CB1MOF-1a was not considered
due to its large unit cell. Energy comparison between CB1MOF-1 > DMF and
CB1MOF-1"" clearly shows the large tendency to fill the channels of the latter with
DMF molecules. The inclusion of DMF molecules in the CB1IMOF-1"" channels is
strongly favored due to an interaction of 23.3 kcal/mol per solvent molecule while the
reorganization energy of the host structure is only 10.0 kcal/mol. The latter is the result
of the presence of a large number of host-guest interactions (O-H:--O, C-H:**O and C—
H ). As previously reported, inclusion of DMF over MeOH is favored. The
interaction of MeOH molecules with CB1IMOF-1""is weaker than that for the DMF
molecules, with an interaction energy of 9.1 kcal/mol per MeOH molecule and with a
host reorganization energy of only 4.3 kcal/mol. These results confirm the selectivity
of the host structure towards DMF solvent. More importantly, an energy comparison
between CB1IMOF-1" (3D) and CB1MOF-1" (2D) reveals that the latter is 25.7
kcal/mol more stable than CB1IMOF-1"" It is worth noting that without dispersion
contributions, CBIMOF-1""is 34.6 kcal/mol more stable than CB1IMOF-1", showing
the key role that inclusion of this term has in stabilizing CB1MOF-1"due to its compact
structure. Finally, the optimized structure for the intermediate CB1MOF-1b, containing
four water and two DMF solvent molecules, shows relatively high stability. It is around
110.1 kcal/mol more stable than the CB1MOF-1""structure and a system containing
six isolated solvent molecules (with the same structure as CB1MOF-1b). Due to the
presence of the host-solvent interaction in CB1MOF-1b, such a system is also more
stable than CB1MOF-1"(84.3 kcal/mol, taking into account the energy of CB1MOF-
17 plus the energy of the 4 water and 2 DMF solvent molecules set). In this case, the
equilibrium is shifted towards the free solvent structure of CB1MOF-1"" because the
reaction is performed under vacuum and high temperature to facilitate the elimination

of the solvent molecules as explained above.

The observed transformation involves the partial uncoordination of the CB1 ligands
and their re-coordination (folding linker) with simultaneous shifting of the Co/BTB

layers in a very slow and concerted way, that maintains a significant degree of
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crystallinity for all intermediate phases involved in the transformation. Even if the
crystallinity is not perfect, that just means that some long range order in the framework
is lost, but without the collapse of the network*?l. Such a slow process could be due to
the presence of the carborane moieties. The 3D globular shape of the carborane moieties
could conceivably minimize the collapse of the structure when DMF is removed from
the channels of CB1MOF-1 > DMF. For example, in the event of a porous pillared 3D
structure collapse, the globular shaped pillars will help to maintain porosity as
compared with the case of flat pillars. Another point to consider in the present
transformation is the possible effect of water, as molecules of this solvent were
positively identified in the solved structures of CB1MOF-1la, CB1MOF-1b and
CB1MOF-1". However, the water present in the structure, from the synthesis or
adsorbed from atmosphere during manipulation, does not seem to initiate the
transformation, since the rate of the 3D to 2D transformation was not affected by the
addition of water (up to 20 v%) to the MeOH suspension. Combined TGA, IR and
elemental analysis confirms the presence of <3% water in the as made CB1MOF-1.
More importantly, CBIMOF-1 remains stable in water for weeks. The latter certainly
indicates that water is not promoting the phase transformation. Thus, we believe that
the displacement of DMF by poorer hydrogen bonding acceptor molecules (e.g., MeOH,
CHCl3 or scCO) is the driving force for the transformation and this conclusion is
clearly supported by the DFT calculations. A detailed explanation of the procedure

followed for the energy calculations can be found in the Supporting Information S4.2.
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Figure 4-11. PXRD patterns of as-synthesized CB1MOF-1 > DMF (black), and CB1MOF-1-made
from CB1MOF-1"(red).

Formally, CBIMOF-1 and CB1MOF-1" are polymeric compounds with the same

molecular formula. However, the CBL1 linkers are folded into the Co/BTB layers in

CB1MOF-17, but are unfolded in CB1MOF-1 (Figure 4-4). The higher calculated
stability of CBIMOF-1 o> DMF as compared to CB1MOF-1"prompted us to consider
whether the transformation could be reversible, that is, whether the folded CB1 linkers
in CBLMOF-1" can be unfolded to provide CB1MOF-1. Remarkably, this
transformation of CBIMOF-1 into CB1MOF-1"is indeed reversible (Top of Figure 4-
12). Crystals from CB1MOF-1"were converted into CB1IMOF-1 by heating at 100 €
in DMF for 48h and the transformation was confirmed by a combination of SCXRD
and PXRD analysis. PXRD shows that the transformation of phase CB1MOF-1"into
CB1MOF-1 took place under the above conditions, as indicated by the diffraction peak
at 20 6.4 An the diffractogram, which only occurs for phase CB1MOF-1 (Figure 4-11).
Further confirmation for the reversibility of this process was obtained from SCXRD
performed on ten crystals of the bulk material recovered after the transformation
(Supplementary Table S4-3). Such a flexible behavior, in which metal-linker bonds
undergo cleavage in a reversible manner and without loss of the linkers, has not been
previously described. There are only a few examples of metal-dipyridine bond cleavage,
but with complete loss of the linkers, and therefore providing non reversible

transformations“®#4. In the present case, flexibility of the CB1 ligand facilitates its
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partial decoordination (folding/unfolding) during the process and therefore reversibility
is simply achieved by heating in DMF. This solvent is crucial for the reversibility
process as no transformation was observed when using other poorly coordinating

solvents such as acetonitrile or dichlorobenzene.

i) MeOH, CHCl; or scCO,
ii) 802C under vacuum

N

&
<

DMF (100 °C)

CB1MOF-1> DMF

&

DMF/dichlorobenzene
(100 °C)

DMF/dichlorobenzene
(100 °C)

CB1MOF-1 - C60
b)
i) iii)

Figure 4-12 (a) Optimized conditions for the bulk reversible CB1MOF-1 to CB1MOF-1~
transformation and Ceo encapsulation. CBIMOF-1 > DMF and CB1MOF-1"are drawn from their
crystal structures. CB1MOF-1 o Ceo is drawn from the DFT optimization. (b) White light (top) and
fluorescence images (bottom) for CB1MOF-1 and CB1MOF-1 o Cg composites. i, white light
transmission of CB1MOF-1. ii, fluorescence image of CB1MOF-1. iii, white light reflexion of
CB1MOF-1 o Ceo. iv, fluorescence image of CBIMOF-1 o Ceo.
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4.2.2 Encapsulation of fullerene

The reversibility of the CBIMOF-1 to CB1IMOF-1"transformation opens a new way
to encapsulate different guests. As previously mentioned, CBIMOF-1 behaves as a
crystalline sponge for a variety of guests, mainly small organic compounds that stablish
a large number of intermolecular interactions with the channel wallsl®l, Large channel
dimensions of CBIMOF-1 (~11 x 13 A in CBIMOF-1 > DMF) are, in principle,
suitable to accommodate bulky molecular compounds, such as e.g., [60]Fullerene
(Ce0)*2. This is supported by DFT calculations (CB1IMOF-1 > Ceo in Figure 4-9a and
calculation details in S4.2 of annex 1), which indicate that Ceo inclusion energy on
CB1MOF-1"is 60.0 kcal/mol. This value can be split in two contributions, the host-
guest interaction energy (86.2 kcal/mol), and a much smaller reorganization energy of
the host contribution (22.2 kcal/mol). Conventional immersion experiments performed
in concentrated Ceo toluene solutions at 100 <€ for one week or even direct synthesis of
CB1MOF-1 in the presence of Ceo proved ineffectual. Contrarily, Ceo Was trapped in
CB1MOF-1 when the phase transformation CB1MOF-1~ > CB1MOF-1 was
performed in the presence of this fullerene (in a DMF/dichlorobenzene mixture, v/iv =
3/1). PXRD characterization of the CBIMOF-1 > Ceso composite confirmed that the
structure of phase CB1MOF-1 was essentially recovered upon Ceo incorporation, since
the signal at 6.4 <is clearly visible in the diffractogram (Figure 4-11). Proof for the
formation of the CB1MOF-1 o Ceso composite was obtained by the combination of
confocal fluorescence images, TGA and FT-Raman analysis (Figures 4-12 to 4-15). A
bright green fluorescence was observed in CB1MOF-1 o Ceo crystals, from top surface
downward to the median cross-section in every 1.5 pm depth (Figure 4-12b and Figure
4-13), evidencing that Ceo was homogeneously distributed throughout the MOF
matrixl. In contrast, no fluorescence was observed in CBIMOF-1 > DMF or after
incubating CB1MOF-1 in Ceo DMF/dichlorobenzene solutions at 100 <€ in DMF for
48h. A small broad band centered at 1461 cm™ in the FT-Raman spectrum of CB1MOF-

1 o Cgo composites, corresponding to the Ag(2) mode of CB1MOF-1-trapped Ceo, add
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further evidence for its incorporation within CB1MOF-1 (Figure 4-15). The Ceo content
in CB1MOF-1 o Cso composite was estimated by TGA as about 2 wt.% (Figure 4-14).

€)

Figure 4-13. Fluorescent confocal images of cross-sections of CB1MOF-1 o Cg obtained by
scanning the crystals from top surface downward to the median cross-section by 1.5 pm of depth

(a-f).
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Figure 4-14 TGA diagram of as made CB1MOF-1 > DMF (black), and CB1MOF-1 o Cg (red).
Pure Cgo is stable up to 550 <€ under nitrogen. However, CB1MOF-1 o DMF (black), and
CB1MOF-1 o Ceg loose DMF between 120-150 <€, followed by decomposition at 383 €.
Therefore, we assume that the difference in % of weight loss of the residues at 5509 should
correspond to the amount of Cgo (~2 Wt.%).
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Figure 4-15 FT-Raman spectra of the pristine Cg (black), CB1IMOF-1 > DMF (red) and
CB1MOF-1 o Ceo (blue). The insert is the Raman spectrum bands in the >1400 cm! region for
CB1MOF-1 o Cg fitted by Gaussian.

4.3 Conclusions

In conclusion, a flexible carborane based dipyridine ligand (CB1) was employed as the
linker in CB1LMOF-1 to explore the framework flexibility and possible influence of the
icosahedral core of the ligand on the stability of CBIMOF-1. We report that the 3D
MOF [Co3(BTB)2(CB1).] xXDMF (CB1MOF-1 o> DMF) shows a flexible and
reversible dynamic behavior distinct from that previously reported for other porous

materials. A solid phase transition can be induced in CB1MOF-1 to generate a new non
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porous 2D structure [Co3(BTB)2(CB1)2] xsolv (CB1IMOF-17) without loss of the
carborane linkers, that are now coordinated to Co atoms in the same layer (linker
folding). The structural transformation was visualized by snapshots of the multi-step
SCSC transformations by single and powder XRD. Poor hydrogen bond acceptors such
as MeOH, CHCIs or scCO> induce such 3D to 2D transformation by exchange of the
DMF in the channels of CB1IMOF-1. In the absence of stabilizing DMF, the structure
of CB1IMOF-1 is not stable and suffers a solid phase transition leading to CB1MOF-1~
as the most stable product. Gas phase calculation provides full support for the observed
transformations. Remarkably, the transformation is reversible and CB1MOF-1"can be
further converted back into CB1MOF-1 by just heating in DMF. Intra-layer Co-N bond
cleavage (linker unfolding) and inter-layer Co-N formation occur under such conditions,
with the recovery of the initial porous 3D structure. As a proof of concept for potential
applications, encapsulation of Ceo has been achieved by trapping during the 2D to 3D
phase transition, whereas no adsorption was observed by diffusion on the pores of the
3D phase CB1MOF-1. The observed process constitutes a new way to encapsulate large

molecules that cannot easily diffuse into the porous material.

Given the versatile composition of MOFs, and the fact that they can be fabricated by
design, we believe our work here will facilitate development of flexible MOFs with
reversible breathing or phase transitions triggered by stimuli such as guest exchange or
temperature. Other spherical and flexible ligands can be envisaged as key players to
increase the stability of further flexible porous materials. Such materials would
ultimately provide very exciting pathways for obtaining smart porous materials with
application opportunities in, e.g. selective gas adsorption, chemical sensing or

hazardous waste adsorption.
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4.4 Experimental section

4.4.1 Characterization and methods

Attenuated total reflection Fourier transformed infra-red (ATR-FTIR) spectra were
recorded using a PerkinElmer Spectrum One spectrometer equipped with a Universal
ATR sampling accessory. Spectra were collected with 2 cm™ spectral resolution in the
4000-650 cm™ range. Elemental analyses were obtained by using a Thermo (Carlo Erba)
Flash 2000 Elemental Analyser, configured for wt.%CHN. Thermogravimetric
Analysis (TGA) was performed in N2, on an nSTA 449 F1 Jupiter-Simultaneous TGA-
DSC or SDT Q600 V8.3 Build 101 instruments (heating rate: 10 °C/min; temperature
range: 25 °C to 600 °C). The textural properties were determined by N2 adsorption at
-196 <C applying the BET method, using an ASAP 2000 Micromeritics Inc. Samples
were first degassed at 60 <C for 20 h. Powder X-ray Diffraction (PXRD) was recorded
at room temperature on PANalytical X’Pert PRO MPD0/6 powder diffractometer with
a goniometer radius of 240 mm and equipped with automatic divergence slits. Bragg-
Brentano geometry was used with Cu Ko radiation (A = 1.5418 A). Morphological
features were examined first by optical microscopy and next by scanning electron
microscopy (SEM) with a QUANTA FEI 200 FEGESEM microscope. Fluorescent
confocal images were taken by Confocal TCS SP5 (Leica) Microscope. The specimens
(crystals dispersed on slides) were imaged under the same instrumental conditions.
Raman spectra were determined on micro-Raman equipped a dispersive spectrometer
Jobin-Yvon LabRam HR 800 and coupled to an optical microscope Olympus BXFM.
The CCD detector was cooled at -70°C. The compounds were transformed in a high

vacuum furnace (10 Pa).

Materials. All chemicals were of reagent-grade quality. They were purchased from
commercial sources and used as received. CBIMOF-1 > DMF was prepared as

previously reported.[*!
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4.4.2 Synthesis of CBIMOF-1', CBIMOF-1 from CBIMOF-1" and CBIMOF-1>5

Ceo composites

Bulk synthesis of CBIMOF-1". As-synthesized crystals of CB1MOF-1 (200 mg) were
immersed in methanol or chloroform (4 mL) for 5 days with the solvent being
exchanged once a day. Large crystals of CB1IMOF-1 gradually broke into smaller
crystals during this time. The resultant small crystals were dried on filter paper and then
heated to 80 € for 24 h under high vacuum to form CB1MOF-1" Crystals for
CB1MOF-1 can be alternatively obtained from as-synthesized CB1MOF-1 by scCO;

treatment in a continuous mode in a high-pressure equipment (bellow).

Bulk synthesis of CBLMOF-1"by the scCO2 procedure. Sample transformation from
CB1MOF-1 to phase CB1MOF-1"was carried out in scCO- in a continuous mode in a
high pressure equipment described elsewhere.?! In this approach, 200 mg of sample
CB1MOF-1 was filtered off from DMF, the collected solid was enclosed in a 0.45 pm
pore filter paper cartridge, and introduced in a 100 mL autoclave. The reactor was
heated at 45 <€ and pressurized to 20 MPa using a pump (Isco Teledyne). The system
was kept running at a constant delivery flow of 1 mL/min during 8 h. Finally, the scCO>
flow was stopped, the pressure was slowly released and the reactor cooled down to

room temperature.

Bulk synthesis of CBIMOF-1 from CB1MOF-1", Crystals for CB1IMOF-1"(20 mg)
were suspended in DMF (2 mL) in a capped glass vial and heated in an oven at 100 €
for 48 h. No dissolution of the crystals was observed during this time. Crystals for

CB1MOF-1 were then filtered, washed with DMF and stored in the same solvent.

Synthesis of CBLMOF-1 o Cso composites. Crystals for CBIMOF-1"(20 mg) were
added into a glass vial containing a 6.75 mM of Cgo solution in a mix solvent of DMF
and dichlorobenzene (v/v = 3/1). The resulting mixture was heated at 100<€ for 48h.
After thorough rinsing with dichlorobenzene and DMF, crystals for CB1IMOF-1 5 Ceo

composite were obtained.
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Chapter 5

5. Carborane bis-pyridylphenylalcohols as linkers for Coordination Polymers:

Synthesis, Crystal Structures and Phase Transitions

5.1 Introduction

Porous Coordination Polymers (CPs) or Metal-Organic Frameworks (MOFs) are a class
of porous crystalline materials formed by the assembly of metal ions or metal clusters
with different types of bridging organic linkers* . The hybrid nature of CPs and MOFs
is translated in a synergic effect between the metal containing sub-unit and the bridging
ligands, where the characteristic properties of the building blocks are transferred to the
final extended structure. The extraordinary variability for both, the organic and the
inorganic components, provides endless possibilities and make CPs/MOFs to be
strongly interesting for many potential applications™. Given their modular structure,
their architectures and porosity can in principle be modulated by modifying the
chemistry, shape and length of the ligands!®. Particularly interesting is the design of
flexible yet stable MOFs opening the way to the rational design of novel “smart”
materials. This field of study has been continuously expanding and the progress has
been extensively reviewed*%-1° Despite the exciting application opportunities of these
SPCs, e.g. in selective gas adsorption, chemical sensing or hazardous waste
adsorption!>1:161 to date, there is no reported fully rationale way to design a breathing
MOF. As already described in the introduction in Chapter 4, the rationalization of
available data allows for the design of ways to induce softness and, possibly, reversible
structural transformation phenomena, in these porous networks!*¢-217181 Framework
flexibility is usually associated with flexible ligands, bond cleavage and regeneration,
metal-metal interaction, supramolecular host-guest interaction, or a combination of a
number of these. However, flexibility often comes with the penalty of reduced stability,
which limits their application as stimuli-responsive or smart materials. Ligands in CPs
chemistry are commonly built from planar aromatic moieties which are responsible of
the rigidity of the frameworks. Some degree of flexibility can be introduced by using
flexible ligands(*®: however, flexibility often comes with the penalty of reduced
stability. Collapsing of the structures is generally the rule, and reversible flexibility
mostly a question of serendipity. We have previously proposed the substitution of
planar systems by spherical moieties as a way to stabilize the flexible structure
diminishing or avoiding the structure collapse thanks to the globular nature or multiple

supramolecular contacts (Chapter 4)12°). Among the suitable spherical systems for

97



Introduction

ligand syntheses, we have been working for many years with icosahedral carboranes (1,
n-C2B1oH12 (n = 2 (ortho-carborane), 7 (meta-carborane) or 12 (para-carborane); see
also Scheme 5-1)). The latter are an interesting class of commercially available and
exceptionally stable 3D-aromatic!??2l boron-rich clusters that possess material-
favorable properties such as thermal and chemical stability and hydrophobicity?®-25],
As described in the previous chapters of this Thesis, carboranes are remarkably robust
boron clusters with two carbon atoms and possess 26 electrons for 12 vertices. The
delocalized electron density is not uniform through the cage, giving rise to
extraordinary differences in the electronic effects of the cluster!®l, This unusual
electronic structure is often highlighted by regarding carboranes as inorganic three-
dimensional “aromatic” analogs of arenes??l. Such properties make icosahedral

carborane clusters valuable ligands for CPs or MOFs.

Scheme 5-1. Graphical representation of the carborane isomers (closo-C2BioH12) and their

derivatives used as linkers to form CPs.

H

0-C5B1gH42 m-C,BoH1 >
ortho-carborane meta-carborane
or o-carborane or m-carborane

(1)

N
3-Pyridine (L1)
4-Pyridine (CB1)

. /
e

X = H (CB2)

- 7/
Previous work | (-CB2)

® = carbon; rest of vertices = BH

These icosahedral boron-based molecules can be visualized as hollow spheres that are
capable of multiple supramolecular contacts that are of a different nature to those found

in conventional planar carbon based ligands. These include B-H--A (A = H?"-2° (0]
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n31:32]) interactions or B—H:--Metal®*3-% interactions. Very recently a first example of
a B-H--Cu(Il) supramolecular MOF has been reported®]. We have previously
synthesized a family of disubstituted m-carboranylpyridylalcohols (0CB-L1 and mCB-
L1 and CB1 in Scheme 5-1) that proved useful N-donor ditopic ligands in CPs and
MOFs[2942-48] Those ligands are able to display various ligating topologies depending
on the relative orientation of the pyridyl rings with respect to the carboranyldiol spacer
and the flexibility of the spacer. Consequently, the resulting CP architectures are
dependent on the ligand conformation and the relative position of nitrogen in the
aromatic ring. The ligand flexibility was found to be higher in the case of the m-
carborane derivatives as the substituted carbons are farther away than in the o-carborane
ones (Figure 5-1)[*4l. We hypothesized that introducing a longer pyridylalcohols arms
into the carborane moiety would increase the ligand flexibility and possibly provide a
new family of isoreticular MOFs to those previously reported and described in Chapters
3and 4. Herein, we report the synthesis of two novel carboranylalcohol 9-X-1,2-bis{(4-
pyridin-3-yl)phenylmethanol}-1,7-dicarba-closo-dodecaboranes (X = H, CB2; X =1,
I-CB2) ligands, and their reaction with different di- or tritopic carboxylic acids and
Co(NO3)2 to form five new extended CPs (Scheme 5-2). We present the syntheses,

crystal structures and full characterization of the new CPs.

k’ .
£ »
\‘,_‘\) o
. M E 2 b'ﬂ\’_
e o=
. X:‘\ \,\\)”\
oCB(1,2-bis{(pyridin-3-
ylmethanol}-1,2-
dicarba-closo-
dodecarborane )2

d(N-N) =855 A
o (pyridine rings) = 18°

Figure 5-1. Molecular conformation of free 0CB(L)2.[*4
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Scheme 5-2. Representation of the carboxylic ligands employed in this work and of the synthesis
of CPs CB2MOF-1 to CB2MOF-4 and 1-CB2MOF-1.

HooC - ] COOH COOH j[j
O COOH O N
N\

o Q04

COoH COOH

COOH

COOH COOH

H,BTB H,CHDA H,BPDC H.ADB

[Co3(BTB)2(CB2),]-xDMF (CB2MOF-1)

[Coa(CHDA),(CB2)] (CB2MOF-2)

CB2+ Co(NOs),

[Coa(BPDC)(CB2),(NC3);] DMF (CB2MOF-3)

[Co,(ADB)(CB2);(NO3),]-DMF (CB2ZMOF-4)

H.BTB

I-CB2+ Co(NO,); [Cos(BTB)(I-CB2);]-xDMF (I-CB2MOF-1)

5.2 Results and discussion

5.2.1 Synthesis and Characterization

Following our previous reportsi*346471 we have prepared two new bis-pyridylmethyl
alcohols derived from the m-carborane cluster, CB2 and 1-CB2 (Scheme 5-1). The new
ligands were obtained by the one-pot reaction of dilithiated m-carborane with the
corresponding aromatic aldehydes at low temperature and isolated in reasonable yields.
Both ligands were fully characterized by standard spectroscopic and analytical
techniques and are in agreement with previous shorter bis-pyridylmethyl alcohol
derivatives of m-carboranel*®#¢l. Figure 5-2 shows a comparison of the **H and 'B
NMR spectra for CB2 and 1-CB2. The peaks assignment for the chemical shifts in these
compounds has been done by comparison with the related CB1 compound in Chapter
3. 1B NMR spectra for these compounds are consistent with a closo-icosahedral
geometry for the boron cage and show a very broad signal due to the fluxional behavior
of these compounds in solution. !B NMR spectrum of 1-CB2 shows an additional and

relatively sharp resonance at — 25 ppm that correspond to the B-1 vertex. IR-ATR
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spectra of these two compounds (Figure S5-1), show the characteristic peak

corresponding to stretching bond of B-H at ca. 2600 cm™.

IH NMR ’ 11B NMR
¥ l' ’ .

Rl |
- \ | < . ./'

o |= / ‘
v Hl ‘ i 2 M’/ “
l‘ | i | &
 fipm) ’ " g

Figure 5-2 'THNMR (left) and 1*BNMR (right) of CB2 (black) and I-CB2 (red) in DMSO-D6.

Solvothermal reactions (DMF/EtOH mixtures at 100 <C) of CB2 with 1,3,5-
benzenetribenzoic acid (HsBTB), 1,4-cyclohexanedicarboxylic acid (H.CHDA),
biphenyl-4,4'-dicarboxylic acid (H.BPDC) or 4,4'-azobenezenedicarboxylicacid
(H2ADB) in the presence of Co(NOs). provided crystalline CB2MOF-1 to CB2MOF-
4 in good yields and as pure phases (Scheme 5-2). I1-CB2 reacted with H3BTB and
Co(NO3)2 to form I-CB2MOF-1. IR spectra showed the characteristic broad B-H
stretching bands from the carborane (in the range 2617~2531 cm™), and the C=0
vibration of the carboxylate groups (Figure S5-2). Crystal structures of CB2MOF-1 to
CB2MOF-4 were determined by SCXRD (vide infra), and their simulated powder X-
ray diffraction (PXRD) patterns compared with their experimental ones, confirming
their phase purity (Figures S5-3 to S5-6). SEM images of these CPs also showed the
formation of homogeneous crystalline samples (Figure 5-3). TGA data for obtained
CPs (Figures S5-7 to S5-11) showed a first weight loss (2-26%) in the range of 95-300
€, which corresponds to the release of solvent molecules (see SI 5 for details), followed
by their decomposition starting at 400 € for CB2MOF-1 and I-CB2MOF-1 or 300 €
for CB2MOF-2 to CB2MOF-4. Compounds CB2MOF-2 to CB2MOF-4 are water
stable, even in basic conditions as proved by PXRD after immersing the crystals into

neutral or basic (pH 13) water solutions (Figure S5-12 to Figure S5-14).
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Figure 5-3. SEM images of (a) CB2MOF-1, (b) I-CB2MOF-1, (c) CB2MOF-2, (d) CB2MOF-3
and (e) CB2MOF-4.

5.2.2 Crystal Structures of CB2ZMOF-1 to CB2MOF-4 and I-CB2MOF-1

Suitable crystals for SCXRD were obtained for CB2MOF-1 to CB2MOF-4. All
compounds crystallized in the monoclinic crystal system (Table 5-2). CB2MOF-1
crystallized in the P2:/n space group. I-CB2MOF-1 was identified by comparing the as-
synthesized PXRD patterns resulting in lattice constants similar to that for CB2MOF-
1. CB2MOF-2 crystallized in the monoclinic space group C2/c, whereas CB2MOF-3

and CB2MOF-4 crystallized in the monoclinic P21/c space group.

[Cos(BTB)2(CB2)(DMF);] 45DMF (CB2MOF-1) and [Cos(BTB)x(l-
CB2)(DMF).] xDMF (I-CB2MOF-1). CB2MOF-1 and I-CB2MOF-1 are two closely
related isomorphous CPs. Single crystal analysis of CB2MOF-1 revealed the formation
of a 2D framework based on pinwheel [Co3(CO0O)s02N-] units (Figure 5-4a and 5-4Db).

The Co-O bond lengths for CB2MOF-1 vary in the range 2.022/2.229, and the Co—N
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bond lengths are 2.075/2.127, respectively, which are similar to those found in other
related compounds*4%, The [Co3(COO)s02N2] units are linear trinuclear cobalt
clusters in which the central Co atom resides at a crystallographic inversion center and
adopts an octahedral geometry {Oe¢}-coordinated to six neighboring BTB ligands
(Figure 5-4a). Both symmetry related terminal Co atoms are {NOs}-octahedrally
coordinated to one CB2 ligand, to four O atoms of three BTB ligands and to one O
atom of DMF molecules. As shown in Figure 5-4a, the BTB ligands adopt two distinct
coordination modes: the bridge bidentate j+xO:xO ~and the bridge bidentate chelate 1t
0,07 k0 “modes. In this structure, each trinuclear Co(l1) cluster is connected to six
BTB units, thus creating six-pointed star fashion layers running along the ac plane
(Figure 5-4b). However, the CB2 ligand is not acting as pillar, but coordinate
contiguous trinuclear Co3z(COO)s clusters in the same layer (Figure 5-4c), and similarly
to a related shorter version of CB1. Layers in CB2MOF-1 are arrange so as to generate

1D channels (51% of the unit cell) running along the a axis, as shown in figure 5-4d.

Figure 5-4. Crystal structure of CB2MOF-1: (a) view of the trinuclear Co(Il) cluster and
coordination environment; (b) 2D {Cos-BTB} layers; (c) view of three trinuclear Co(IT) cluster units
interlinked by CB2 ligands; and (d) Supramolecular 3D structure (CB2 in cyan) showing the 1D
channels.

Unfortunately, by the time we have deposited this PhD thesis, we were yet not able to

provide the solved structure for 1-CB2MOF-1. However, as mentioned above, its
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experimental PXRD pattern matches quite well with that for 1-CB2MOF-1 and

therefore provides an evidence for these two CPs being isomorphous (Figure 5-5).

(b)
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Figure 5-5. Experimental PXRD for (a) CB2MOF-1 and (b) I-CB2MOF-1.

[Co2(CHDA),(CB2)] (CB2MOF-2). Single-crystal X-ray diffraction (Figure 5-6)
revealed a three-dimensional (3D) network of formula [Co2(CHDA),(CB2)2]. The basic
unit of CB2MOF-2 is a Coz-paddlewheel motif of [Co2(COO).] units (Figure 5-6a),
each coordinated to four different CHDA ligands, thus creating a two-dimensional (2D)
square grid (Figure 5-6b). These 2D square grids are further pillared by CB2, occupying
the axial sites of the Co, paddle wheels and forming the observed 3D structure (Figure
5-6d). The Co—O and Co—N bond lengths lie in the range 2.008-2.045 A and 2.060 A,
respectively. The Co—Co distances in the paddle-wheel unit is 2.6395(6) A, which is in
the range found for other Coz-paddlewheel motifsi“®5%. As shown in figure 5-6b, each
CHDA ligand in fully deprotonated and coordinate four different Co(ll) atoms
corresponding to two different paddlewheel units in a bridge bidentate mode (j
kO:x0"), creating 2D layers in the ab plane. Then, these layers are further pillared by
CB2 ligands by coordination of the nitrogen atoms of the pyridyl moieties (Figure 5-
6d). However, the conformation of CB2 on coordination is rather unusual. Instead of
the extended coordination, the pyridine moieties in each ligand are facing each other
and show intramolecular m-n interactions (centroid to centroid distances 3.458 A:

pyridine planes at 10.859. The later makes ligand CB2 behave as a rather short ditopic
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nitrogen ligand like e.g., dabco (diazabicyclo[2.2.2]octane)Y. The flexibility of CB2
make this conformation possible and provide a rather short distance between 2D layers
(7.537 A), comparable to other small dipyridine linkers. As a result, CB2MOF-2 is non-

porous.

Figure 5-6. Crystal structure of CB2MOF-2: (a) view of the Co,-paddlewheel cluster; (b) 2D {Co2-
CHDAY} layers; (c) view of three Cop-paddlewheel cluster units interlinked by CB2; and (d) 3D
pillared structure.

[Co2(BPDC)(CB2)2(NO3)2] BMF (CB2MOF-3) and [Co2(ADB)(CB2)2(NO3)2] BMF
(CB2MOF-4). These two compounds are isostructural. CB2MOF-3 and CB2MOF-4
revealed 3D networks of formula [Co2(Lcoo)2(CB2)2(NOs)2] (Lcoo = BPDC
(CB2MOF-3) or ADB (CB2MOF-4)). The single crystal X-ray analysis for these two
compounds revealed the basic building unit is formed by two Co(ll) atoms that are
bridged by two carboxylate groups adopting a bis-bidentate coordination mode (Figures
5-7a and 5-8a). Each Co atom exhibits a distorted octahedral geometry, the axial
positions occupied by the two nitrogen atoms from two CB2 ligands while the
equatorial plane consists of four oxygen atoms, two from a NO3z™ anion and two from
different dicarboxylate ligands. The Co—O bond lengths vary in the range 1.984/2.200
A, and the Co-N bond lengths are 2.134/2.153 A, respectively, which are similar to

those found in other related compounds[®2. The dinuclear Cobalt building units show
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Co--Co distance of 3.9391(7) A for CB2MOF-3 and 4.0871(7) A for CB2MOF-4. Each
[Co2(Lcoo)2] bridges trans-dicarboxylate ligands to yield 1D chains that are then
connected by dipyridine CB2 ligands to form the observed 3D network (Figure 5-7d
and 5-8d). The CB2 ligand shows the same folded conformation observed in CB2MOF-

2, however no intramolecular w-rt interactions are found in CB2MOF-3 or CB2MOF-

4.
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Figure 5-7. Crystal structure of CB2MOF-3: (a) view of the dinuclear Co(Il) cluster and

coordination environment; (b) a 1D {C0,-BPDC} chain; (c) view of five Co(I) cluster units
interlinked by CB2 ligands; and (d) 3D structure.

a

Figure 5-8. Crystal structure of CB2MOF-4: (a) view of the dinuclear Co(Il) cluster and
coordination environment; (b) a 1D {Co,-ADB} layer; (c) view of five Co(Il) cluster units
interlinked by CB2 ligands; and (d) 3D pillared structure.
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A comparison of the two different ligand conformations observed in structures
CB2MOF-1 to CB2MOF-4 and I-CB2MOF-1 is shown in Figure 5-9. As described
above, CB2 adopts a folded conformation with the pyridine moieties in each ligand
facing each other in CB2MOF-2 to CB2MOF-4, resembling an ice tweezer (Figure 5-
9a). Such conformation provided the shorter N--*N distance and lower pyridine-pyridine angle
obtained so far for these types of ligands (Figures 5-6 to 5-8). Although CB2 is acting as a pillar
ligand in CB2MOF-2 to CB2MOF-4, the short distances between the nitrogen atoms
give rise to non-porous CPs. The tweezer-like angle and N---N distance for CB2 (and most
probably I-CB2) is however wider in CB2MOF-1 and I-CB2MOF-1 (Figure 5-9b) and

provides 2D materials as previously obtained for CB12%,

a)
/m -
_,r\\ o~ b :
\ '\’ d(N-N) =5.86 A
o (pyridine rings) = 8.0°
\
b)

5 7
&
d(N-N) = 15.09A ‘{:‘a 0

o (pyridine rings) = 118.8°

Figure 5-9. Molecular conformation of CB2 in (a) CB2MOF-2 to CB2MOF-4 and (b) in CB2MOF-
1 and I-CB2MOF-1. An image of an ice tweezer is shown.

5.2.3 Fast and reversible phase transformations of CB2MOF-1 and I-CB2MOF-1

Due to the high similarity between CB2MOF-1 and the related CP having the shorter
CB1 ligand [Co3(BTB)2(CB1)2] solv (CBLIMOF-1" in Chapter 4), we decided to

investigate whether the previously observed 2D to 3D phase transition (Figure 4-12ain
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Chapter 4) for the latter could also be observed in CB2MOF-1. However, heating of
CB2MOF-1 in DMF or even in the presence of Ceo did not provide any new phase. We
did however notice that CB2MOF-1 suffered a phase transition when immersed in other
solvents, such as, CHCIs, EtOH or acetone at room temperature. Figure 5-10 shows the
PXRD data for CB2MOF-1, and that after being immersed in CHCI3 for one day. There
is a clear change of the diffraction peaks toward lower angles, consistent with the
shrinking of some unit cell parameters. Quite interestingly, such transformation is
reversible and the new phase (CB2MOF-1") converts back into CB2MOF-1 when
immersing in DMF for 30 minutes at room temperature. Such a reversible
transformation under ambient conditions indicates a rather weak interaction between
layers in CB2MOF-1. Raman spectra were measured for CB2MOF-1 and CB2MOF-
17 (Figures S5-17) and show no significant changes, indicating that not bond breaking
seems to be happening from CB2MOF-1 to CB2MOF-1"and therefore we assume that

the individual layers in these two compounds are basically identical.
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Figure 5-10. PXRD patterns showing the reversible transformation between CB2MOF-1 and
CB2MOF-1". PXRD of (a) as synthesized CB2MOF-1; (b) CB2MOF-1", obtained after immersing
CB2MOF-1 for one day in CHCl; under ambient conditions; (c) CB2MOF-1, obtained after
immersion of CB2MOF-1" in DMF under ambient conditions for 30 mins.
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Figure 5-11. SEM (Top) and low-resolution (Bottom) images showing crystals morphology of as
made CB2MOF-1 (a), CB2MOF-1’, obtained after immersing CB2MOF-1 for one day in CHCl;
under ambient conditions; (¢) CB2MOF-1", obtained after immersion of CB2MOF-1" in DMF
under ambient conditions for 30 mins.

Phase transformation of CB2ZMOF-1 into CB2MOF-1" can be clearly observed in the
crystals. Treatment of large CB2MOF-1 crystals with CHCIl; showed a clear
macroscopic transformation in the size and color of the crystals to give the new phase
CB2MOF-1’ (Figure 5-11). Large platelets broke into small pieces, followed with a
color change from purple to violet. Immersion of CB2MOF-1’ crystals in DMF

provoked a color change back to purple but no further change of morphology or

dissolution of crystals was observed (Figure 5-11c).

The iodinated compound 1-CB2MOF-1 shows a very similar behavior as the one
observed for CB2MOF-1. Both, a crystal color and morphology changes (Figure 5-13)
and the corresponding one in the PXRD pattern (Figure 5-12) were observed when
immersing crystals of 1-CB2MOF-1 into CHCIs. We also confirmed that the phase

change is also reversible as shown in Figure 5-12.
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Figure 5-12. PXRD patterns showing the reversible transformation between 1-CB2MOF-1 and I-
CB2MOF-1". Patterns of (a) as synthesized I-CB2MOF-1; (b) I-CB2MOF-1", obtained after
immersing I-CB2MOF-1 for one day in CHCIl; under ambient conditions; (¢) I-CB2MOF-1",

obtained after immersion of I-CB2MOF-1" in DMF under ambient conditions for 30 mins.

Figure 5-13. SEM (Top) and low-resolution (Bottom) images showing crystals morphology of as
made I-CB2MOF-1 (a), I-CB2MOF-1", obtained after immersing I-CB2MOF-1 for one day in
CHCI3 under ambient conditions; (c) I-CB2MOF-1’, obtained after immersion of I-CB2MOF-1" in
DMF under ambient conditions for 30 mins.

Such reversible transformations of CB2MOF-1 and I-CB2MOF-1 under ambient
conditions clearly suggest that rather weak interactions are present between layers in
these 2D materials. The transformations can be explained by sliding of layers
generating channels as represented schematically in figure 5-14. Such interlayer
displacement will open and close the observed channels in CB2MOF-1 (Figure 5-4d),
explaining the observed displacement of the PXRD peaks (Figure 5-10 and 5-12). It is
possible that DMF molecules interact with the framework and thus create the interlayer

channels. When the DMF is displaced by the less polar and poor hydrogen bond

donor/acceptor CHCIs, weaker intermolecular interactions between the solvent and the
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CP layers are disfavored, causing the layer sliding to a denser structure. The latter is

however a working hypothesis that should be verified.

» Carborane linker

T
)
3 K7/ N\ K7)

N ‘%':,.4

/"% Co/BTB layers

CB2MOF-1 or I-CB2MOF-1 CB2MOF-1" or I-CB2MOEF-1’

Figure 5-14. Schematic representation of a possible mechanism for the observed reversible phase
transition in CB2MOF-1 and I-CB2MOF-1. Different color represents different layers in the 2D
structure of the CPs.

5.2.4 CO2 and N: adsorption of CB2MOF-1 and I-CB2MOF-1

As mentioned above, compounds CB2MOF-2 to I-CB2MOF-4 have no potential voids
and therefore are not expected to be porous. However, CB2MOF-1 and I-CB2MOF-1
are potentially porous as the first one shows 1D channels running along the a axis
(Figure 5-4d) and the second is isomorphous. Although we have not been able yet to
obtained the crystal structure for the CB2MOF-1" or I-CB2MOF-1" phases, we decided
to investigate the porosity of the transformed phases. Thus, CB2MOF-1" or I-
CB2MOF-1" were activated at high vacuum and 120°C for 10 h and measured their
porosity to N> and CO» (Table 5-1 and Figures 5-15 and 5-16).

Table 5-1. Summary of CB2MOF-1 and I-CB2MOF-1 surface area obtained based on N»- and CO5-
adsorption measurements.

Compound N surface areal@®] (m%) CO; surface areal (m#)
I 1 )

CB2MOF-1 109.5/117.1 247.6

I-CB2MOF-1 12.8/40.7 248.2

[a] and [b] N2 BET surface area and Langmuir surface area.

[c] CO; surface area calculated by Dubinin-Astakhov method.
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Figure 5-15. N2 adsorption isotherms for (a) CB2MOF-1 and (b) I-CB2MOF-1 at 77 K.
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Figure 5-16. CO; adsorption isotherms for (a) CB2MOF-1 (b) and I-CB2MOF-1 at 273 K.

N2 sorption isotherm of CB2MOF-1 exhibits a type-l isotherm typical for a
microporous structure (Figure 5-15). However, I-CB2MOF-1 is not porous to N2 at 77
K, possibly due to bulky iodo substituents that slightly constrict the pores. Interestingly,
both compounds are porous to CO- at 195K and 1bar and with very similar uptakes (22-
26 cm3g STP; Figure 5-16). The calculated accessible surface area for both materials
is higher than that observed from N2 as shown in table 5-1, which implies that CO.
interacts stronger with CB2MOF-1 and I-CB2MOF-1 than N (CO2 quadrupole
moment: 43x1027 esulcm™, N2 quadrupole moment: 15.2x10%" esu'cm™). The

selectivity of I-CB2MOF-1 towards CO- could be due to the generation a unsaturated
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Co(I1) center on activation[®3l. Another possible reason for this is the slightly smaller
kinetic diameter of CO2 molecules than N2> This investigation proves that CB2MOF-1
and 1-CB2MOF-1 possessed selectivity for CO2 over Ny, especially for iodo-containing
I-CB2MOF-1, which is beneficial for the capture of greenhouse gas CO> from flue gas

emission of power plants>.

5.3 Conclusions

In conclusion, we have synthesized two new carborane bis-pyridylphenylalcohol
compounds and prepared a novel family of coordination polymers, by the reaction of
the linkers with various organic di- or tricarboxylic acids and Co(NOz).. Five
coordination polymers or MOFs were obtained where the carborane linkers either
adopts a folded conformation with the pyridine moieties in each ligand facing each
other, resembling an ice tweezer, or in a more opened conformation providing 2D
materials. The latter show a reversible phase transformation on solvent exchange from
DMF to CHCIs. The new phases seem to be the result of sliding of layers and are non-

porous to N2 but porous to CO».

5.4 Experimental section

5.4.1 Materials and Characterization

Syntheses of the carboranylalcohol ligands were carried out under nitrogen atmosphere
in round-bottomed flasks equipped with a magnetic stirring bar, capped with a septum.
Tetrahydrofuran (THF) was distilled from Na/benzophenone. CPs syntheses were done
in air. All chemicals were commercially available and used as received. I-mCB was
synthesized following the previous report®l. IR ATR spectra were recorded on a
Perkin—Elmer Spectrum One spectrometer. *H, *C and !B NMR spectra were recorded
respectively at 300, 75 and 96 MHz with a Bruker Advance-300 spectrometer in
deuterated dimethylsulfoxide, unless denoted, and referenced to the residual solvent
peak for *H and *C NMR or to BF3 OEt; as an external standard for *B NMR.

Chemical shifts are reported in ppm and coupling constants in Hertz. Multiplets
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nomenclature is as follows: s, singlet; d, doublet; t, triplet; br, broad; m, multiplet.
Elemental analyses were obtained by a CarboErba EA1108 microanalyzer. TGA-DSC
from NETZSCH (heating rate: 10 <€/min; temperature range: 25 to 600 <€). Gas
sorption (CO2/195 K and N2/77 K) measurements for CB2MOF-1 and I-CB2MOF-1
were performed using an AutosorblQ (Quantachrome Instruments). Field-Emission
Scanning Electron Microscopy (FE-SEM) images were collected using a Quanta 650F
Environmental Scanning Electron Microscopy (Field Emission Inc, USA). Powder X-
ray Diffraction (PXRD) patterns were recorded at room temperature on an X’Pert PRO

MPD diffractometer (Panalytical) using Cu Ko (A = 1.5405 A) radiation.

5.4.2 Synthesis of the ligands and compounds

1,2-bis{(4-pyridin-3-yl)phenylmethanol}-1,7-dicarba-closo-dodecaborane (CB2).
nBuLi (1.04 mL, 1.55 M in hexane, 1.63 mmol) was added dropwise to a solution of
m-carborane (98 mg, 0.68 mmol) in THF (20 mL) at 0 €€ (ice/water bath) under
nitrogen atmosphere. The mixture was stirred for 30 min at low temperature and for a
further 1 h at room temperature to give a clear, pale yellow suspension. The flask was
then cooled to -85 € (acetone/liquid N2), whereupon a solution of the 4-pyridine-
3ylbenzadehyde (314.7 mg, 1.63 mmol) in THF (2 mL) was added. The resulting pale-
yellow solution was stirred at -85 <€ for 4 h. Then a saturated aqueous solution of
NH4CI (10 mL) was added at -84 <€ and then the mixture was taken out of the cooling
bath and allowed to warm naturally to room temperature while stirring. The aqueous
phase was then extracted with THF (3 x 20 mL) and the organic phases were dried over
MgSOs, filtered, and evaporated to dryness. Then the dichloromethane (15 mL) was
added while stirring. A white solid precipitated after about 25-30 min that was filtrated,
washed with dichloromethane and dried under vacuum affording pure compound
(126.5 mg, 0.26mmol, 38.4 %). *H NMR 8.89 (d, J = 2.0, 2H, CsHaN), 8.56 (d, J = 3.5,
2H, CsHaN), 8.04 (d, J = 8.0, 2H, CsHaN), 7.69(d, J = 8.2, 4H, CeHa), 7.45(dd, J = 7.9,
4.8, 2H, CsHaN), 7.35(d, J = 8.3, 4H, CeHa), 6.41 (d, J=4.7, 2H, CHOH), 4.86(d, J=4.9,
2H, CHOH). B NMR: -10.57 (brs, 10B). *3C NMR 150.0, 148.0, 142.5, 137.1, 135.6,
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134.4, 128.1, 126.6 (CsHsN + CeHa), 124.52 (CeHa), 82.7 (Celuster), 73.8 (CHOH). IR
(ATR), v [cm™] = 3101 (br, OH), 2596 (m, BH), (only selected peaks bands are
reported).

9-iodo-1,2-bis{(4-pyridin-3-yl)phenyl)methanol}-1,7-dicarba-closo-dodecaborane
(1-CB2). The synthesis procedure for I-CB2 was adapted from the synthesis of CB2.
9-iodo-metacarborane (0.597 g, 2.21 mmol) was reacted with nBuLi (3.3 mL, 1.44 M
in hexane, 4.48 mmol) at 0 <T (ice/water bath) in anhydrous THF under N2 atmosphere
for 30 min and 1 h at r.t. After cooling down the reaction mixture at -84 <C, 4-pyridine-
3yl-benzadehyde (1.66 g, 9.7 mmol) in THF (1 mL) was added. This pale-yellow
suspension was reacted 4 h. The reaction was quenched with NH4CI (10mL) and, then
the aqueous phase was extracted with THF. The organic phases were dried over MgSO4,
filtered and evaporated under vacuum. The resulting yellow oil was sonicated in n-
hexane and after ca. 1 h, and a light-yellow powder appeared. After removing the
solvent, the yellow solid was dried under vacuum. *H NMR (400 MHz, DMSO-d®): &y
(ppm) = 8.91 (s, 2H, CsHaN), 8.58 (d, J= 3 Hz, 2H, CsH4N), 8.08 (d, J= 8 Hz, 2H,
CsHaN), 7.72 (d, J = 8, 4H, CeHa), 7.45 (dd, J = 4, 2H, CsHaN), 7.37 (d, J = 8, 2H,
CeHa), 7.37 (d, J = 4 Hz, 2H, OH), 4.93 (d, J = 4 Hz, 2H, CHOH); !B NMR: -10.57
(brs, 10B). IR (ATR; selected bands): v[cm™] = 3082 (OH); 2921, 2837 (CH); 2603
(BH); (only selected peaks bands are reported).

[Cos3(BTB)2(CB2)(DMF);] 15DMF (CB2MOF-1). CB2MOF-1 was obtained by
mixing Co(NO3)2 6H20 (22.8 mg, 0.078 mmol), CB2 (10 mg, 0.019 mmol) and H:BTB
(17.5 mg, 0.039 mmol) in 2 mL of DMF/ethanol (1:1). This mixture was sonicated until
all solids were uniformly dissolved, followed by heating at 100 °C for 48 h. Violet
flake-like crystals of CB2MOF-1 were collected and washed with DMF (37.8 mg,
71.0%). IR (ATR; selected bands; cm™): v 3350 (OH); 2925, 2851 (CH); 2588 (BH);
1660 (C=0 from DMF); 1583, 1600 (C=0 from carboxylate). Elemental analysis (%)
calculated for CgoHsoB10C03N2014 6(C3sH7NO) 4(H20): C, 56.89; H, 5.36; N, 5.42;
Found: C 55.9, H5.11, N 5.4.
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[Cos(BTB)2(1-CB2)(DMF)2] XDMF (1-CB2MOF-1). I-CB2MOF-1 was obtained by
mixing Co(NOz3). 6H20 (22.8 mg, 0.078 mmol), I-CB2 (12.1 mg, 0.039 mmol) and
H:BTB (17.5 mg, 0.039 mmol) in 2 mL of DMF/ethanol (1:1). This mixture was
sonicated until all solids were uniformly dissolved, followed by heating at 90 °C for 48
h. Violet flake-like crystals of 1-CB2MOF-1 were collected and washed with DMF
(14.1 mg, 24.1%). IR (ATR; selected bands; cm™): v 3447 (OH); 3066, 2927, 2852
(CH); 2616 (BH); 1655 (C=0 from DMF); 1586, 1548 (C=0O from carboxylate).
Elemental analysis (%) calculated for ICsoHeoB10C03N2014-6(C3H7NO) 4(H20): C,
53.61; H, 5.05; N, 5.10; Found: C 53.9, H4.7, N 5.1.

[Co2(CHDA)2(CB2)] (CB2MOF-2). Co(NOs)2 6H>0O (22.8 mg, 0.078 mmol) was
mixed with CB2 (40 mg, 0.078 mmol) and H.CHDA (6.8 mg, 0.039 mmol 1,4-
Cyclohexanedicarboxylic acid) in 2 mL of DMF/ethanol (1:1). This mixture was
sonicated until all solids were uniformly dissolved, followed by heating at 100 °C for
48 h. Dark violet block crystals of CB2MOF-2 were collected and washed with DMF
(2.9 mg, 7.7 %). IR (ATR; selected bands; cm™): v 3377 (OH); 2925, 2857 (CH); 2595,
2570 (BH); 1662 (C=0 from DMF); 1600(C=0 from carboxylate). Elemental analysis
(%) calculated for: C21H2sBsCoNOs 0.25(CsH7NO): C 51.9, H 5.4, N 3.5; Found: C
51.0, H5.5, N 3.2.

[Co2(BPDC)(CB2)2(NOs3)2] DMF (CB2MOF-3). CB2MOF-3 was obtained by mixing
Co(NO3)2 6H20 (11.4 mg, 0.039 mmol), CB2 (20 mg, 0.039 mmol) and H.BPDC (4.75
mg, 0.020 mmol Biphenyl-4,4" -dicarboxylic acid) in 2 mL of DMF/ethanol (1:1). This
mixture was sonicated until all solids were uniformly dissolved, followed by heating at
100 °C for 48 h. Pink crystals of CB2MOF-3 were collected and washed with DMF
(17.3 mg, 92.5 %). IR (ATR; selected bands; cm™): v 3300 (OH); 3033, 2916 (CH);
2600 (BH); 1658 (C=0 from DMF); 1600 (C=0 from carboxylate). Elemental analysis
(%) calculated for Cz3Hz4B10CoN30O7 9.5(C3H7NO): C 52.5, H 4.8, N 6.22; Found: C
52.0, H, 5.0, N 6.6.

116



Chapter 5

[Co2(ADB)(CB2)2(NOs)2] DMF (CB2MOF-4). CB2MOF-4 was obtained by mixing
Co(NO3)2 6H20 (11.4 mg, 0.039 mmol), CB2 (20 mg, 0.039 mmol) and H.ADB (5.3
mg, 0.020 mmol 4,4’-Azodibenzoic acid) in 2 mL of DMF/ethanol (1:1). This mixture
was sonicated until all solids were uniformly dissolved, followed by heating at 100 °C
for 48 h. Orange block crystals of CB2MOF-4 were collected and washed with DMF
(7.7 mg, 40.5 %). IR (ATR; selected bands; cm™): v 3350 (OH); 2936 (CH); 2619, 2592
(BH); 1660 (C=0 from DMF); 1617, 1600 (C=0 from carboxylate). Elemental analysis
(%) calculated for CzsH3z4B10CoN4O7 0.5(C3H7NO): C 51.6, H 4.71, N 7.86; Found: C
49.0,H4.6,N 7.9.

Synthesis of CB2MOF-1" and I-CB2MOF-1". Immersing crystals of complex
CB2MOF-1 in CHCIs at room temperature for overnight, the red crystals will turn to
violet crystals of complex CB2MOF-1". I-CB2MOF-1" was prepared in the same

method.

Synthesis of CB2MOF-1 and I-CB2MOF-1 from CB2MOF-1"and I-CB2MOF-1".
Immersing crystals of complex CB2MOF-1"in DMF at room temperature for 30 min,
the violet crystals will turn into back red crystals of complex CB2MOF-1. I-CB2MOF-

1 was prepared in the same method.

Crystallography. Measured crystals were prepared under inert conditions immersed in
perfluoropolyether or paratone as protecting oil for manipulation. Suitable crystals were
mounted on MiTeGen Micromounts™, and used for data collection. Crystallographic
data for CB2MOF-2, CB2MOF-3 and CB2MOF-4 were collected at 100K at XALOC
beamline at ALBA synchrotron®®! () = 0.82652 A) and for CB2MOF-1 using a Bruker
D8 Venture diffractometer. Data were processed with APEX2B71 program and
corrected for absorption using SADABSPE. The structures were solved by direct
methods and subsequently refined by correction of F? against all reflectionst™. All non-
hydrogen atoms were refined with anisotropic thermal parameters by full-matrix least-
squares calculations on F2.I%1 All hydrogen atoms were located in difference Fourier

maps and included as fixed contributions riding on attached atoms with isotropic
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thermal displacement parameter 1.2 (C-H, B-H) or 1.5 (O-H) times those of the
respective atom. In CB2MOF-2, CB2MOF-3 and CB2MOF-4, hydroxyl groups of the
ligand are disordered over two positions in a ratio close to 0.50:0.50 (0.49:0.51 for
CB2MOF-3 and 0.46:0.54 for CB2MOF-4) excepting in CB2MOF-1 (0.84:0.16).
CB2MOF-3 and CB2MOF-4 were treated as a two component non-merohedral twin,
the exact twin matrix identified by the integration program was found tobe 1000 -1
000 -1for CB2MOF-3and -1000-1 00 0 1 for CB2MOF-4. The structures were
solved using direct methods with only the non-overlapping reflections of component 1.
The structure was refined using the HKLF 5 routine with all reflections of component
CB2MOF-2 (including the overlapping ones), resulting in BASF value of 0.47 (2) and
0.33 (3). A solvent mask was calculated for CB2MOF-1 and 2301.0 electrons were
found in a volume of 6999.0 A% in one void. This is consistent with the presence of 15

disordered molecules of DMF per formula unit.
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Table 5-2. Crystal and Structure Refinement data for CB2MOF-1 to CB2MOF-4.

Compound CB2MOF-1 CB2MOF-2 CB2MOF-3 CB2MOF-4
Empirical CaoHsoB10C03N20 CasHuB
80M60D10 3IN2U14 C21H2585CON05 36M141D10 C36H41810CON508
formula '15(C3H7NO) CoN4Og
Formula
. 2800.81 484.40 824.76 838.77
weight
Crystal _ - _ .
Monoclinic Monoclinic Monoclinic Monoclinic
system
Space group P2i/n C2/c P2i/c P2i/c
a(h) 17.2184(10) 15.2931(5) 14.7414(5) 16.4751(14)
b (A) 30.7175(15) 15.4473(5) 16.3439(5) 15.2064(13)
c(A) 25.6063(15) 20.9877(6) 16.5915(5) 16.4768(15)
a (deg) 90 90 90 90
B (deg) 92.724(4) 104.589(1) 93.520(1) 91.361(3)
v (deg) 90 90 90 90
V (A3 13528.0(13) 4798.2(3) 3989.9(2) 4126.7(6)
Z 4 8 4 4
F (000) 5908 2000.0 1704.0 1732.0
Max./min.
.. 0.7528/0.2512 0.018/0.003 0.011/0.001 0.746/0.525
transmission
Final R
Lo R1=0.1311 R1=0.0740 R1=0.0650 R1=0.0800
indices
wR2 = 0.3507 wR2 = 0.2026 wR2 = 0.1969 wR2 =0.2365
[I>20(D)]
R indices (all R1=0.1632, R1 =0.0741, R1 =0.0666, R1 =0.0815,
data) wR2 =0.3795 wR2 =0.2026 wR2 =0.1969 wR2 =0.2365
Largest diff. 1.481 and 1.282 and 1.489 and 0.929 and
peak and hole -1.231 e A3 -1.626 e.A3 -0.557 e. A3 -0.421 e A3
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Chapter 6 Ultrathin 2D Carborane capped Metal-Organic Framework

Nanosheets

6.1 Introduction

The rational design and construction of functional layered systems on surfaces, whose
structures are finely controlled at the nanoscale represent a key objective of modern
materials science and is a key challenge for creating new nanodevices!*. In the past 20
years, metal organic frameworks (MOFs) and coordination polymers (CPs) have
attracted considerable attention due to their unique properties. Those include gas
sorption, molecular separation, sensing or catalysis®?®.. In order to employ MOFs or
related coordination materials in nanodevices, their fabrication in the film state have
been actively pursued. There are two general methods to obtain nanosheets of MOFs:
top-down and bottom-up syntheses”®l. In the latter, direct growth on substrates or
freestanding synthesis in solution is included. Materials generated by bottom-up
methods benefit from their non-limited lateral dimensions, since they are not based on
bulk precursors but their yields are very low. One example is the synthesis of Cuz(bdc):
in an intermediate region between the linker and metal ion solutions, resulting in sheets
with lateral dimensions of 0.5-4 um and thickness of 5-25 nmf?. In the top-down
approach, ultrasound, shaking or ball milling are the most used methods to generate
nanosheets by delamination from bulk materials and therefore provide those in higher
yields®23l. In this way, e.g, Zn(bdc) (MOF-2) was successfully exfoliated to obtain
nano- or even mono-layers with a thickness down to 1 nm™4. However, the harsh
conditions employed in the top-down methods cause uncontrolled structural
deterioration, fragmentation and morphological damage, due to the low bulk and shear
moduli of the MOFs.!*®l. For these methods, MOFs or CPs consisting on 2D neutral
layers are commonly used since more or less weak forces need to be applied to
overcome the cohesive interactions between the layers in the bulk 2D material. Those
interlayer interactions are commonly hydrogen bonding or =-= interaction holding the

neutral layers together in the crystal. The challenge is therefore to delaminate the 2D
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layers of the bulk material with the minimal force to avoid deterioration of the layers

on delamination.

We have previously synthesized bulk 2D coordination polymers, where each layer is
capped or decorated by icosahedral carborane clusters (Chapter 3 to chapter 5). Due to
the presence of hydridic hydrogens from the carborane clusters, the interlayers’
interactions are dominated by very weak dihydrogen bonding contacts in the bulk
crystals. The latter might facilitate the delamination by top-down methods, while
maintaining large lateral dimension nanosheets. We demonstrate that top-down
delamination of our carboranes based 2D materials effectively achieve ultrathin

nanometer scale nanosheets and lateral dimensions up to micrometers.

6.2 Results and discussion

6.2.1 Synthesis of high aspect ratio CBIMON-1 nanosheets

i) MeOH, CHCl; or scCO,
ii) 80°C under vacuum

>
Cd
pa
<

DMF (100 °C)

CB1MOF-1> DMF CB1MOF-1’

Figure 6-1. Conditions for the bulk reversible CBIMOF-1 to CBIMOF-1" transformation.

We have previously described the synthesis of a 2D nonporous coordination polymer
[Co3(BTB)2(CB1)2] solv (CBLMOF-1"), that can be reversibly transform into a porous
3D structure (CB1MOF-1) (Figure 6-1). CB1MOF-1"was initially synthesized by a
solvent mediated phase transition from a 3D [Co3(BTB)2(CB1):] DMF (CB1MOF-1 5
DMF) structure. Such transformation was shown to occur by immersing CB1MOF-1
> DMF in MeOH, CHCIs or scCO; for 2-5 days at room temperature and further
heating under vacuum. We have now optimized the synthesis of CB1MOF-1" by
sonicating crystals of CB1IMOF-1 in CH3CN for 30 minutes. Complete transformation
of CB1IMOF-1 into CB1MOF-1"was proved by PXRD (Figure S6-1). Figure 6-2a and
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6-2b show scanning electron microscopy (SEM) images of the synthesized bulk
material in MeOH (after several days) and acetonitrile (30 minutes). The images show
irregular crystals as previously reported for CBIMOF-1". Interestingly, simple shaking
of the crystals in methanol induces partial exfoliation of the crystals (Figure 6-2c) and
suggests that intermolecular contacts between layers in CBIMOF-1"are quite weak.
Thus, we decided to investigate the delamination of our compound by sonication and

using either MeOH or CH3CN as solvents.

Figure 6-2. SEM pictures of: (a) CB1MOF-1" synthesized from CB1MOF-1 by immersion in
MeOH for 5 days; (b) CB1LMOF-1"synthesized from CB1MOF-1 by sonication in acetonitrile for
30 minutes and (c) crystals obtained after sonicating CB1MOF-1"in MeOH for 1 min.

Comparable results on CB1IMON-1 were obtained by either sonication (30 minutes) or
ultrasonication (1min) in MeOH or acetonitrile, followed by centrifugation for 40
minutes. The UV-visible absorption of the methanol suspension of CB1MON-1
displayed adsorption spectra in the range 250-325 nm (Amax = 269 nm; black line in
figure 6-3), consistent with the presence of exfoliated 2D nanosheets®17]. The
adsorption turns to be red shifted compared to that observed for the carborane ligand
(Amax = 259 nm; red line in figure 6-3) in methanol while blue shifted comparing with
the adsorption observed for Hs3BTB (Amax = 275 nm). The supernatant suspensions also
showed the Tyndall light scattering typical of colloidal suspensions of nanosheets (Inset
of figure 6-3). The PXRD patterns of the restacked powder fits the reflections of
CB1MOF-1"indicating the sonication transformed the CB1MOF-1 into CB1MOF-1",
which is not affected by the (ultra)sonication in either solvent (Figure S6-1). The

Tyndall effect, UV-visible spectrum in methanol or ethanol suspension (Figure S6-2)
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of the suspension and PXRD results on the restacked powder suggest the formation of

CB1MOF-1"nanosheets via top-down delamination.
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Figure 6-3. UV-vis adsorption of H:BTB (blue line), CB1(red line) and CB1MON-1 suspension
(black) in MeOH. Inset: Tyndall effect for the colloidal suspension of CBIMON-1.

In order to further verify the formation of nanosheets, the morphology of the
delaminated CB1MON-1 nanosheets was examined by SEM, transmission electron
microscopy (TEM) and atomic-force microscopy (AFM). Samples suitable for
microscopy were prepared by dropping 1 to 2 drops of the as-prepared suspension onto
an appropriate substrate. The SEM and TEM measurements revealed that the lateral
dimension of the flat-layered CB1MON-1 nanosheets varied from 100 nm to
micrometers (Figure 6-4). We observed that these nanostructures were extremely
sensitive to the electron beam, and hence, it was challenging to record their energy-
dispersive X-ray (EDX) spectra for boron. A similar challenge was reported earlier for
other studies of boron nanoparticles with dimensions less than 45 nm[*32°l To obtain
insight into the chemical composition of these nanostructures, we performed boron
electron energy-loss spectroscopy (EELS) and TEM/EDX for other elements. The
representative TEM/EDX and boron EELS results of a small piece of nanosheet are
shown in figure 6-4c and 6-4d, respectively. TEM/EDX analysis shows the presence of
B, C, O, and Co. The boron EELS spectrum shows the presence of boron moiety from

the typical boron K-edges at about 200 eV,
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Figure 6-4. SEM (a) and TEM (b) images of CB1LMON-1 synthesized from acetonitrile. TEM/EDX
(c) and (d) boron EELS spectrum.

The tapping-mode AFM (atomic force microscopy) images of the sample deposited on
a silicon substrate also revealed flat 2D objects as shown in figure 6-5. The thickness
between the flaky object and the substrate surface or between two neighboring
overlapped flaky objects was normally ca. 3.5 nm with lateral dimensions varying from
200 nm to 5 pm exhibiting the aspect-ratio ranges from 50 to 1400. According to the
calculated thickness from crystal structurel?l of CB1MOF-1~ (Figure 6-6), the height
profile displayed the obtained CB1MON-1 from different solvents are bi-layer
nanosheets. Figure 6-5¢ shows of the nanosheets with an average thickness of

approximately 2 nm, corresponding to one CBIMON-1 layer.
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Figure 6-5. AFM images of exfoliated nanosheets synthesized from different solvents (a) CHsCN,
(b) MeOH (c) CHCIz and (d) EtOH; the corresponding height profile.

1.7 nm

Figure 6-6. (a) 3D structure of CB1MON-1", showing the stacking of 2D layers in the bulk structure
(adjacent layers are colored differently for clarity). (b) and (c) Two perpendicular views of a single
layer, indicating the thickness in the solid structuref?4.,
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Two-dimensional synchrotron-based grazing-incidence wide-angle X-ray scattering
(2D-GIWAXS) is an unique technique allowing us to acquire characteristics of 2D
materials in molecular scales??l which was adopted to investigate molecular ordering
and possible orientation of the CBLMON-1 nanosheets in the substrates. Figure 6-7a
shows a GIWAXS image of drop casted CB1IMON-1 on silicon wafer. gy and g, are the
scattering vectors representing the in-plane and out-of-plane scattering components,
respectively. Four evident anisotropic scattering features are observable: moderate
scattering at g; < 6 nm?, and weak scattering at . = 8.8 nm™. In particular, the
anisotropy of the small g scattering is quite significant. Figure 6-7b presents the out of
plane q; vertical cut, extracted from Figure 6-7a. Moderate scattering bellow 6 nm™ is
only observed in gz, which exhibits peaks at 2.7, 3.5, 4.0 and 5.3 nm™. The latter clearly
indicates large-scale vertical stacking, consistent with a laminated structure of
CB1MON-1 nanosheets on the substrates, as observed in the AFM images (Figure 6-
5). These findings clearly indicate that most of CB1MON-1 nanosheets were oriented

face-on in the film.
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Figure 6-7. (a) GIWAXS image of CBLMON-1 nanosheets on a silicon wafer. (b) Scattering profile
of g, (out of plane).
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6.2.2 Exfoliation of layered CB2MON-1 and I-CB2MON-1 nanosheets

The successful delamination of the 2D material CBIMOF-1"prompted us to explore
the exfoliation of the isostructural 2D frameworks CB2MOF-1 and 1-CB2MOF-1,
decorated with the longer carborane ligands CB2 and I-CB2, respectively (See Chapter
5). Following the optimized exfoliation protocol described above, we sonicated
CB2MOF-1 and I-CB2MOF-1 in the solvents. Ethanol provided the best results in this
case. The Tyndall effect, UV-visible spectrum of the suspensions and PXRD results on
the restacked powder suggested also the formation of CB2MON-1 and I-CB2MON-1
nanosheets via top-down delamination (Figure 6-8, Figure S6-3 and Figure S6-4). The
UV-vis spectra for CB2ZMOF-1 and I-CB2MOF-1 show new adsorption bands at 278
and 279 nm, respectively. SEM and TEM measurements revealed the formation of
ultrathin layers in the EtOH suspensions of CB2MOF-1 after sonication and restacked

thin crystals at the bottom of the vials (Figure 6-9).

a) b)
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Figure 6-8. (a) UV-vis adsorption of HsBTB (blue line), CB2 (red line) and CB2MON-1 suspension
(black) in EtOH. Inset: Tyndall effect for the colloidal ethanol suspension of CB2ZMON-1. (b) UV-
vis adsorption of H3BTB (blue line), 1-CB2 (red line) and I-CB2MON-1 suspension (black) in
EtOH. Inset: Tyndall effect for the colloidal ethanol suspension of I-CB2MON-1.

100 nm

Figure 6-9. SEM images of: (a) as synthesized CB2MOF-1 from EtOH; (b) restacked crystals of
CB2MON-1 after sonication in EtOH in acetonitrile. (c) TEM image of CB2MON-1 synthesized
from EtOH.
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The tapping-mode AFM images of the samples for CB2ZMON-1 and I-CB2MON-1
deposited on a silicon substrate also revealed flat 2D objects as shown in Figure 6-10.
The thickness of the flaky objects and the substrate surface was approximately 4 and
4.5 nm for CB2ZMON-1 and I-CB2MON-1, respectively, with lateral dimensions
varying from 200 nm to 2 pm— that is aspect-ratio varying from 50 to 500 (Figure 6-
10). The resulting thickness of CB2MON-1 is slightly thicker than a single layer of
CB2MOF-1 from the single crystal data (Figure 6-11). As expected, the monolayer
thickness of 1-CB2MON-1 is slightly thicker (~ 0.5 nm) than that for the non iodo
derivative. Considering the Van der Waals radius of iodine atoms is 198 pml?, the

difference of thickness between these two isostructural nanosheets is reasonable.

a)‘

00nm

f T T T T
100 200 300 400 500 600

Figure 6-10. AFM images of EtOH exfoliated nanosheets for () CB2MON-1, (b) I-CB2MON-1
and corresponding height profile.
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Figure 6-11. (a) 3D structure of CB2MON-1, showing the stacking of 2D layers in the bulk
structure (adjacent layers are colored differently for clarity). (b) A view of a single layer,
indicating the thickness in the solid structure.
2D-GIWAXS image of drop casted CB2MON-1 film on silicon wafer also shows a
clear anisotropy of the small q scattering (Figure 6-12). Three evident anisotropic
scattering features are observable: moderate scattering at g, < 6 nm?, and weak
scattering at g; = 8.7 nm™. Figure 6-12b presents the scattering components g extracted
from Figure 6-12a. As observed for the analogue CB1MON-1 (Figure 6-7), CB2MON-
1 nanosheets only show moderate scattering bellow 6 nm™ in g, which exhibits peaks
at 2.2, 3.6, 5.3 and 8.7 nm™. These data clearly indicate large-scale vertical stacking,
consistent with a laminated structure of CB2MON-1 nanosheets on the substrates, as
observed in the AFM images (Figure 6-10). These findings again identified that most
of CB2MON-1 nanosheets were oriented face-on in the film.
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Figure 6-12. (a) GIWAXS image of CB2MON-1 nanosheets on silicon wafer. (b) Scattering profile
of g, (out of plane).
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It is remarkable that large aspect ratio nanosheets are generated in all the above cases
by sonicating the bulk structures in organic solvents for a short time. The large aspect
ratio of the sheets suggests that the forces maintaining the sheets together in the 3D
structure are rather weak. In deep, the intermolecular interactions between layers are
dominated by dihydrogen bond contacts. The later can certainly explain the easiness

for exfoliation the layers and without extensive breaking off the sheets.

6.3 Conclusions

In summary, we have demonstrated that a novel family of nano-scale crystalline films
can be easily prepared by tow-down delamination of bulk 2D coordination polymers,
decorated by ligands incorporating the icosahedral meta-carborane clusters. The
formation of the metal organic nanosheets (MONSs) have been evidenced by UV-vis,
the phenomena of Tyndall light scattering, SEM, TEM, AFM and GIWAX. The data
shows the formation of ultrathin nanosheets face-on oriented in silicon substrates and
of large aspect/ratio. The latter seems to be due to the weak nature of the intermolecular

interactions (mainly dihydrogen bonding) between layers in the bulk 2D material.

6.4 Experimental section

Materials: All chemicals were of reagent-grade quality. They were purchased from
commercial sources and used as received. CBIMOF-1 oDMF was prepared as

previously reported.

6.4.1 Preparation of nanosheets

CB1MON-1 nanosheets were synthesized in glass vial. A 10-15mg CB1MOF-1 was
immersed in 5SmL solvents. Then sonicated the solution 30min. Then the residue was
removed by centrifugation with 6000r/min for 40 min. Finally take out the decant
carefully and leave it under static conditions for at least one week. Similar procedure is

used to exfoliate CB2MOF-1 and I-CB2MOF-1.
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6.4.2 Characterization methods

Grazing Incidence Wide Angle X-ray Scattering (GIWAXS) 2D patterns were
collected in the NCD-SWEET beamline at ALBA synchrotron (Cerdanyola del Valles,
Spain). A monochromatic beam of 12.4 keV (0.998 A) was set using a Si (111) channel
cut monochromator. The scattered radiation was recorded using the Rayonix LX-
255HS® area detector, which consist of a pixel array of 5760 x 1920 (V x H) area
detector with a pixel size of 44 x 44 um?. The detector binning was set to 2 x 2. The
reciprocal space, sample to detector distance, beam center and detector tilts were
calculated using Cr.O3, a common standard used as calibrant for wide angle scattering

experiments.

Powder X-ray Diffraction (PXRD) patterns were recorded at room temperature on an

X’Pert PRO MPD diffractometer (PanAnalytical) using Cu Ka (A = 1.5405 A) radiation.

Atomic Force microscopy (AFM). The nanosheet suspension was adsorbed on a
silicon wafer by drop casting and air dried. Subsequently, the morphology of the surface
was analyzed by using an Asylum Research system (Model Number: AC240TS-R3,
Oxford Instruments Company). The AFM images were recorded in the dynamic mode
(i.e., tapping or non-contact mode) using a silicon tip (radius = 9 &2 nm) and a silicon
cantilever (with Al (100) coating) with a resonance frequency (f) of 70 kHz and a force
constant (k) of 2 N/m. The operations were carried out at room temperature under

ambient air conditions. The images were processed using the WSxM 5.0 software.

UV-vis (ultra violet-visible) absorption. UV/Vis measurements were carried out by
using a Hewlett Packard 8453 diode array spectrometer equipped with a Lauda RE 207

thermostat and a screw-capped quartz cuvette.

Field-Emission Scanning Electron Microscopy (FE-SEM) images were collected
using the Magellan 400L Field Emission Scanning Electron Microscope equipped with
a newly developed electron column with a monochromator, UC (UniColore)

Technology.
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Scanning Transmission Electron Microscopy (STEM) images were acquired at 200
keV on a FEI Tecnai G2 F20 microscope using a high angle annular dark field
(HAADF) detector. Energy Dispersive X-Ray (EDX) spectra were obtained with an
EDAX super ultra-thin window (SUTW) X-ray detector. Electron Energy-Loss
Spectroscopy (EELS) and Energy Filtered TEM (EFTEM) experiments were
performed using a Gatan Imaging Filter (GIF) Quantum SE 963 fitted with a 2k x 2k

CCD camera.
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Table S3-1. Crystal and Structure Refinement data for CBIMOF-1 to CBIMOF-4.

Compound CB1MOF-1 CB1MOF-2 CB1MOF-3 CB1MOF-4
Empirical CesHgsB2o CesHasB1o C72Hg6B1o Cs9.10H67.90B10
formula N5018C03 N2017ZI’]4 Nloolsznz N5,70015.70C02
F I
o_rmu a 1910.63 1540.71 1628.42 1335.25
weight
Crystal Triclinic Monoclinic Triclinic Monoclinic
system
Space group P-1 Pn P-1 P2i/c
CCDC ref 1517352 1517351 1517359 1517360
a(A) 14.9086(4) 18.5945(10) 11.6364(5) 16.2470(9)
b (A) 15.3237(4) 8.0800(5) 15.5850(6) 21.0403(9)
c (A 15.6621(5) 30.2904(19) 18.8230(8) 22.8395(11)
a (deg) 67.5200(10) 90 86.4230(18) 90
B (deg) 62.9120(10) 90.819(2) 82.8690(19) 105.811(2)
v (deg) 69.2370(10) 90 89.7220(19) 90
V (A% 2871.90(15) 4550.5(5) 3380.6(2) 7512.1(6)
Z 1 2 2 4
F (000) 983 1564 1704 2768
0 (range) 2.629-28.321 1.277-25.023 2.370-66.598 2.334-25.060
Max./min.
. 0.7457/0.6447 0.7452/0.2826 0.7528/0.6338 0.7452/0.2826
transmission
Ind refin
(Rin) 14224 (0.0336) 15879 (0.1216) 11752 (0.0509) 12998 (0.1505)
int
Final R R1=0.0388 R1 = 0.0759 R1=0.0678
R2 =0.1142 R2 =0.1858 - R2=0.1790
[1> 26(I)] W W wR2 =0.1979 W
R indices (all R1 = 0.0446, R1=0.0848, R1=0.0874, R1=0.1055,
data) wR2 =0.1169 wR2 =0.1904 wR2 =0.2049 wR2 =0.1917
Largest diff. 0.484 and 1.108 and 1.645 and 0.633 and
peak and hole -0.352 e. A3 -0.992 e A3 -0.826 e.A3 -0.514 e.A3
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Table S3-2. Crystallographic data of the different guest-containing structures for CBIMOF-1>

guest.
Guest MeOH CHCls NP NBz Bz Tol
. Ces Hss B2o Ces Hss B2o Ces Hss B2o Ces Has B2o Ces Hgs B2o Ces Hss Bao
Empirical formula
Co3 N6 O1s Co3 N6 O1s Co3 N6 O1s Co3 N6 O1s Co3 N6 O1s Cos N6 O1s
Formula weight 1910.63 1910.63 1910.63 1910.63 1910.63 1910.63
TIK 100(2) 100(2) 100.0 100.0 100.0 100.0
Crystal system Triclinic Triclinic Triclinic Triclinic Triclinic Triclinic
Space group P-1 P-1 P-1 P-1 P-1 P-1
CcDC 1517353 1517354 1517355 1517356 1517357 1517358
alA 14.6335(18) 14.7030(8) 15.0089(10) 14.9235(9) 14.7228(6) 14.7141(8)
b/A 15.2993(14) 15.2876(7) 15.3987(12) 15.1203(9) 15.2375(5) 15.3016(7)
c/A 15.6868(17) 15.7014(7) 15.5691(12) 15.9793(11) 15.7764(6) 15.8557(10)
al® 66.973(4) 67.499(2) 67.873(3) 67.399(2) 67.5260(10) 67.095(2)
ple 62.396(5) 64.547(2) 64.609(3) 68.016(2) 65.8470(10) 66.061(2)
ye 70.264 69.969(2) 68.959(3) 70.670(2) 70.8660(10) 70.802(3)
VIA 2811.1(5) 2876.3(3) 2926.2(4) 3012.1(3) 2921.87(19) 2943.0(3)
z 2 2 2 2 2 2
peaic/mg mm-3 1.118 1.206 1.254 1.380 1.279 1.307
F(000) 975 1061 1143 1287 1164 1203
) 2.402 to 2.374 10 2.362to 2.344 10 2.34710 2.344 10
26 range for data collection
33.813° 27.162° 30.517° 27.558° 27.073° 30.085°
Reflections collected 73697 39449 181513 68700 48175 53989
. 22487 [R(int) | 12708 [R(int) | 17862[R(int) | 13855[R(int) | 12818[R(int) | 17211[R(int)
Independent reflections
=0.0372] =0.0437] =0.0898] =0.0464] =0.0405] =0.0477]
Goodness-of-fit on F? 1.021 1.027 1.132 1.137 1.048 1.032
) ) R1 =0.0397, R1=0.0544, | R1=0.0506, | R1=0.0501, | R1=0.0403, R1 =0.0579,
Final R indexes [1>26(1)]
wR2=0.1061 | wR2=0.1635 | wR2 =0.1464 | wR2 =0.1039 | wR2 =0.0895 | wR2 =0.1306
) ) R1 =0.0537, R1=0.0702, | R1=0.0684, | R1=0.0674, | R1=0.0536, R1 =0.0887,
Final R indexes [all data]
wR2=0.1108 | wR2=0.1718 | wR2 =0.1545 | wR2 =0.1156 | wR2 =0.0966 | wR2 =0.1444
Largest diff. Peak/hole /
A 0.559/-0.581 | 0.677/-0.640 | 1.045/-0.921 | 0.834/-0.557 | 0.623/-0.621 | 0.994/-0.628
e A
No. guest per unit cell
0/2 1/0.36 1/15 3/0 3/0 3/0
Refined / Masked
No. of guests by DTAI 8 15 7 3 3 3

i Crystals were measured after being dried under vacuum for 3h (DMF, MeOH, CHCIs, NP, Bz,
Tol) or 12h (NBz). 4 DMF guests were found for CBIMOF-1 o DMF by DTA.
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Figure S3-1. Intermolecular chloroform-framework contacts in CBIMOF-1 > CHCIs. See Table
S3-2 for geometrical parameters.

Figure S3-2. Intermolecular 1-nitropropane-framework contacts in CBIMOF-1 > NPr.
1-nitropropane molecules are colored by symmetry equivalence as implemented in mercury. See
table S3-2 for geometrical parameters.
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Figure S3-3. Intermolecular benzene-framework contacts in CBIMOF-1 o Bz (a) Bz-CB1
contacts; (b) Bz-BTB contacts; (c) Bz-Bz contacts. See table S3-2 for geometrical parameters.
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Figure S3-4. Intermolecular nitrobenzene-framework contacts in CBIMOF-1 5 NBz: (a) NBz-CB1
contacts; (b) NBz-BTB contacts; (c) NBz-NBz contacts. Nitrotoluene molecules are colored by
symmetry equivalence as implemented in mercury. See table S3-2 for geometrical parameters.
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Figure S3-5. Intermolecular toluene-framework contacts in CBIMOF-1 o Tol: (a) Tol-CB1
contacts; (b) Tol-BTB contacts; (c) Tol-Tol contacts. Toluene molecules are colored by symmetry
equivalence as implemented in mercury. See table S3-2 for geometrical parameters.
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S 4.1 Crystallography

Crystals for CBIMOF-1a and CB1MOF-1"were obtained from the mixture obtained
after treating CB1MOF-1 > DMF with MeOH for 3 days. Crystals for CB1MOF-1b
were obtained from the mixture obtained after treating CB1MOF-1 > DMF with
scCO2. Data were collected on a Rigaku AFC12 4-circle goniometer equipped with an
enhanced sensitivity (HG) Saturn724+ detector mounted at the window of an FR-E+
SuperBright molybdenum (Mo Kal/Ka2 = 0.71073A) rotating anode generator with
VHF Varimax optics (70pm focus) operating at 2.475kW (45kV, 55mA). Using
Olex2M™, the structure was solved with the ShelXT!? structure solution program, using
the Intrinsic Phasing solution method. The model was refined with version 2016/6 of
ShelXL™ using Least Squares minimisation. The sample CB1MOF-1a is obviously a
mix of structures representing various stages of ‘transformation’. This data set is the
best of a number of attempts to measure this larger cell structure. The data are weak
and the refinement has the associated problems — however, it clearly reveals the
crystallographic features of this structure. The structure contains a solvent accessible
void of 1059.7 angs 3, and using solvent masking 167 electrons can be assigned to this
void. This improves the R1 value by ca. 3%. It is unclear what this represents. In all
refinements extensive use of geometrical and thermal parameter restrains/constraints
was necessary to refine against the weak data. Unit cell determinations for bulk
synthesis of CB1MOF-1-back were measured at the XALOC beamline of the ALBA
synchrotron at 100 K using a MD2M single-axis diffractometer (Maatel, France) and a

Pilatus 6M detector (Dectris, Switzerland).
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Table S4-1. Crystal and structural refinement data for crystal CB1MOF-1a, crystal CBIMOF-1b
and crystal CBIMOF-1"

Crystal Data CB1MOF-1a CB1MOF-1b CB1MOF-1~
T/IK 100 100 100
Csg Hog B22 Coz N
Empirical formula Cs2 H7g B20Co3 N4 O18 . 98022 > | CoaHaoB20C0osN4Oz0
22
Formula weight 1800.47 2006.33 1836.50
Crystal system Triclinic Triclinic Triclinic
Space group P-1 P-1 P-1

Unit-cell dimensions

a = 13.3699(14) A

a=13.4599(5) A

a=12.7760(8) A

b = 16.3896(11) A

b =14.3042(5) A

b=12.9917(7) A

c=24.7232(13) A

¢ =15.5205(4) A

¢ = 15.3607(5) A

@ =95.962(5)°

a=113.653(3)°

a=107.242(4)°

B =100.013(6)°

B =92.654(3)°

B=112.907(5)°

7= 110.984(8)°

y=111.589(4)°

7= 96.664(5)°

Volume/ A3 4899.2(7) A3 2478.31(16) A3 2164.0(2) A3
z 2 1 1
Density (calculated)/
1.221 1.344 1.409
mg.pm'3
Absorption coefficient/
1 0.564 0.568 0.642
mm-~
F(000) 1846 1035 943
Theta range for data
2.925 to 25.026 2.943 to 28.699 2.930 to 25.027

collection/deg

Reflections 34888/17176 [Rint = 29921/12708 [Rint 15901/7554 [Rint =
collected/unique 0.0655] =0.0246] 0.0501]
Max. and min. 1.00000 and
- 1.00000 and 0.75723 1.00000 and 0.52283
transmission 0.89342
Final R indices R1=0.1486, wR2 = R1=0.0709, wR2 R1=10.0609, wR2 =
[1>2sigma(l)] 0.3603 =0.2019 0.1569
. R1=0.2258, wR2 = R1=10.0872, wR2 R1=0.0777, wR2 =
R indices (all data)
0.4115 =0.2172 0.1671

Largest diff. peak and
hole

3.845 and -1.195 e.A-3

1.787 and -1.773

1.039 and -0.919 e A

CCDC 1820704-1820706 contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Table S4-2. Unit cell determination for various crystals from two different batches of phase
CB1MOF-1"preparation.

Measurements a(h) b (A) c (A a(9) G 7 ©
1 13.133(16) | 13.479(15) | 15.227(15) | 108.68(9) | 110.18(10) | 99.58(9)
2 13.144(18) | 13.490(20) | 15.230(19) | 108.87(13) | 109.76(13) | 99.77(12)
3 13.11(4) | 1345(@) | 15314) | 109.33) | 109.1(3) | 99.8(3)
= 4 1306(7) | 1325(4) | 1531(5) | 109.03) | 109.5(4) | 98.7(4)
g 5 13.09(2) | 13.491(18) | 15.233(18) | 108.59(11) | 109.93(14) | 99.61(13)
6 13.04(3) | 1343(3) | 1521(2) | 108.86(16) | 109.84(16) | 99.35(17)
7 13.176(19) | 13.443(18) | 15.242(17) | 108.84(11) | 110.28(12) | 99.37(12)
8 13203) | 1351(4) | 152003) | 10842 | 11022 | 100.0(2)
1 13.145(18) | 13512(17) | 15.19(2) | 108.67(12) | 109.78(12) | 99.81(11)
2 13.12(2) | 13.469(17) | 15.261(16) | 109.22(11) | 109.86(12) | 99.33(12)
3 13.166(19) | 13.427(19) | 15.23(2) | 108.71(13) | 109.67(13) | 99.92(12)
s 4 13.167(19) | 13.483(17) | 15.195(19) | 109.03(11) | 109.43(12) | 99.66(12)
g 5 13.164(17) | 13.423(18) | 15.244(19) | 108.90(12) | 110.32(12) | 99.22(11)
6 13.081(12) | 13.466(14) | 15.250(14) | 10853(9) | 109.84(9) | 99.59(8)
7 13.12(2) | 13.455(18) | 15.21(2) | 108.77(13) | 109.82(15) | 99.61(14)
8 13.100(12) | 13.477(15) | 15.223(14) | 108.88(9) | 109.91(8) | 99.51(8)

S 4.2 Computational details

DFT calculations were performed with the all-electron FHI-aims computer code using
numerical local orbital basis setl®]. This approach allows for a full-potential calculations
at a low computational cost without using any a priori approximations for the potential,
such as pseudopotentials or frozen cores. The calculations were performed using the
generalized-gradient approximation PBE functional™ including the dispersion effects
with the Hirschfield approach®.. In the FHI-aims code, there are three levels of accuracy
in the choice of the numerical basis set (“light”, “tight” and “really tight”) and the “tight”
level was employed®. The SCF parameters to reach a good convergence in the
calculations were a Gaussian occupation type with a parameter of 0.01, a Pulay mixer
with 10 cycles and a mixing parameter of 0.05. Due to the large size of the unit cells,
only the gamma point was employed for the calculations. The structures for systems
CB1MOF-1, CB1MOF-1 8DMF, CB1MOF-1 8MeOH, CB1MOF-1b 4H,0 2DMF,
CB1MOF-1"and CB1MOF-1+ Ceo Were optimized by DFT calculations. In the case of
the CB1MOF-1 8MeOH structure, we have employed a molecular dynamics
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simulation of the solvent molecules in order to have a starting geometry for the DFT

optimization.

Interaction energies have been calculated taking as reference the host-guest optimized
structure subtracting the energies of isolated host and guest subsystems keeping the
structure that they have in the whole optimized host-guest system. Inclusion energies
were obtained using also as the host-guest optimized structure but performing the
comparison of such energy with those of the optimized isolated host and guest
subsystems. To extract the energies of some structures that correspond to chemical
reactions and they have different number of solvent molecules, for instance MOFs
CB1MOF-1""or CBIMOF-1"(solvent free) and CB1MOF-1b (that contains 4 water +
2 DMF molecules), we have to consider the energy of MOFs CB1MOF-1"" or
CB1MOF-1" plus the energy of four free water and two free DMF molecules to
compare with the 1b energy.

Table S4-3 Unit cell determination for ten crystals from two different batches of CB1IMOF-1-
back preparation.

Measurements a(A) b (A) c(A) a () B 7(°)
1 14.7448(4) | 15.2987(6) | 15.7208(5) | 67.158(3) | 62.875(3) | 69.521(3)
2 14.7639(4) | 15.2844(4) | 157052(5) | 67.146(3) | 62.845(3) | 69.489(2)
3 14.7693(7) | 15.2952(7) | 15.7180(6) | 67.126(4) | 62.849(4) | 69.449(4)
4 14.7287(15) | 15.2904(12) | 15.7093(11) | 67.03(7) 62.967(3) | 69.701(8)
5 14.7030(13) | 15.3125(8) | 15.7394(14) | 66.876(6) | 62.560(9) | 69.656(6)
6 14.523(3) 15.357(3) 15.563(3) | 66.723(17) | 62.026(18) | 69.321(16)
7 14.7546(6) | 15.2888(6) | 15.7526(6) | 66.857(4) | 62.121(4) | 69.285(4)
8 14.704(3) | 15.285(18) | 15.742(3) | 66.735(16) | 61.82(2) | 69.344(16)
9 14.715(2) | 15.3051(15) | 15.782(3) | 66.740(13) | 61.983(17) | 69.412(13)
10 14.8039(7) | 15.2085(9) | 15.7390(9) | 67.026(5) | 62.693(6) | 69.310(5)
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Figure S5-1. IR-ATR spectra of (a) CB2 and (b) 1-CB2. Characterized peak of O-H stretching, C-
H stretching and the B-H stretching are indicated.
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Figure S5-2. IR-ATR spectra of (a) CB2MOF-1, (b) I-CB2MOF-1, (c) CB2MOF-2, (d) CB2MOF-
3, (e) CB2MOF-4.
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Figure S5-3 Calculated XRD (black) from model of CB2MOF-1 and experimental PXRD (red)
of CB2MOF-1.
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Figure S5-4. Simulated (black) and experimental (red) PXRD patterns of CB2MOF-2.
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Figure S5-5. Simulated (black) and experimental (red) PXRD patterns of CB2MOF-3.
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Figure S5-6. Simulated (black) and experimental (red) PXRD patterns of CB2MOF-4.

S2. Thermal Analysis
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Figure S5-7. TGA diagram of CB2MOF-1.
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Figure S5-8. TGA diagram of I-CB2MOF-1.
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Figure S5-9. TGA diagram of CB2MOF-2.
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Figure S5-10. TGA diagram of CB2MOF-3.
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Figure S5-11. TGA diagram of CB2MOF-4.
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S3. Stability in pH=13 aqueous solution
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Figure S5-12. PXRD of (a) the as made compounds CB2MOF-2 and (b) after immersion in
pH=13 aqueous solution for 48h.
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Figure S5-13. Powder patterns of (a) the as made compounds CB2MOF-3 and (b) after
immersion in pH=13 aqueous solution for 48h.
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Figure S5-14. Powder patterns of (a) the as made compounds CB2MOF-4 and (b) after
immersion in pH=13 aqueous solution for 48h.
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Figure S5-15. Raman spectra of the (a) as-synthesized CB2MOF-1o DMF; (b) CB2MOF-1 was
immersed in CHCI; for 24h.
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Figure S5-16. CB2 in (a) CB2MOF-1, (b) CB2MOF-2, (¢) CB2MOF-3 and (d) CB2MOF-4,
showing selected structural parameters.
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Figure S6-1. (a) calculated PXRD of CBIMOF-1"and experimental PXRD of restacked powder of
CB1MON-1 nanosheets synthesized from (b) CH,CN, (c) MeOH (d) CHCI, and (e) EtOH.
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Figure S6-2. UV-vis adsorption of H;BTB (blue line), CB1 (red line) and CB1MON-1 suspension
(black) in EtOH.
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Figure S6-3. (a) PXRD of 2D bulk CB2MOF-1 and (b) PXRD of restacked powder of CB2MON-
1 after immersing into DMF for 30 min.
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Figure S6-4. (a) PXRD of 2D bulk I-CB2MOF-1 and (b) PXRD of restacked powder of I-
CB2MON-1 after immersing into DMF for 30 min.
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General Conclusions

The results in this Thesis proof that the incorporation of N-disubstituted globular
carborane cluster ligands into coordination polymers endows those with unprecedented
properties, including structural flexibility, controllable topology and thermal or water

stability.

Firstly, it was optimized the synthesis of new coordination polymers constructed by a
bis-pyridylacohol carborane ligand (CB1), tritopic carboxylic acid 1,3,5-Tris(4-
carboxyphenyl)benzene (H3BTB) or tetratopic carboxylic acid 1,2,4,5-Tetrakis(4-
carboxyphenyl)benzene (H4sTCPB) and cobalt or zinc salts by solvothermal conditions.
The structures were fully characterized. Due to the high potential solvents accessible
volume (33%), CBIMOF-1 could act as a crystal sponge for a range of solvents with
different polarity whose structures were determined by single-crystal X-ray diffraction.
A higher number of interactions between aromatic guest molecules and the CBIMOF-
1 frameworks were observed. Considering the millimeter scale size of CB1IMOF-1
crystals, the pillar-layered structure and unchanged geometry of framework after
solvent encapsulation, the single crystal nanoindentation was adopted to measure the
mechanical properties, elastic modules and hardness values. The crystals encapsulated
with aromatic solvents displayed higher elastic and hardness values than with those
incorporating non aromatic solvents. The achievement of tunable mechanical properties
in CBIMOF-1 o Guest is owing to the flexibility of carborane linker and suggest that
a higher number of host-guest contacts has also an effect on the hardness and Young’s

moduli values.

Subsequently, a reversible phase transition from 3D porous CBIMOF-1 to 2D non-
porous CBIMOF-1" was demonstrated. Notably, this structural transformation was
discovered by SXRD. In the 2D final phase CBIMOF-1’, the N atoms of the CB1
carborane ligand coordinated the Co units intralayer, instead of interlayer, as in the
initial phase CBIMOF-1. The single crystal to single crystal transformation could be

accomplished by two-step treatment: exchange of DMF by poor hydrogen acceptor
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solvents such as MeOH, CHCI5 or supercritical CO»; followed by thermal high vacuum
evacuation. In addition, heating CBIMOF-1" in the DMF solution would enable the
crystal to transform back into CB1IMOF-1, a process that was confirm by PXRD, SXRD
and explained by DFT calculations. To take advantage of this transformation, the
inclusion of large fullerene molecules C60 was achieved, providing a new method for
encapsulation. A series of characterization techniques have been utilized to analyze the
encapsulation, such as PXRD, fluorescence confocal microscopy, raman spectroscopy
and TGA. The overall results in this part proved that the incorporation of 3D globular
carborane clusters into coordination polymers would provide flexibility and maintain
the structure during the coordination bonding reconstruction, something that is not

possible when using planar based linkers.

Then a longer bis-pyridylalcohol carborane ligand CB2 and its B-iodinated derivative
I-CB2 were synthesized and fully characterized. A new family of coordination
polymers CB2MOF-1 to CB2MOF-4 was obtained by the reaction of CB2 with cobalt
nitrate and different tri- or di-topic carboxylic acids (1,3,5-Tris(4-
carboxyphenyl)benzene (H3BTB), 1,4-cyclohexanedicarboxylic acid (H.CHDA),
biphenyl-4,4'-dicarboxylic acid (H.BPDC) or 4,4'-azobenezenedicarboxylicacid
(H2ADB)). The structures were confirmed by SXRD analysis, which revealed that
CB2MOF-2 to CB2MOF-4 are 3D non-porous crystals where CB2 coordinated as
pillar, in an unusual ice-tweezer shape. On the contrary, CB2ZMOF-1 is a 2D porous
structure where CB2 decorates Co-BTB layers in a similar way to that found in
CB1MOF-1". The B-iodinated I-CB2 seems to form also an isostructural 2D structure
(I-CB2MOF-1) that has been characterized by PXRD. Both CB2MOF-1 and I-
CB2MOF-1 exhibited a fast phase transformation into crystalline phases CB2MOF-1"
and I-CB2MOF-1", respectively, when immersing the compounds in CHCI3. Such
transformation is reversible and takes place very fast when immersing the latter into
DMF. CB2MOF-1" and I-CB2MOF-1" are non porous to N> but porous to CO». It is
envisioned that the removal of coordinated solvents of CB2ZMOF-1" and I-CB2MOF-

1" will induce large quantity of metal open sites which are much beneficial for its
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applications, including adsorption, catalysis or sensing. Detailed studies in these new

2D materials are still being carried out.

Finally, we take advantage of the three 2D bulk crystals CBIMOF-1", CB2MOF-1 and
I-CB2MOF-1 prepared in this Thesis to obtain the corresponding carborane based
nanosheets CBIMON-1", CB2MON-1 and I-CB2MON-1. The latter were obtained by
either sonication (30 minutes) or ultrasonication (10-20 seconds) in various organic
solvents and fully characterized by UV-vis, Tyndall effect, PXRD, SEM, TEM, AFM
and GIWAX measurements. The SEM and TEM images reflected the nanosheets are
flat and smooth lamella. The height profile from AFM shows that the high aspect ratio
nanosheets possess mono- and bi-layer thickness. Moreover, the intense scattering of
qz from GIWAX measurements indicated the highly anisotropic stacking on the
substrates. These findings clearly indicate that most of ultrathin nanosheets were
oriented face-on in the substrates and of large aspect/ratio. The latter seems to be due
to the weak nature of the intermolecular interactions (mainly dihydrogen bonding)
between layers in the bulk 2D material. These studies show the feasibility to prepare
ultrathin nanosheets of these carborane capped materials. More studies are still going

on and directed toward the study of their properties.
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