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Abstract 

In this thesis, we have dedicated major efforts to rationally design and synthesize 

meta-carborane-based ligands to construct a series of functional MOFs and further 

explore their property-determined applications. Except for their excellent water 

stability, these carborane-based MOFs displayed distinct properties, such as improved 

electric conductivity for CBMOF-1  PPy hybrid, sufficient open metal sites in 

CBMOF-2, efficient carborane-driven “antenna effect” in mCB-EuyTb1-y and the 

inherited magnetism from Gd3+ in mCB-Gd. In terms of these properties, several 

potential singularity-driven applications have been proposed for each of materials. 

Good performances in energy storage, catalytic activity, luminescent behavior, and 

magnetic resonance imaging (MRI) have been observed.             

Chapter 1 provides the generalities of carboranes, including their structure, properties 

and functionalization methods. Then a briefly historical review on MOFs’ 

development has been made and the commonly used design strategies for ligands, that 

are adopted to construct diverse MOFs have been summarized. Subsequently, we 

detailly describe how to introduce such design strategies into rational design of 

carborane-based ligands and their impact on the structure of the corresponding MOFs. 

Finally, the potential applications of carborane-based MOFs have been reviewed and 

some promising prospects for the investigation on carborane-based MOFs are 

proposed.  

Chapter 2 states the general and specific objectives of this thesis. 

Chapter 3 describes a facile method to intercalate polypyrrole (PPy) into the channels 

of a highly dynamic carborane-based MOF (CBMOF-1) by in-situ polymerization of 

pyrrole (Py) monomers. After introduction of the PPy, the porosity of the MOF-based 

composite could be preserved permanently. Furthermore, the resulting MOF/Polymer 

composite could be equipped with better conductivity due to the presence of the 

functional polymer. When using the hybrid MOF as an electrode material for 

supercapacitors, a clear improvement in rate capability, charge storage ability, and 

cycling stability has been observed. Compared to the pristine MOF, the specific area 

capacitance of the hybrid is improved to seven-fold. This chapter shows a novel 

strategy to simultaneously stabilize a highly dynamic MOF and functionalize the 



 

 

MOF with electrical conductivity. Without the functional polymers, such soft porous 

crystals will lose their porosity and robustness during the conventional activating 

process. 

In chapter 4, a less symmetric carborane-based ligand has been rationally designed 

and further used to construct the hydrolytic stable CBMOF-2. Benefiting from the 

improved stability, accessible Lewis-acidic sites and one-dimensional reticular 

structure, this new MOF exhibited an outstanding catalytic performance for a typical 

aza-Michael addition reaction. Nearly 100% conversion has been reached and the 

catalyst could be used at least for 4 cycles without obvious loss of catalytic activity. 

The present study provides the first example using the carborane-based MOFs as a 

prospective catalyst for a typical addition reaction. 

In chapter 5, a series of isostructural carborane-based lanthanide MOFs (Ln-MOFs) 

were designed and synthesized. Except for excellent chemical and thermal stabilities 

of the materials, the Ln-MOFs exhibited intense luminescence with high quantum 

yields due to the carborane-driven effective antennae effect, which is more efficient 

than the corresponding phenyl-based counterpart. Compared to the mCB-Eu, an 

outstanding increase of 237% of quantum yield has been achieved in the 

mCB-Eu0.1Tb0.9. Due to the narrow emission bands, tunable composition and 

controllable energy transfer efficiency between different lanthanides, time-dependent 

emission colors and bar codes were found in the multi-component Ln-MOFs. As a 

proof of concept, our Ln-MOFs were demonstrated printable through spray-coating, 

making these materials very promising as invisible security inks for advanced 

anticounterfeiting technologies.   

In Chapter 6, a highly hydrolytic stable mCB-Gd was designed and synthesized by a 

same solvothermal method with that of mCB-Ln. The as-obtained Gd-MOF exhibit 

an excellent contrast effect for both longitudinal (T1) and transversal (T2) relaxivity 

times, indicating the prospective application of the Gd-MOF as an efficient contrast 

agent (CA) for MRI. Decreasing the MOF crystals into nanoscale (~60 nm) by a 

polymer-assisted emulsion method was also fulfilled and a facile bilayer strategy was 

adopted to stabilize the nano-size Gd-MOF water suspension. Given the excellent 

relaxivity effect, high hydrolytic stability, and high boron content in meta-carborane, 

our Gd-MOF could potentially serve as a multifunctional nanomedicine for 



 

 

simultaneously tumor diagnosis and subsequent cancer therapy. The present research, 

still in progress, will broaden the horizons in the design and synthesis of 

multifunctional carborane-based MOFs for broad bio-applications.               

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Resumen 

Este trabajo de Tesis está dedicado a la síntesis de ligandos basados en la unidad 

meta-carborano, para construcción racional de una serie de MOFs funcionales y así 

explorar las aplicaciones derivadas de las propiedades de los mismos. Además de la 

excelente estabilidad en agua, estos MOFs derivados del meta-carborano muestran 

distintas propiedades, tales como una mejor conductividad eléctrica del híbrido 

CBMOF-1  PPy, elevado número de metales insaturados en CBMOF-2, un 

eficiente “efecto antena” en mCB-EuyTb1-y y el magnetismo de mCB-Gd, heredado 

del Gd3+. Basados en dichas propiedades, se proponen diversas aplicaciones 

potenciales impulsadas por su singularidad. Se han observado buenas prestaciones en 

almacenaje de energía, actividad catalítica, luminiscencia e imagen por resonancia 

magnética (IRM).     

En el Capítulo 1 se hace una breve introducción sobre las generalidades de los 

carboranos, incluido sus estructuras, propiedades y métodos de funcionalización. 

Seguidamente se hace una revisión histórica del desarrollo de los MOFs, así como de 

las estrategias de diseño comúnmente empleadas para los ligandos utilizados en su 

construcción. Seguidamente se describe detalladamente como introducir dichas 

estrategias en el diseño racional de ligandos basados en la unidad meta-carborano y su 

impacto en la estructura de los MOFs correspondientes. Finalmente, se ha hecho una 

revisión de las aplicaciones potenciales de los MOFs basados en la unidad 

meta-carborano y se proponen algunas perspectivas prometedoras de estos materiales. 

En el Capítulo 2, se introducen los objetivos generales y específicos de la presente 

tesis.  

En el Capítulo 3, se describe un método sencillo para intercalar polipirrol (PPy) en 

los canales de un MOF basados en la unidad meta-carborano altamente flexible 

(CBMOF-1), mediante la polimerización in-situ de monómeros de pirrol (Py). Tras la 

introducción de PPy, la porosidad de composite formado se mantiene de manera 

permanente. Además, la conductividad del composite MOF/polímero se ve 

incrementada debido a la presencia del polímero funcional. Se observa una clara 

mejoría en la velocidad, almacenaje de carga y reciclado de un electrodo construido 

con el MOF híbrido para supercondensadores. En comparación con el MOF original, 



 

 

la capacitancia de área específica del híbrido mejora siete veces. Este capítulo muestra 

una nueva estrategia, para simultáneamente estabilizar MOFs altamente flexibles y 

funcionalizarlos con conductividad eléctrica. En la ausencia de polímeros funcionales, 

dichos materiales flexibles pierden su porosidad y rigidez durante el proceso de 

activación. 

En el capítulo 4 se muestra la síntesis de un ligando derivado del meta-carborano con 

baja simetría, especialmente diseñado para construir el MOF estable en agua 

CBMOF-2. Este MOF muestra una actividad catalítica excepcional en la reacción de 

adición aza-Michael, gracias al incremento en la estabilidad, sitios ácidos de Lewis 

accesibles y la estructura 1D. Se han alcanzado conversiones cercanas al 100% y el 

catalizados se ha podido usar, al menos, durante cuatro ciclos catalíticos sin pérdida 

significativa de actividad. Este estudio proporciona el primer ejemplo en el que un 

MOF derivado de meta-carborano se usa como catalizados en una reacción de adición 

clásica. 

En el capítulo 5 se describe la síntesis y diseño de una serie de MOFs derivados del 

meta-carborano con lantánidos (Ln-MOFs). Además de una excelente estabilidad 

química y térmica de estos materiales, los mismos muestran una luminiscencia muy 

intensa y con altos rendimientos cuánticos. Esto último es debido a un efecto antenna 

muy eficiente y como consecuencia del carborano. La sustitución del fragmento 

carborano por un grupo fenilo provoca una disminución en la eficiencia del proceso 

luminiscente. El MOF bimetálico mCB-Eu0.1Tb0.9 muestra un incremento del 237% 

en su luminiscencia en comparación con el correspondiente derivado monometálico 

mCB-Eu. Debido a las estrechas bandas de emisión, la posibilidad de variar la 

composición y el control sobre la eficiencia de la transferencia energética entre los 

diferentes lantánidos, se ha encontrado una emisión de colores dependientes del 

tiempo y un código de barras en los Ln-MOFs con dos metales. Como prueba de 

concepto, nuestros Ln-MOFs se han podido utilizar como tintas para imprimir, 

mediante la técnica de spray-coating, demostrando la posibilidad de usarlos como 

tintas invisibles para tecnologías avanzadas contra la falsificación. 

En el capítulo 6 se describe el diseño y síntesis de MOF mCB-Gd, con alta 

estabilidad en agua, mediante el mismo método solvo-termal empleado para mCB-Ln. 

El MOF de Gd (Gd-MOF) muestra un excelente efecto de contraste, tanto en tiempos 



 

 

de relajación longitudinal (T1) como transversal (T2), lo que indica la posible 

aplicación de este MOF como agente de contraste (AC) para IRM. Posteriormente se 

ha conseguido disminuir el tamaño de los cristales del MOF a la nanoescala (~60 nm), 

de manera sencilla, mediante un método basado en el empleo de una emulsión 

facilitada por un polímero. Posteriormente se ha adoptado una estrategia bicapa para 

estabilizar la suspensión del nano-size Gd-MOF en agua. Dada el excelente efecto de 

relajación, la elevada estabilidad en agua y alto contenido en boro del meta-carborano, 

nuestro nano-size Gd-MOF podría resultar un material multifuncional único en 

nanomedicina para el diagnóstico y terapia contra el cáncer, de manera simultánea. 

Esta investigación, aún en proceso, ensanchará las perspectivas en el diseño y síntesis 

de MOF multifuncionales derivados del meta-carborano para aplicaciones bio. 
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Chapter 1 
 
 

1 

1.1 Carboranes 

Carboranes (“carbaboranes” in the formal nomenclature) represent a subclass of 

boron-containing clusters with electron-delocalized tridimensional polyhedral 

configurations [1]. Carboranes are always regarded as a special type of boranes or 

boron clusters, in which one or more boron atoms are replaced by carbon atoms. The 

heteroborane nature of carboranes makes their characteristics highly related to boron 

clusters, hence we would like to introduce carboranes beginning with boron clusters.   

1.1.1 Generalities of boron clusters 

Similar to carbon, that has the catenate property to form diverse cycles or polymers, 

boron is the other element that could produce diverse boron clusters by covalent 

self-bonding, which has been increasingly captivating the chemists from different 

disciplines. The existence of boron containing compounds, like boron hydrides and 

boranes, is known since 1878, however, the milestone of synthesis and 

characterization of boranes is the pioneering work that was done by Alfred Stock in 

1912 [2]. Thanks to the continuous accumulation of knowledge in the chemical 

connectivity of boranes, the first clear envision about diborane (B2H6) structure was 

proposed by H. C. Longuet-Higgins in 1943 after introducing the electron deficiency 

concept, namely, three centers with two electrons (3c-2e) [3]. During the Second 

World War, boranes attracted a lot of attention as rocket fuels due to the pyrophoric 

nature of these materials in air-free conditions, which promoted the exploration on 

pentaborane and decaborane [4]. Afterwards, carbon-containing boron clusters, 

namely carboranes, were declassified as a relatively novel subset of boron clusters in 

the 1960s [1, 5, 6]. From this time, carboranes start to represent a special class of 

polyhedral boron clusters with one or more B-H vertices replaced by C-H. The 

number of C-H vertices in the skeletal framework could vary from one to five, which 

largely increases the diversity of carboranes [7]. Although various carboranes are 

acknowledged nowadays, dicarba-closo-decaboranes and 

dicarba-closo-dodecaboranes that contain two carbon atoms with a 10-vertex and 

12-vertex polyhedral shape, respectively, have been intensively studied [8-10]. 

Icosahedral dicarba-closo-dodecaboranes are also the materials that are used in this 
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study and will be discussed in detail in the following sections. The reason why such 

compounds are the most intensively explored is multitudinous but undisputedly along 

with their material-favorable properties, such as thermal and chemical robustness, 

hydrophobicity, ease of functionalization, unique electron-delocalized covalent 

bonding, and three-dimensional aromaticity. Therefore, understanding the above 

properties of carboranes would be helpful to design and synthesize carborane-based 

novel materials for broad applications.     

1.1.2 Properties of carboranes 

Icosahedral dicarba-closo-dodecaboranes are isoelectronic with the anionic polyhedral 

boron cluster [B12H12]
2-, in which two carbon atoms take the place of two apical boron 

atoms, yielding an empirical formula C2B10H12 (Figure 1-1). According to the 

classical Wade’s rules, each B-H groups donates a pair of electrons for polyhedral 

binding and n+1 electron pairs in total are required to form a closed polyhedral borane, 

where n is the number of B-H vertices. In boranes, two of valence electrons from the 

boron atom are used for the skeletal B-B bound and the remaining one-valence 

electron participates the formation of the B-H bond [11-13]. Therefore, the 

replacement of two boron atoms (having 3 valence electrons) from the anionic 

[B12H12]
2- by two carbon atoms (having 4 valence electrons) provides the neutral 

carboranes (C2B10H12). In most cases known so far, replacing boron vertices with 

carbon centers in the skeleton usually bestows carboranes better chemical resistance 

than their equivalent borane counterparts [8]. Depending on the relative position of 

carbon atoms in the structure, there are three isomeric carborane forms (Figure 1-1). 

o-carborane or 1,2-dicarba-closo-dodecaborane with two carbons in adjacent position 

is the one that has been intensively investigated due to the relatively facile synthesis 

process and pronounced electron-withdrawing ability at carbon, which has been 

proved by Teixidor et. al. [14, 15]. The subsequent two isomers: 

1,7-dicarba-closo-dodecaborane, namely m-carborane, and 1,12-dicarba-closo 

-dodecaborane, namely p-carborane, could be readily obtained by a thermal 

rearrangement method. Unfortunately, the isomerization from m-carborane to 

p-carborane is a reversible process and at a much higher temperature, which makes 

the production and purification process of p-carborane time-consuming and 
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energy-intensive, thus resulting in a much higher price for p-carborane than its 

isomers [16, 17]. The latest quoted price from Katchem spol. s r. o. (based on 50 g of 

the compound) is listed as following: o-carborane (32.2 EUR/g), m-carborane (57.42 

EUR/g) and p-carborane (270 EUR/g). Due to the different relative positions of 

carbon atoms in the skeleton, the H-C-C-H angle obtained from crystal structure data 

for o-carborane, m-carborane and p-carborane was found to be 52o, 115o and 180o, 

respectively [17].  

Figure 1-1. (a) Molecular structure of anionic [B12H12]2- boron cluster with an icosahedral geometry; (b) the 

isomerization process from o-carborane to m-carborane and further to p-carborane. Vertexes numbering is 

indicated. 

Except for the better chemical resistance and thermal stability of carboranes, the 

presence of hydride-like hydrogens at boron vertices endows carboranes with high 

hydrophobicity, which makes these carboranes insoluble in water. It has been proven 

that the hydrophobicity of carboranes continuously increases from o-carborane to 

p-carborane [18]. A large volume is another feature of carboranes. Compared with 

two-dimensional benzene (volume 79 Å3) and tridimensional adamantane (volume 

136 Å3), the van der Waals volume for o-carborane, m-carborane and p-carborane was 

calculated to be 148, 143, and 141 Å3, respectively. Even if taking the rotation of 

benzene into consideration, the volume of carborane isomers is still approximately 40% 

larger than that of phenyl ring rotation envelope (102 Å3) (Figure 1-2) [19]. Similar to 

benzenes, carboranes also exhibit aromatic character within their tridimensional 

skeleton, thus carborane isomers are referred as ‘benzene analogues’ in the literature. 

What is noteworthy is that there are significant differences between them in terms of 

bulky volume and tridimensional aromaticity, as well as hydrophobicity. 
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Figure 1-2. Comparison of the van der Waals volumes between benzene, adamantane, and o-carbaborane. 

Furthermore, carboranes display unique supramolecular behavior. Versatile multiple 

interactions, such as C-H···X (X = O, N, S, F, π system) hydrogen bonds [20, 21] and 

unprecedented B-H···H-X dihydrogen bonds [22, 23] have been found in 

carborane-based systems (Figure 1-3). Such a spectacular supramolecular property 

would potentially facilitate to prepare ultra-stable carborane-based materials [24, 25].  

 

Figure 1-3. Schematic illustration of various intermolecular interactions of o-carborane. Copyright © 2011 

American Chemical Society 

1.1.3 Reactivity of carboranes 

Carboranes exhibit many material-favorable properties that motivate the researchers 

to exploit functionalization methods to create innovative molecules with fantastic 

structural arrangement and desired characteristics for special applications. Given the 

tridimensional aromaticity, the chemistry of carboranes seems to be highly associated 
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with organic chemistry to some extent. This is the main reason that some pioneering 

attempts based on organic protocols have been made by the boron chemists. The truth 

is that the standard organic routes mostly do not work, showing a clear distinction 

between carboranes and their organic counterparts [26].  

 

Figure1-4. Reactivity of o-carborane at various vertices 

In icosahedral carboranes, 26 skeletal electrons from 12 vertices are involved and the 

electrons are heterogeneously delocalized within the whole skeletal framework. The 

different electronegativities of the various atoms in the cluster (H=2.2, B=2.0, and 

C=2.5) [27, 28]) will largely affect the reactivity at different vertices and further 

induce diverse electronic effects on the substituents that are attached to the carboranes, 

both at carbon or boron positions [29]. Taking the o-carborane as a typical example 

and due to the lower electronegativity of boron atoms, hydrogen atoms in B-H bonds 

exhibit a low polarity and neglectable acidic character. Benefiting from the electron 

delocalized structure, however, the boron atoms at the opposite positions to carbon 

atoms are electron-donating [17, 30], and could be potentially substituted by 

electrophile synthons (Figure 1-4). Different from the above circumstance, the boron 

atoms at 3 and 6 sites are directly bonded to carbon atoms and possess slightly 

positive charge densities, so that they can be attacked by nucleophile species. The 

higher electronegativity of the carbon atoms than that for the hydrogen atoms 

engenders C-H groups in carboranes are relatively acidic. This allows deprotonation 

by using the appropriate base and thus generates carbanions that can act as 

nucleophiles [31, 32].  

Overall, B(9) and B(12) positions followed by B(8) and B(10) are susceptible to 

electrophilic attack (Figure 1-5a) [33-36] but functionalization of carboranes at carbon 
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sites are relatively easier because of the highest electronegativity and stronger acidity 

of the H atoms bonded to them (Figure 1-5b). With respect to m-carborane and 

p-carborane, they display a similar electron inhomogeneous delocalization behavior 

within the whole cage. The strong acidic character at C-H positions has also been 

observed. There is however a slight reactivity decrease compared with o-carborane, 

due to the clear differences of these isomers in polarity, dipole moment, and inductive 

electron attraction [37, 38]. 

 

Figure1-5. Functionalization of carboranes at the BH site (a) or CH vertices (b). 

Partial deboronation is another intriguing functionalization method to create novel 

carborane derivatives. In the o-carborane, each of the boron atoms that are directly 

bonded to both carbon atoms could be facilely removed under a basic condition, 

yielding anionic nido-carborane derivatives (Figure 1-6). Such a deboronation endows 

the compound with water solubility. This switchable character between aqueous 

insolubility and solubility could been potentially applied to develop some smart 

materials for biological applications or could be further expanded to prepare various 

sandwich-like metallacarboranes (Figure 1-7). Recently, C. Viñas and co-workers 

developed an efficient and innovative synthetic method for metallacarboranes, which 

will facilitate the researchers to design and synthesize diverse functional compounds 

for broad applications [39]. It should be noticed that the tridimensional aromaticity of 

carboranes survives in their open forms after deboronation [19, 40, 41]. 



Chapter 1 
 
 

7 

 

Figure 1-6. Deboronation reaction on closo-o-carborane with formation of nido-o-carborane 

 

Figure 1-7. Formation process of metallacarboranes 

Nowadays, carborane chemistry has constituted one of the most studied subdisciplines 

of the boron chemistry and numerous standard synthetic procedures with improved 

yields have been well-established, which have been summarized in some of reviews 

and monographs [42-46]. 

1.2 Metal-organic frameworks (MOFs) 

Metal-organic frameworks (MOFs), also known as coordination polymers (CPs), are 

constructed by bridging metal cations or metal-based clusters with multitopic organic 

linkers via coordination-type connections. The preliminary study on CPs could be 

dated back to 1965, when a series of carboxylic-based coordination polymers with 

various metals were prepared and characterized [47]. Laterally, the terminology on 

MOF was firstly proposed by Yaghi et. al. in 1995 when porosity was discovered in 

such materials [48]. In 2013, IUPAC (The International Union for Pure and Applied 

Chemistry) further provided a clear nomenclature on MOF, which represents a 

coordination network with organic ligands containing potential voids [49]. Since 

Yaghi’s discovery of these porous materials, many other groups, such as Ferey [50], 

Kitagawa [51], and others, further expanded the diversity of MOFs. Up to now, more 
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than 70000 MOFs with various topologies and compositions have been prepared and 

characterized [52]. Nowadays, MOFs with a high degree of tunability in structures 

and functionalities have constituted one of the most popular areas of porous 

organic-inorganic hybrid materials and exhibit a wide range of physical and chemical 

characteristics, such as high porosity, low density, facile functionalization, tunable 

composition, and structural diversity [53-55]. Every year, exponentially growing 

research on such porous crystalline materials has been reported due to their 

state-of-the-art properties (Figure 1-8) [56, 57].                           

 

Figure1-8. Number of publications of MOFs (brown bars) and the MOFs containing carboranes (pink bars) since 

1995. The data is from Web of Science.  

Although well-established theories and remarkable achievements, ranging from 

preparation to applications have been made in the MOF area, several obstacles 

urgently need to be addressed before further expansion of MOFs for practical 

applications. Hydrolytic stability is one of the most concerning barriers for the use of 

MOFs under practical conditions, due to the ubiquity of water or moisture in most 

industrial processes. The flexible nature of coordination bonds makes them 

susceptible to linker displacement by water that can provokes the irreversible collapse 

of the frameworks [58-60]. The hydrolytic stability of MOFs is governed by multiple 

intrinsic factors such as coordination environment, metal compositions, oxidation 

states, the nature of organic linkers, interpenetration, flexibility, and framework 
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dimensionality [61, 62]. Several approaches have been proposed to improve the 

aqueous stability of MOFs, for example, enhancing the ligand-metal bond strength by 

employing high valent metal ions or by increasing the MOFs hydrophobicity, among 

others [61-63]. 

As mentioned above, carboranes exhibit diverse material-favorable properties, such as 

high thermal and chemical resistance, extraordinary hydrophobicity, tridimensional 

aromatic character, and bulkiness. In addition, carboranes could be readily 

functionalized with various desired groups. It could be reasonably speculated that 

carboranes could be potentially employed as an excellent backbone for construction 

of various MOFs with inherited thermal and chemical stabilities, as well as distinct 

chemical environments and functionalities. Apart from direct use of carboranes as 

scaffolds in the linkers of MOFs, boron clusters could also behave as guests or 

counter anions that are accommodated in coordination polymers and networks [64, 

65]. Therefore, rational design and preparation of carborane-based MOFs could serve 

as one of promising strategies to construct novel MOFs with unprecedented functions. 

In this section, we will focus on the functional carborane-based ligands and the 

corresponding MOFs, as well as their prospective applications.     

1.2.1 Design strategies for ligands 

As mentioned above, organic ligands serve as bridging units in MOFs that orderly 

connect metal nodes to form an organic-inorganic hybrid network. Several 

prerequisites should be taken into consideration for the rational design of ligands. In 

order to get an infinite expansion (1-, 2- or 3D networks), a typical linker should be 

multidentate and at least two donor atoms, like N-, O-, and S-donor, have to be 

included. Ligands containing different donor atoms may differ from each other in 

their charges [66]. Neutral and anionic ligands can both be used to forms MOFs. 

Another architectural determining factor is the configurational features of the linkers, 

such as their lengths (distance between the functional groups), their shape (steric 

hindrance, long branches) and their chemical functionalities (aromatic nature, 

presence of heteroatoms). Finally, the ligands could be symmetric, asymmetric, or 

even chiral. Rational combination of the above chemical and configurational features 

would have a strong influence on the resulting MOFs’ structures and properties, 
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which will further determine their applications for specific purpose.  

1.2.1 Carborane-based ligands and MOFs 

 

Figure1-9. Schematic illustration of MOF-5 [Zn4O(1,4-BDC)3]n (a) and p-carborane-based MOF 

[Zn3(OH)(p-CDC)2.5DEF4]n (b). For clarity, the coordinated DEF molecules and hydrogen atoms have been 

omitted. 

A ditopic carborane linker was firstly synthesized and successively incorporated into a 

Zn-MOF by Hupp et. al. in 2007 [67]. Considering that the bidentate 

p-carborane-based ligand (p-CDC) displays approximately the same 2-D footprint as 

its benzoate analogue, that was used in MOF-5 [Zn4O(1,4-BDC)3]n, an isostructural 

carborane-based MOF with an archetypal cubic skeleton could be potentially 

fabricated (Figure 1-9a). However, the results showed that the metal node in the 

carborane-based MOF is based on a trinuclear metal cluster, in which two zinc atoms 

adopt an octahedral geometry and the other is present in a tetrahedral coordination 

mode. The latter contrasts with the [Zn4O] node in the original MOF-5, and therefore 

these two MOFs present different crystal structures (Figure 1-9). It is worth noticing 

that open metal sites and a smaller pore size have been found in the carborane-based 



Chapter 1 
 
 

11 

MOF, implying its potential applications for small molecule adsorption. 

  

Figure 1-10. (a) The one dimensional channels within the network of [Co(p-CDC)(pyridine)2(H2O)]n; (b) the basic 

network unit of MOF [Co4(OH)2(p-CDC)3DMF2]n with the simplified pcu skeleton in green color. For clarity, the 

coordinated solvents and hydrogen atoms have been omitted. 

Two years later, Hupp and co-workers reported another series of cobalt MOFs 

containing the same carborane-based p-CDC ligand [68]. It is well established that 

novel structures could be obtained by using different transition metals as metal nodes 

due to their remarkedly diverse coordination environment. After replacing zinc with 

cobalt, three new cobalt MOFs were prepared. Unfortunately, only two of them were 

suitable for crystal structure analysis while the other one is polycrystalline. The 

structure of [Co(p-CDC)(pyridine)2(H2O)]n contains binuclear cobalt clusters acting 

as metal nodes, in which each cobalt cation coordinates with four oxygen atoms from 

three different carborane ligands. The structure shows one dimensional carborane 

decorated channels (Figure 1-10a). By slightly changing the reaction condition, 

structural variation was observed in the MOF that corresponded to 

[Co4(OH)2(p-CDC)3DMF2]n. In this structure, every metal node consists of four cobalt 

cations that are bridged with two hydroxy groups. Numerous distorted cuboid units 

are assembled into an infinite three-dimensional network (Figure 1-10b).   
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Figure 1-11. coordination environments of binuclear lanthanide metal node and simplified structural topologies for 

type I (a), type II (b) and type III (c) compounds. Copyright © 2012 Wiley-VCH Verlag GmbH & Co. KGaA 

Porous lanthanide coordination polymers represent another intriguing subclass of 

MOFs with distinct optical properties and unique structures due to the high 

coordination numbers of lanthanides [69]. As the simplest C-bonded carboxylic ligand, 

p-CDC ligand has also been used as a strut to construct carborane-based lanthanide 

MOFs. A series of lanthanide MOFs with three distinct microporous structure types 

have been prepared and characterized [70]. Although all the basic metal nodes in the 

MOFs are based on the binuclear clusters, the results demonstrate that two structures 

(type I and type II) crystallized in the triclinic space group, while another one did in 

the monoclinic space group (Figure 1-11). The structure of type I is present in a 

four-connected two-dimensional lamellar framework, and the other two series of 

polymers consist of six-connected tridimensional architectures (Figure 1-11). After 

thermal gravimetric analysis and gas adsorption measurements, high thermal 

resistance, permanent porosity, and accessible Lewis acidic sites have been found in 

these polymers. It should be mentioned that, to the best of our knowledge, it is the 

first and the only one work, in which carborane was introduced into lanthanide MOFs.   
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Figure 1-12. (a) comparison of the 10-vertex carborane-based ligand and its 12-vertex analogue; (b) three 

simplified networks with different topologies constructed with the 10-vertex carborane-based ligand Copyright © 

2016 Royal Society of Chemistry  

Given that all previously reported carborane-based MOFs are primarily dominated by 

the 12-vertex carborane-based spacer, a 10-vertex based analogue has been tentatively 

exploited as a special platform to synthesize novel bidentate carborane-based linkers  

[71]. The authors of this work argued that the 10-vertex based analogue has a smaller 

body than the 12-vertex one, giving rise to a smaller steric hinderance (Figure 1-12a), 

which could be of crucial importance for crystal growth. Furthermore, smaller volume 

of the strut is beneficial for achieving a relatively higher surface area and the slightly 

higher strain of 10-vertex carborane compared to the 12-vertex carborane could alter 

some of physical properties [71]. As expected, three new MOFs with distinct 

topologies have been obtained (Figure 1-12b). The Zn-MOF and Cu-MOF exhibit the 

rob and Ivt topology, respectively, and Co-MOF displays a pseudo-pcu topology that 

is similar to that of MIL-53 (a specific MOF prepared by Materials Institute Lavoisier, 

MIL) (Figure 1-12). In order to have a good understanding about the influence of 

different carboranes on the ligand conformation and the resulting MOFs’ architecture, 

the rotation barrier of the carboxylate groups of the ligands was studied. The results 

indicated that the rotation energy (2.48 kJ/mol) of the carboxylate group in the 

10-vertex carborane-based linker is between that of the 12-vertex (< 0.5 kJ/mol) and 

benzoate (~ 6 kJ/mol) analogues. This low-energy torsion of the substituents ensures 

the extensive accessible conformations of carborane-based ligands, yielding diverse 

MOFs with novel topologies. Thanks to the smaller body of 10-vertex carborane, 

improved porosity and surface area have been found for the corresponding MOFs. All 

above observations give us a valuable inspiration that the surface areas and topologies 

of MOFs could be readily tuned by slightly modification on the carborane strut.      
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Figure 1-13. structural comparison of two new zinc MOFs containing the carborane-based ligands with different 

lengths.  

Elongating the length of organic ligands is one of well-established approaches to 

further increase the porosity of MOFs. A facile way to achieve this goal consists on 

inserting arene units as spacers [72, 73]. This strategy has also been adopted to design 

and prepare elongated carborane-based linkers [74]. After a solvothermal reaction of a 

bis-carborane dicarboxylic or a phenyl-bis-carborane linker with zinc salt, two new 

porous MOFs with different structures were obtained (Figure 1-13). In the first zinc 

MOF (left column of Figure 1-13), tetranuclear Zn4(OH)2(DMF)4 clusters are 

connected by the bis-carborane-based ligand with the formation of a 

three-dimensional highly porous network. Two of such porous networks are 

interpenetrated to form the final microporous structure. Unlike the bis-carborane 

based zinc MOF, two crystallographically independent zinc cations assembled into a 

paddlewheel-like metal node in the phenyl-bis-carborane based MOF, and numerous 

binuclear building units are further bridged by the much longer ligands with the 

formation of a two-dimensional infinite layered structure with nearly square pores 
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(right column of Figure 1-13). In the latter structure, the square pores are further 

partitioned into four different smaller pores owing to the ABAB stacking arrangement 

of the two-dimensional layers. Benefiting from the substantially increased length of 

the ligands, the experimental surface area for the bis-carborane based zinc MOF is as 

high as 1180 m2/g (calculated based on the N2 adsorption data). The longer 

phenyl-bis-carborane based zinc MOF is porous to CO2 with a relatively lower 

surface area of 800 m2/g. Another interesting point is that the decomposition 

temperature of the only containing carborane based zinc MOF reached as high as 510 

oC, which is remarkedly higher than most zinc aryl-based MOFs (usually within 350–

400 oC). The phenyl-bis-carborane based MOF started to decompose at 425 oC.   

Such an extraordinary heating resistance, combined with the high surface area 

indicated that these zinc MOFs could be promising candidates for some special 

applications that could be performed at high temperature.  

 

Figure 1-14. structural comparison of two new cobalt MOFs containing 12- or 10-vertex bicarborane-based 

ligands. Adapted from ref. [73].  

As mentioned above, compared with the most studied 12-vertex icosahedral 

p-carborane, 10-vertex p-carborane will have a significant influence on the structure 

and porosity of MOFs. Therefore, the 10-vertex 

bis-p-dicarba-closo-boranedicarboxylate ligand has also been purposely synthesized. 

Two different cobalt MOFs with distinct topologies could be obtained by judiciously 
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choosing the 12- or 10-vertex carborane ligand as the backbone (Figure 1-14). 

Permanent porosity, pronounced solvatochromism and good stability against various 

solvents have been observed in these materials. The authors attributed the excellent 

robustness of such MOFs to the higher carborane content that enhances the 

hydrophobicity of the longer ligands and increases number of weak B-H⋯H-B 

interactions [75]. 

 

Figure 1-15. Assembly of m-CDC ligand and Cu2-paddlewheel node to form the bidimensional structures with 5 

different pores. Copyright © 2012 The Royal Society of Chemistry  

In addition to the linear p-carborane-based ligands, m-carborane provides another 

possibility to purposely prepare the bidentate linkers with a V-shaped configuration. 

m-carborane is also a more attractive building block than p-carborane due to the much 

lower price of m-carborane (57.42 EUR/g for m-carborane and 270 EUR/g for 

p-carborane; price from Katchem spol. s r. o. and based on 50 g of the compound). 

Similar to the p-CDC ligand, the first m-carborane-based ligand used in MOF 

synthesis was the disubstituted C-bonded carboxylate ligand 

(1,7-dihydroxycarbonyl-1,7-dicarba-closo-dodecaborane, m-CDC) [67]. By using this 

m-carborane ligand, a series of isostructural Cu-MOFs have been prepared [76]. All 

these Cu-MOFs contains Cu2(CO2)4 basic units and exhibit a bidimensional grid 

structure. Due to the V-shaped configuration and the varied orientation of the ligand, 

the MOFs display a guest-solvent dependent structure, in which five different types of 

pores are found (Figure 1-15) [76].  

To increase the porosity of MOFs, the elongation strategy on the m-CDC ligand has 

been explored by our group, by using a ligand where two phenyl groups have been 
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symmetrically inserted between the carborane backbone and the carboxylate 

functional groups (mCB-L2 in Figure 1-16). This dicarboxylic m-carborane ligand 

was previously synthesized by Mark Fox [77]. By using different solvents for the 

solvothermal reaction, three different bidimensional structures have been obtained 

(Figure 1-16). In these structures, the open metal sites at the basal positions of the 

Cu2-paddlewheel units are occupied by the coordinated solvent. Due to the V-shaped 

mCB-L2 ligand, carboranes are orderly present above and below the plane containing 

the Cu2-paddlewheel nodes, thus resulting in corrugated bidimensional layers, and 

creating one-dimensional nanoscale channels. Gas sorption measurements indicated 

that those are slightly porous to N2, probably due to their 2D nature [78].  

 

Figure 1-16. Schematic illustration of the coordination environment of Cu(II) and the resulting three different 

bidimensional structures. Adapted from ref. [78]  

Later, an unprecedented highly porous and water stable m-carborane-based 

tri-dimensional Cu-MOF has also been reported by our group [79]. In this MOF, 

paddlewheel [Cu2(COO)4] units are firstly connected by the mCB-L2 ligand with the 

formation of bidimensional layers. These layers are pillared by 

1,4-diazabicyclo[2.2.2]octane (DABCO), creating tri-dimensional networks. In the 
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tri-dimensional network, one of the apical positions in the Cu2-paddlewheel cluster is 

occupied by H2O, while the other is capped by DABCO, resulting in the formation of 

large rectangular pores. Two of tri-dimensional networks are further interpenetrated to 

form the final micro-porous tri-dimensional structure with the pores varying from a 

rectangular form to a nearly square shape. Benefiting from the presence of 

hydrophobic meta-carborane (mCB-L2) and DABCO base, as well as the 2-fold 

interpenetration structure, this special Cu-DABCO MOF exhibits an excellent 

resistance against water (Figure 1-17) [79]. Hydrolytic stability of this Cu-DABCO 

MOF surpasses that for any other Cu-MOF reported to date which has allowed to 

explore new applications (See following section).  

 

Figure 1-17. Crystal structure of the tridimensional m-carborane-based Cu-MOF with 2-fold interpenetration. 

Copyright © 2020 American Chemical Society 

Apart from the bidentate carboxylate ligands, a fascinating tridentate ligand 

containing three 10-vertex p-carboranes has also been designed and successfully 

synthesized by Mirkin and coworkers [80]. This star-like carboranyl ligand is 

extremely similar to the commonly used aryl-based tritopic linker 

1,3,5-benzenetri-carboxylic acid (H3BTB), thus providing an identical topology to 

that of Cu-based MOF-143 (Figure 1-18). Contrary to MOF-143 that would lose its 

porosity after activation, this new isoreticular analogue MOF (NU-700) could be 

activated through a multi-step procedure and delivered a high surface area (1870 

m2/g). Such an intriguing difference in porosity is closely related to the singularities 

of the constituent carboranyl backbones, in which radially oriented, hydride-like B–H 

groups could potentially prevent strong interactions between the framework and guest 

solvents. More importantly, the bulky body of carboranes engenders a steric effect 

that rigidifies the highly porous network, leading to improved stability during the 

activation process.                 
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Figure 1-18. Comparison of the crystal structure of MOF-143 and NU-700. Copyright © 2012 The Royal Society 

of Chemistry  

Following the same strategy，Mirkin et. al. designed and synthesized another novel 

boron-rich Cu-MOF (NU-135) with the nbo topology by reacting a tetratopic 

p-carboranyl ligand with a Cu salt under solvothermal conditions (Figure 1-19) [81]. 

NU-135 is isostructural to the carbon-rich NOTT-101. As a consequence of the 

relatively longer carboranyl ligand and unique geometric crystal structure, two type of 

large cavities are formed in the architectures and the overall porosity of NU-135 was 

experimentally proved to be as high as 77%, which is higher than that of its 

isostructural counterpart NOTT-101 (70%). The experimental surface area of NU-135 

is also up to 2530 m2/g, which is slightly lower than the calculated value of 2700 m2/g 

for NU-135, but much higher than that of NOTT-101 analogue (2247 m2/g). More 

importantly, a much higher volumetric surface area (1900 m2/cm3) was observed in 

NU-135, which again radically transcends the record of NOTT-101 (1460 m2/cm3) 

[82-84]. Undoubtedly, the NU-135 represents the initial example for highly porous 

boron-rich MOFs and its porosity exceeds all the previous carborane-based MOFs 

that mostly have much lower experimental surface areas (rarely surpassing 300 m2/g).  
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Figure 1-19. Comparison of the crystal structure of NOTT-101 and NU-135. 

Although using the linear p-carborane based tetratopic ligand is relatively easier to 

construct MOFs, the much higher price of p-carborane prohibits further investigation 

on such materials. Replacing the p-carborane with the relatively cheap m-carborane 

was initially proposed by our group. By adopting this strategy, a novel V-shaped 

tetratopic ligand was designed and successfully synthesized (Figure 1-20). Aiming to 

construct a much stable MOF, the high valent Zr4+ was selected as the metal center. In 

this m-carborane-based Zr-MOF, every octahedral Zr6 cluster is bridged by eight 

bended tetratopic linkers and the remaining open sites in the Zr6 clusters are 

terminated by OH or H2O auxiliary ligands. Hexagonal and triangular channels with 

the pore size of 1.2 nm and 0.8 nm, respectively, are found in this tri-dimensional 

Zr-MOF. Further analysis of the structure showed that this Zr-MOF exhibited the 

same csq topology with that of NU-1000 (a special Zr-MOF reported by Northwest 

University) [85]. The accessible porosity in this Zr-MOF was calculated to be 52.5%, 

which is much higher than most of previous carborane-based MOFs, but lower than 

that of NU-135 (77%) due to the V-shaped ligand. The highly porous structure has 

also been verified by the gas adsorption measurements. A high N2 uptake (285 cm3g-1, 

STP) and a high BET surface area (1095 m2 g-1) have been observed. Benefiting from 

the presence of m-carborane and the strong coordination bonds between Zr and O, this 

Zr-MOF displayed an excellent chemical robustness and good thermal stability. 

Immersing the MOF into a concentrated HCl solution (12 M), the crystal structure and 

porosity could be well maintained. The excellent stability, high porosity, sufficient 

open metal sites and one-dimensional carborane decorated channels will make this 
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Zr-MOF a promising material for diverse applications.  

 

Figure 1-20. Crystal structure of m-carborane based Zr-MOF. (A) view of the octahedral Zr6 cluster; (B) the 

bended m-carborane based ligand; (C) illustration of the hexagonal and triangular channels; (D) the final 

tri-dimensional network of Zr-MOF.  

Considering that the elongation of the ligands did provide porous materials, the 

extended tetradentate carboranyl compound with carboxylate groups at the end was 

also designed and synthesized by Mirkin et. al. (Figure 1-21) [86]. Conventionally, 

neutral carboranes are incorporated into various linkers, while a much bulky and 

longer sandwich-like cobalt-based metallacarborane could also be applied as the 

scaffold to prepare a new linear ligand. Two linear alkynyl groups were 

simultaneously inserted between the metallacarborane and isophthalic acid groups to 

further increase the distance between carboxylate groups. After adopting all above 

designing strategies, the length of the resulting ligand ranks the first among all 

carborane-based linkers and the overall distance between metal-binding sites is as 

high as ~22 Å. By using this unique linker, three copper MOFs (NU-150, NU-151 and 

NU-151) with distinct topologies were obtained. As expected, the very long 

metallacarborane-based ligand substantially increased the porosity of the MOFs. 

Large solvent accessible cavities and high porosity (>70%) have been found in the 

crystal structures of these MOFs. Unfortunately, these three MOFs formed at the same 

time during the solvothermal reaction, and it is greatly challenging to get the MOFs in 

a pure phase, which significantly hindered their subsequent investigation.  
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Figure 1-21. The elongated metallacarborane-based ligand and the corresponding three different Cu-based MOFs. 

Copyright © 2014 American Chemical Society 

Apart from the O-donor carboxylate ligands, carborane-based linkers with N-donor 

metal-binding sites have also been exploited. Although some rigid carboranyl 

compounds with multiple N-donor groups have exhibited a prospective capability for 

construction of MOFs and have been used to prepare various coordinated macrocycles 

(Figure 1-22a) [87, 88], the N-donor carborane-based linkers are still primarily based 

on bidentate ligands with pyridine groups (Figure 1-22b). Carboranyl pyridylalcohol 

ligands were developed by our group and prepared by a facile approach and in high 

yields [25, 89, 90]. Both, o- and m-carboranylpyridylalcohol ligands, in combination 

with organic carboxylic acids, have be used to prepare a series of Zn and Co MOFs 

(Figure 1-22c and d) [91, 92]. The results illustrated that the coordination 

environments of the metal nodes in these MOFs are mainly dominated by the organic 

carboxylate ligands and the carboranyl pyridine-based ligands served as pillar ligands. 

Therefore, typical pillar-layer tri-dimensional structures were observed in most cases. 

For example, our group successfully incorporated a N-donor o-carborane based ligand 

into a zinc MOF. In the structure, the Zn4 metal clusters are brigade by bdc linkers 

with the formation of square grid Zn4(bdc)2 layers. Such layers are further pillared by 

the carborane-based linkers to form the final tri-dimensional structure. 

One-dimensional channels are observed in the final network (Figure 1-22d).    
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Figure 1-22. (a) two promising N-donor ligands for coordinated compounds; (b) carborane-based pyridine ligands 

used for MOFs; (c) various MOFs containing N-donor m-carborane-based ligands Copyright © 2017 American 

Chemical Society; (d) N-donor o-carborane-based ligand and the corresponding zinc MOF that exhibits a 

pillar-layer tri-dimensional structure. Copyright © 2016 Wiley-VCH Verlag GmbH & Co. KGaA.    

All above works demonstrate that boron clusters could serve as valuable backbones 

for the design of tailor-made linkers, opening a new avenue for the construction of 

carborane-based MOFs with distinct topologies. Such MOFs exhibit lots of unique 

properties, such as high hydrophobicity [79, 92], enhanced heating resistance [74], 

improved chemical stability [79, 92, 93], balanced pore volume and surface area [68], 

as well as unprecedented diverse interactions [70], which are scarcely found in their 

aryl-based parallels. Although new and fascinating carborane-based MOFs have been 

developed during the last 14 years, only sorption properties have been explored so far. 

In the following section, we will summarize the few reports where other potential 

applications than gas sorption of carborane-based MOFs have been reported. 

1.2.3 Prospective Applications of carborane-based MOFs  

Owing to the modular nature, highly porous structures and mild synthetic conditions 

of MOFs, the advent of this type of materials has produced a profound impact on the 

development of materials science. The properties of such crystalline solid materials 

can be systematically modulated by ingeniously choosing organic and inorganic 
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building blocks or by post-synthetic modifications. Such a unique character makes 

MOFs act as a highly tunable and versatile platform to develop multifunctional 

materials for diverse applications, such as gas storage and separation, optical, electric 

and magnetic materials, chemical sensing, catalysis, and biomedicine (Figure 1-23) 

[94-98]. With continuous knowledge accumulation in coordination chemistry and 

technological progress in material characterization, precise controlling over the 

structure and functionalities of MOFs has become possible and the structure-property 

relationship has been explicitly uncovered in some cases, which conversely 

encourages the researchers to engineer novel MOFs with desired properties to achieve 

more outstanding performance for various applications.  

 

Figure 1-23. Illustration of multifunctional MOFs for properties determined applications. Copyright © 2016 

Wiley-VCH Verlag GmbH & Co. KGaA 

As mentioned above, the special family of carborane-based MOFs were first 

synthesized in 2007 [67], that is about 20 years after the first reported MOF [48]. In 

addition to that, the use of the highly expensive and more symmetric p-carborane as 

scaffold for ligand synthesis prevented further research on potential properties, more 

than those for gas storage and separation in those with permanent porosity. Hupp et. al. 

were the first to report that p-carborane-based MOFs could be useful for hydrogen 

storage and separation of the CO2/CH4 mixtures [67, 99]. Due to the microporous 

pores and the presence of open metal sites in these MOFs (Figure 1-8), outstanding 

hydrogen storage performance and excellent molecular sieving behavior for CO2/N2, 

CO2/CH4 and O2/N2 mixtures were reported [68, 70, 71, 76, 100]. The most 

remarkable carborane-based MOF for gas storage is NU-135 (Figure 1-18) [81]. The 
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methane storage capacity of this MOF (5–65 bar) reaches up to 170 VSTP/V and the 

volumetric hydrogen working capacity at 77 K and 55 bar is as high as 49 g/L, which 

are comparable to the performance of other materials that are used for methane and 

hydrogen storage.  

As mentioned previously, utilizing carboranes as guests that are accommodated in 

MOFs is another promising strategy to prepare advanced functional carborane 

materials for diverse applications. One of the representative examples is the work 

reported by Farha et. al. [101], in which nickel bis(dicarbollide) (NiCB) was 

incorporated into a mesoporous Zr-MOF (NU-1000). Since the molecular size of 

NiCB matches very well with that of the triangular channels of the Zr-MOF, the 

metallacarborane could be trapped in the micropores, thus providing the possibility to 

further introduce MnO2 into the remaining mesopores (Figure 1-24). More 

importantly, both the band gaps of the pyrene-based ligand and Zr-MOF are 

overlapped with the LUMO orbital of the NiCB, giving rise to strong donor−acceptor 

interactions through the whole network and imparting the MOF with electrical 

conductivity. The resulting MnO2-NiCB@NU-1000 hybrid could serve as an excellent 

material for energy storage, delivering a high specific capacitance of 276 F/g, which is 

about 13 times higher than that of the counterpart (21 F/g).     

 

Figure 1-24. Crystal structure of NiCB@NU-1000 with triangular micropores occupied by NiCB guests. 

Copyright © 2018 American Chemical Society 



Introduction 
 
 

26 

Since 2015, our group have pioneered the use of the cheaper o- and m-carborane 

derivatives with the primarily objective of increasing the water stability of the 

prepared MOFs. The high hydrophobicity of some of these MOFs has provided them 

with high hydrolytic stabilities that allow their use in applications where water is 

always present. This is the case of the m-carborane based Cu-DABCO MOF (Figure 

1-16), which remains intact in water solutions under very harsh conditions [79]. Due 

to the extraordinary hydrolytic stability of this MOF, it has been applied to separate 

acetone/butanol/ethanol mixtures (2%) from water (98%) (Figure 1-25). The 

carborane surrounded hydrophobic pores and the multiple interactions between the 

ligand and guest molecules lead to an outstanding separation performance for the 

mixture [79]. 

 

Figure 1-25. Schematic illustration of the mixture separation process from the water. Copyright © 2020 American 

Chemical Society 

Stimuli response carborane-based MOFs have also been exploited by our group for 

some potential applications. The first example of such a material is composed of 

bidimensional Zn4(bdc)2 layers and pillaring hydrophobic N-donor carboranyl linkers, 

in which the hydrophobic pillars and hydrophilic Zn4(bdc)2 layers on the outer surface 

of MOFs could be sequentially removed under external stimulus, thus reversibly 

switching the MOF surface from super-hydrophobicity to super-hydrophilicity (Figure 

1-26a) [92]. Such a unique switchable wettability could be potentially used for 

preparation of self-cleaning materials with smart surfaces, microfluidics, and sensors 

[102].  



Chapter 1 
 
 

27 

 

Figure 1-26. (a) proposed mechanism for the switchable hydrophobicity–hydrophilicity surface Copyright © 2016 

Wiley-VCH Verlag GmbH & Co. KGaA (b) Schematic illustration of the reversible phase transition and 

encapsulation of C60. Copyright © 2018 Wiley-VCH Verlag GmbH & Co. KGaA 

Another intriguing example of the carborane-based MOF with a stimuli responsive 

behavior is also based on the N-donor m-carboranyl linker (Figure 1-26b), in which 

the globular carborane core and the flexible branches in the ligand endow the MOF 

with a reversible phase transition ability from a porous tridimensional structure to a 

non-porous bidimensional phase. Remarkably, C60 could be trapped into the original 

tridimensional structure during the reversible phase transition, while it cannot be 

achieved by direct solvent diffusion (Figure 1-26b), indicating that this 

carborane-based MOF could be potentially applied as a sensor platform for selective 

guest encapsulation and recognition [103].      
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Figure 1-27. Proposed mechanism for the adsorption and hydrolysis of DIFP on the Zr-cluster. 

Finally, the microporous nature of the m-carborane decorated and water stable 

Zr-MOF (Figure 1-20) leads to the efficient capture of both glyphosate (GP) and 

glufosinate (Gf), two of the more toxic organophosphorus pesticides, from water [93]. 

The maximum adsorption of the carborane-based Zr-MOF for GP and GF is as high 

as 11.4 mmolg-1 and 7.2 mmolg-1, respectively, which is higher than that of NU-1000 

(8.97 mmolg-1 for GP). Motivated by the high adsorption for organophosphorus 

compounds, this micro-porous Zr-MOF was further applied to capture 

organophosphorus nerve agent simulant diisopropylfluorophosphate (DIFP) from 

water. Interestingly, the Zr-MOF could simultaneously absorb DIFP and hydrolyze it 

into hydrofluoric acid and diisopropyl phosphate, which are environmental-friendly 

(Figure 1-27). Single X-day diffraction revealed that the adsorptive and hydrolytic 

performance mainly derived from the Zr6 cluster, in which the open metal sites 

provide binding sites for DIFP and subsequently behave as Lewis acids to break the 

P-F bond [93]. When exposed to dimethyl 4-nitrophenyl phosphate (another nerve 

agent simulant), this Zr-MOF exhibited a similar adsorptive and catalytic behavior, 

implying that this material could potentially serve as a general absorbent to capture 

organophosphorus compounds from aqueous solution.           

1.3 Summary and Outlook 

As a special family of MOFs, carborane-based MOFs could inherent both advantages 
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of MOFs and carboranes, thus showing various material-favorable characteristics, 

such as permanent porosity, high thermal and water stabilities. Although some 

carborane-based coordination compounds have been successfully synthesized, the 

investigation on carborane-based MOFs is still in their infancy stage and less than 50 

papers have been published so far (Figure 1-8).   

Molecular materials based on boron clusters and their derivatives have been 

investigated for many applications, such as boron neutron capture therapy (BNCT), 

liquid crystals, nonlinear optical materials, catalysis, nuclear waste remediation, 

conducting organic polymers, superacid chemistry, photoluminescent bio-imaging, 

ion-selective electrodes, and others [11, 104-109]. However, the practical applications 

of carborane-based MOFs are still largely unexplored. For example, one of the earliest 

proposed ideas is using MOFs as heterogeneous catalysts, which is also one of the 

earliest tentative applications for MOFs [110, 111]. Even up to now, no 

carborane-based MOFs have been applied for catalysis.  

Furthermore, due to the strong electron-withdrawing capability and bulky 

tridimensional body of carboranes, remarkable influence of carboranyl groups on the 

photophysical properties of various organic fluorophores has been explored by our 

group [112-118] and aggregation-induced emission (AIE) behavior has also been 

observed in a carborane functionalized ligand and the corresponding MOFs [119]. 

Unfortunately, no further study has been done to investigate the photoluminescent 

properties of carborane-based MOFs and their potential applications.   

Additionally, boron clusters are characterized by their high boron content, which is 

essential for the BNCT application. BNCT can serve as a targeted therapeutic strategy 

for cancer, in which a stable isotope of boron (10B) is firstly accumulated in the tumor 

and the tumor will be destroyed by the high linear energy transfer (high-LET) of α 

particles that are in-situ generated after the irradiation of the 10B carrier under low 

energy neutrons [120, 121]. Mirkin and co-workers designed and synthesized a 

Cu-based coordination cuboctahedron with a very high volumetric boron content up 

to 40% [122]. Such a boron-rich supramolecule may find utility in biological areas, 

especially for the BNCT. High boron content could also be achieved in the 

carborane-based MOFs, but no study has been done to investigate their potential 

bio-applications.   
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In summary, exploration on carborane-based MOFs is just beginning, and novel 

carborane-based MOFs with distinct topologies as well as their property-determined 

applications ought to be developed further, particularly in fluorescence, biological, 

and electrochemical areas.  
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Objectives 

As illustrated in chapter 1, encouraged by the material-favorable properties of 

carboranes, such as hydrophobicity, chemical and thermal stabilities, easy of 

functionalization, and tridimensional aromaticity, carboranes have been utilized as an 

ideal platform to rationally design and synthesize various functional ligands. During 

the last 14 years, substantial efforts have been made to explore the p-carborane-based 

ligands because of their linear configuration, as this facilitates MOFs’ formation and 

crystallization. Although new and fascinating carborane-based MOFs with diverse 

topologies have been developed, only sorption properties of such materials have been 

explored so far. The lack of further studies for these materials is certainly due to the 

high price of p-carborane which greatly prohibits further investigation on the 

properties and potential applications of the corresponding MOFs. 

Through the continuous investigation on boron clusters, much cheaper o- and 

m-carborane-based ligands with fascinating functional groups have been exploited by 

our group and several novel MOFs with distinct architectures have been engineered 

and constructed, which has constituted an indispensable groundwork for the 

development of novel boron-rich materials. Following the same line, in this thesis we 

aimed to further increase the diversity of m-carborane-based ligands and the 

corresponding MOFs as well as expand their prospective applications.  

Overall, the main objective of the present research focused on the exploitation of 

novel hydrolytically stable and functional MOFs by rational design of relatively 

cheaper m-carborane-based ligands and expansion of their singularity-driven potential 

applications. 

More specifically, we set to explore ways to stabilize flexible MOFs and provide new 

functionalities, study the influence of linker symmetry on MOF formation and 

properties or introduce lanthanides into our materials. All these will provide with a 

new pool of carborane-based MOFs for energy storage, catalysis, luminescence, 

magnetic or bio-applications. As a proof of concept, related anticounterfeiting and 

cancer treatment, have been proposed and tentatively investigated.   
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Post-synthetic modification of a highly flexible 3D soft porous metal–organic 

framework by incorporating conducting polypyrrole: enhanced MOF stability 

and capacitance as an electrode material 

3.1 Introduction 

As a new generation of highly porous materials, metal-organic frameworks (MOFs) 

composed of metal-based nodes and multidentate ligands have attracted the attention 

of scientists. Benefiting from their versatile physical and chemical properties, MOFs 

have been intensively investigated for diverse applications [1-5]. More recently, 

MOF-based materials, including pristine MOFs, MOF derivatives and MOF hybrids 

have been widely explored as promising materials for electrochemical energy storage 

and conversion [6-10]. Since the advent of MOFs, substantial efforts have been made 

to prepare MOFs with good structural stiffness, so that the porosity of the framework 

could be preserved. This is essential for a broad range of applications. In recent years, 

however, flexibility has become as an intriguing aspect of MOFs [11-17]. Flexible 

MOFs with bistable or multistable phases as well as reversible transformability 

between various states could be referred as the 3rd generation or “soft porous crystals” 

(SPCs) [17]. The structure of these SPCs is generally stabilized by guest solvent 

molecules, which will block the porosity of MOFs. In order to “open the pores”, 

activation treatment to remove the guests in the network is necessary, which would 

inevitably induce a structural variation from a porous state to a nonporous phase. Thus, 

loss of porosity and reduced stability would be usually the case for such flexible 

MOFs [18]. The work of Uemura and co-workers demonstrated that the porous and 

stable configurations of flexible MOFs can be obtained by insertion of polymeric 

guests into the voids of the soft MOFs. This can be attributed to the stabilizing effect 

of the polymeric guests that prevents the spontaneous collapse of the network, thus 

giving rise to the new formed open channels [19]. Mesoporous MOFs could also be 

stabilized by such a strategy and thus maintaining their porous architecture upon 

activation [20]. As one of facile approaches to hybridize polymers and porous 

materials, in-situ polymerization of monomers within MOFs’ pores has been 

intensively studied [21-23]. For example, Kitagawa et. al. have illustrated that a series 

of typical polymers, such as polypyrrole (PPy), vinyl polymers and polythiophene 

(PTh), can be incorporated into various MOFs with suitable nanochannels [24-27]. It 
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is worth noticing that the poor electrical conductivity of MOFs could be greatly 

improved after inclusion of polypyrrole (PPy). The resulting MOF/Polymer hybrid 

could exhibit an outstanding performance for supercapacitors when used as an 

electrode material [28-30], thus promoting their applications in the energy-related 

fields [7-9, 31].  

 

Figure 3-1. Schematic illustration of the reversible structural transformation between the porous tridimensional 

CBMOF-1 and the non-porous two-dimensional CBMOF-1 .́  

Inspired by the above-mentioned stabilizing method for soft MOFs [19], we 

hypothesize that the modified porous state of the host with rearranged porosity and 

new properties could be simultaneously obtained in the resulting MOF-based hybrids 

by inserting a functional polymeric guest into the pores of MOFs. In pursuit of 

rationally designing and preparing hydrolytic stable and dynamic MOFs, we 

previously reported a carborane-based flexible MOF (named CBMOF-1) that is 

composed of 1,3,5-benzenetricarboxylate (BTB) layers and 

7-bis{(piridin-4-yl)methanol}-1,7-dicarba-closo-dodecaborane (mCBL1) pillars with 

a basic stoichiometric formula [Co3(BTB)2(mCBL1)2]·Guest (CBMOF-1) (Figure 

3-1). This soft MOF could serve as a crystalline sponge for diverse guests. Such an 

interesting sponge behavior and water resistance are highly related to the presence of 

flexible mCBL1 pillars [18, 32]. However, the tridimensional porous structure of 

CBMOF-1 could only be preserved when DMF or aromatic guests are accommodated 

within its one-dimensional channels. A phase transition would occur from the original 

porous phase to the non-porous structure CBMOF-1  ́after replacing the guests with 

the solvents that exhibit poor hydrogen bond accepting capability (e.g., CHCl3, 

MeOH,) or removing the guests by a thermal heating treatment under vacuum (Figure 

3-1). Such an instability of the original porous phase CBMOF-1 hinders its 

application, as the special guest solvent molecules are necessary to stabilize the 

porous structure. Taking the unique sponge behavior of the porous CBMOF-1 into 

consideration, we now use this carborane-based flexible MOF as the host material to 
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accommodate pyrrole (Py) monomers and the conductive polypyrrole (PPy) could be 

further obtained by an in-situ chemical polymerization (Figure 3-2). This could 

simultaneously increase the electrical conductivity of the resulting material and 

stabilize the tridimensional structure of CBMOF-1 so that it can preserve its porosity 

permanently. Although there are a few of reports concerning MOF/conductive 

polymer hybrids, this is the first example that both increasing electrical conductivity 

and stabilizing effect of the polymer have been accomplished simultaneously in a 

highly dynamic and soft MOF. 

3.2 Results and Discussion 

 

Figure 3-2. Schematic illustration of the preparation procedure of CBMOF-1  PPy hybrid. 

According to the previous reports, PPy can be inserted into the pores of MOFs by 

in-situ polymerization of the pyrrole (Py) monomers [24-26]. The solvent accessible 

one-dimensional channels with a large pore size of ~11 x 13 Å in our soft MOF are, in 

principle, suitable to such polymerization (Figure 3-1). In order to incorporate the PPy 

into our flexible carborane-based MOF, a multi-step procedure was adopted (Figure 

3-2), in which Py monomers were firstly introduced into the as-prepared CBMOF-1 

by a guest solvent exchange process and then K2S2O8 was used as a mild oxidative 

initiator to polymerize the Py into PPy. The guest solvent exchange process was 

monitored by FTIR spectra (Figure 3-3). The disappearance of the peaks from DMF 

and the appearance of signals from Py have been observed, manifesting the formation 

of CBMOF-1  Py, where most DMF has been replaced by Py. After the 

polymerization process, the peak corresponding to the Py N-H vibration disappeared 

and the color of the crystal changed from red to dark, indicating the presence of PPy. 
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Figure 3-3. FTIR spectra and optical images for CBMOF-1 (yellow), CBMOF-1  Py (red) and CBMOF-1  

PPy (blue). Scale bars in images is 100 m.  

The experimental XRD patterns for all the materials are compared in Figure 3-4. As 

mentioned above, CBMOF-1 has a three-dimensional layer-pillar architecture, in 

which bidimensional Co/BTB rigid layers are along the (100) plane and the flexible 

carborane-based pillars are along the (001) plane (Figure S3-1a). The interlayer 

distances of the Co/BTB layers and carborane-based pillars are found to be 13.8 (2Ɵ 

6.46 º) and 13.2 Å (2Ɵ 6.68 º), respectively. Compared to the pristine CBMOF-1, the 

diffraction peak corresponding to the (001) plane slightly shifted toward a lower 

degree after intercalation of Py within the channels of the MOF, indicating that the 

interlayer distances have be elongated (13.7 Å; 2Ɵ 6.42 º, Figure 3-4 and S3-2), 

which is in agreement with the observed sponge behavior of the host CBMOF-1 

(Figure S3-1b). After the polymerization, the interlayer distance in CBMOF-1  PPy 

significantly expanded to 15.6 Å, manifesting a pore opening effect of PPy on the 

MOF (Table S3-1). The larger interlayer distance corresponds to the lower angle 

PXRD peaks at 2Ɵ 5.6o. It should be mentioned that no such an expansion 

phenomenon could be found in the CBMOF-1 treated with K2S2O8 under the same 
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conditions (Figure S3-3).  

 

Figure 3-4. PXRD data for CBMOF-1  PPy, CBMOF-1  Py and CBMOF-1. 

The loading density of Py monomers in the CBMOF-1  Py was analyzed by 

thermogravimetric analysis (TGA). The results indicated that six Py monomers were 

encapsulated in each formula unit (Figure S3-4). PPy content in CBMOF-1  PPy 

was determined to be ca 26% based on TGA (Figure S3-5). Elemental analysis was 

also used to analyze the composition of CBMOF-1  PPy. The content of C, H, N 

and S was calculated to be 49.55, 4.03, 2.72, and 1.02 wt.%, respectively, which is 

consistent with the TGA results to some extent.  

According to our previous study, CBMOF-1 is not stable in methanol with the 

structure transforming from a tridimensional phase to a two-dimensional state [18]. In 

order to evaluate the positive effect of the PPy in stabilizing the structure of MOF, 

CBMOF-1  PPy was immersed into excess methanol for 5 days and further dried at 

90 oC for 12 h. The XRD results revealed that no obvious change can be found after 

methanol treatment, confirming the crucial role of the polymer in stabilizing the 

structure of the composite (as shown in Figure 3-5).  
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Figure 3-5. PXRD of CBMOF-1  PPy before (orange) and after (black) being in MeOH for 5 days and dried at 

90 ºC. 

After confirming that the structure of CBMOF-1  PPy was stable, and that the 

previously observed phase transition could be avoided, the porosity of the CBMOF-1 

 PPy was investigated by N2 adsorption and desorption measurements. One can find 

that the adsorption-desorption isotherms show typical type I characteristic, which is 

indicative of adsorption in micropores  (Figure 3-6a) [33]. The calculated BET 

surface area of MOF-1@PPy is 124.2 m2/g. The pore size distribution was calculated 

based on the Barrett-Joyner-Halenda (BJH) model from the adsorption curve (Figure 

3-6). Interestingly, the micropores from the MOFs with a diameter of 1.79 nm were 

still maintained, which is in good agreement with the adsorption-desorption isotherms. 

Mesopores with larger dimeters (4.10 and 11.69 nm) may correspond to the 

interparticle pores because of the agglomeration of the CBMOF-1  PPy hybrid. 

PXRD pattern after the adsorption-desorption treatment further evidenced the 

structural robustness of the composite (Figure S3-6).     

 

Figure 3-6. N2 adsorption–desorption isotherms (a) and pore size distribution (b) of CBMOF-1  PPy based on 
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the Barrett-Joyner-Halenda (BJH) model from the adsorption curve. 

The morphology of the materials has been studied by SEM (Figure 3-7). The 

as-prepared CBMOF-1 crystals show a rhombohedral shape with smooth surfaces 

and crystal dimensions of ca. 500 μm. Crystals with a smooth surface and similar 

rhombohedral shape have been found in the CBMOF-1  Py. Different from the 

above two materials, numerous cracks and a much rough surface has been observed in 

the CBMOF-1  PPy composite. The cracks are associated with the much larger unit 

cell volume of the CBMOF-1  PPy. According to the PXRD data, a significant 

expansion in the unit cell was found in the composite after the polymerization of Py, 

which would disrupt the internal periodicity of the crystal and force a long-range 

strain on the material, thus provoking cracks on the composite. The rough surface is 

mainly due to the presence of PPy on the surface of crystals.  

 

Figure 3-7 Scanning Electron Microscopy (SEM) images for CBMOF-1, CBMOF-1  Py and CBMOF-1  PPy 

from left to right. 

In order to further confirm that the PPy was impregnated into the channels of the 

MOF, we cracked the composite and tested SEM again. Two-dimensional PPy within 

the interlayers of the MOF can be clearly observed in Figure 3-8. This visual evidence 

for the composite clearly shows that PPy is not only on the surface of the crystal, but 

also within the interlayers of the MOF, which is consistent with the PXRD patterns.  

Figure 3-8. SEM images at various magnifications of CBMOF-1  PPy after being crashed into pieces. 
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Partial digestion of the CBMOF-1  PPy hybrid allowed us to remove the host and 

isolate the PPy. As show in Figure 3-9, layered structure could still be observed in the 

material after ammonium hydroxide treatment. After complete digestion of the 

framework of the MOF, intercalated polymer could be separated from the suspension. 

The two-dimensional thin morphology and the functional groups of the PPy has been 

confirmed by SEM and FTIR, which correlate well with the bidimensional PPy 

reported by Kitagawa et. al. (Figure S3-7) [24]. All above observations demonstrate 

that the PPy polymer could be intercalated into our MOF by in-situ effective 

polymerization of Py monomers. Bidimensional PPy could be obtained after complete 

digestion of the host framework. 

 

 

Figure 3-9. SEM images at various magnifications of CBMOF-1  PPy before (I) and after (II) ammonium 

hydroxide treatment. 
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Based on the above analysis, we could conclude that the resulting composite is 

permanently porous and robust. More importantly, a good conductivity could be 

expected due to the presence of the functional PPy. Low conductivity of MOF-based 

materials is still one of the major barriers that precludes them to achieve outstanding 

electrochemical performances [9, 10]. All these advantages imply the great potential 

of the MOF/PPy composite as a promising electrode material for supercapacitors. As 

a control experiment, the electrochemical performance of the pristine CBMOF-1 has 

also been evaluated. The preparation of the electrode is schematically shown in the 

Figure 3-10.  

 

Figure 3-10. The experimental procedure for the preparation of CBMOF-1/DMF electrode. 

Firstly, a piece (1 cm x 1 cm) of nickel foam was electrochemically coated with a PPy 

film (NF@PPy) to serve as a current collector and CBMOF-1 crystals were grown 

onto it. Compared with the pure nickel foam, conductive PPy on the NF substrate 

provides effective nucleation sites, thus enhancing the adhesion between the crystals 

and the substrate. CBMOF-1 preferentially grows on a polypyrrole coated nickel 

foam (NF) substrate as evidenced in the photos in Figure 3-10. A more homogeneous 

distribution of crystals is observed, and no detached crystals could be found during 

the washing treatment. Following the same procedure, DMF guests in the CBMOF-1 

were then exchanged with Py and the Py was further transformed into PPy with the 

help of K2S2O8 to obtain the final CBMOF-1  PPy hybrid electrode 

(CBMOF-1PPy, Figure 3-11).  
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Figure 3-11. Optical images (top) and Scanning Electron Microscopy (SEM) images at various 

magnifications (bottom) of CBMOF-1DMF and CBMOF-1PPy electrodes.   

The electrochemical performance of the working electrodes was firstly characterized 

by cyclic voltammetry (CV) measurements (Figure 3-12a and b). Compared to the 

CBMOF-1/DMF sample, the CV curves of the CBMOF-1/PPy electrode exhibited 

the symmetric current-potential responses with a mirrored feature, and more 

importantly the shape of the CV curves for CBMOF-1/PPy electrode did not show 

dramatic change with the increase of the scan rate from 5 to 50 mV s-1, which 

indicates a low resistance of the electrode [34]. The CV curves of the electrodes at 5 

mVs-1 are shown in Figure 3-12c. Both electrodes showed an approximately 

rectangular-like shape but the area within the CV curves of the CBMOF-1/DMF 

electrode is much smaller than that of the CBMOF-1/PPy electrode, suggesting the 

capacitive performance of the MOF has been largely enhanced after incorporation of 

PPy.  
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Figure 3-12. CV curves of the electrodes at various scanning rates, (a) CBMOF-1/PPy, (b) CBMOF-1/PPy, (c) 

CV curves of the electrodes at a scan rate of 5 mV s-1; (d) the areal capacitance vs. scan rate; (e) GCD curves at 

various current densities; (f) the areal capacitance vs. current density 

In Figure 3-12d, we can clear find that the specific capacitance of the hybrid at 

various scan rates is much higher than its non-hybrid counterpart. It should be noticed 

that the CBMOF-1/PPy retains ca. 32% of its original capacitance at 50 mV/s, while 

CBMOF-1/DMF only retains 15%. The capacitance contribution from the NF@PPy 

or PPy/NF@PPy substrate was also tested and was found to be negligible (6.6 or 7.9 

mF cm-2, respectively, at 5 mV s-1; Figure S3-8). To further evaluate the 

electrochemical performance of the as-prepared CBMOF-1/PPy electrode, 
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galvanostatic charge−discharge (GCD) measurements were also carried out at room 

temperature. As shown in Figure 3-12e and f, the areal capacitance of 

CBMOF-1/PPy calculated from GCD curves are comparable to the values from the 

CV curves. The higher capacitance and better rate capability of CBMOF-1/PPy 

further confirmed the crucial role of PPy in improving the electrochemical 

performance.  

 

Figure 3-13. Electrochemical impedance spectra of the working electrodes. Inset: the equivalent electrical circuit. 

To further understand the fundamental electrochemical behavior of the electrodes, 

electrochemical impedance spectroscopy (EIS) measurement was performed for 

CBMOF-1/PPy and CBMOF-1/DMF (Figure 3-13). The as-obtained spectra were 

fitted by an equivalent electrical circuit. The fitting results revealed that both 

equivalent series resistance (Rs) and charge transfer resistance (Rct) of 

CBMOF-1/PPy (0.64 and 0.51 ohm, respectively) were smaller than that for 

CBMOF-1/DMF (0.82 and 0.63 ohm, respectively). These results indicated again the 

key role of the PPy in enhancing the electrical conductivity of the material.  

The cycling performance of the as-prepared electrodes was further characterized by 

CV measurements at a scan rate of 5 mV s-1 (Figure 3-14). Except for the slightly 

capacitance loss in the first 350 cycles, the areal capacitance maintained relatively 

stable from 350 to 500 cycles for CBMOF-1/PPy. In the last 500 cycles, the areal 

capacitance slightly increased from 811.7 to 864.4 mF/cm2, corresponding to 88.5% 

of initial capacitance. No sudden capacitance loss can be observed up to 1000 cycles. 

On the contrary, the capacitance of CBMOF-1/DMF drops sharply in the first 50 

cycles and then continuously decreased to 69.5 mF/cm2 after 1000 cycles, 
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corresponding to 51% of capacitance loss. (Fig S16). Therefore, CBMOF-1/DMF 

showed a much higher capacitance decrease than CBMOF-1/PPy after 1000 cycles 

(51 % against 11.5 %, respectively).  

 

Figure 3-14. Cycling stability test of the working electrodes at 5 mV/s for 1000 cycles. 

3.3 Conclusions 

A facile method was adopted to intercalate polypyrrole (PPy) into the channels of a 

highly dynamic carborane-based MOF (CBMOF-1) by in-situ polymerization of 

pyrrole (Py) monomers. After introduction of the PPy, the porosity of the MOF-based 

composite could be preserved permanently. Furthermore, the resulting MOF/Polymer 

composite could be equipped with better conductivity due to the presence of the 

functional polymer. When using the hybrid MOF as an electrode material for 

supercapacitors, a clear improvement in rate capability, charge storage ability, and 

cycling stability has been observed. Compared to the pristine MOF, the specific area 

capacitance of the hybrid is improved to seven-fold. This chapter shows a novel 

strategy to simultaneously stabilize a highly dynamic MOF and functionalize the 

MOF with electrical conductivity. Without the functional polymers, such soft porous 

crystals will lose their porosity and robustness during the conventional activating 

process. 
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Rational design of carborane-based Cu2-paddlewheel coordination polymers: 

enhanced hydrolytic stability and catalytic performance for aza-Michael reaction 

4.1 Introduction  

Due to the tunable properties, highly porous structure and modular nature, 

coordination polymers (CPs), also known as metal-organic frameworks (MOFs), have 

been intensively exploited as promising alternatives to conventional zeolite or 

carbonaceous porous materials for various applications [1-6]. However, few MOFs 

have shown applicability for real-world applications to date because of the labile 

nature of coordination bonds [7-9]. Due to the ubiquity of water in most of industrial 

process, careful consideration of the robustness of MOFs or figuring out effective 

methods to stabilize MOFs upon exposure to moisture would be necessary. This is 

especially important when the MOF is going to be recycled and reused. To overcome 

this challenge, several strategies have been proposed, such as enhancing the 

coordination bonding strength by selecting the appropriate metals or utilizing ligands 

bearing hydrophobic moieties [7, 10-15]. Among them, utilizing hydrophobic linkers 

has been proved to be a relatively general method to construct diverse aqueous stable 

MOFs and, in the past years, our group has devoted to the rational design of 

carborane-based hydrophobic linkers for the construction of various CPs [16-19]. 

Although diverse carboranes could potentially function as perspective backbones for 

CPs, icosahedral carboranes 1,n-C2B10H12 (n = 2, 7 or 12) are a series of borane 

clusters that have been explored predominantly as an ideal platform to prepare 

multi-topic linkers for CPs. Their interest is due to their particular properties, such as 

thermal and chemical stability, tridimensional aromaticity, as well as high 

hydrophobicity [20-23].  

Benefiting from the above material-favorable properties of carboranes, a series of 

stable MOFs have been prepared and exploited for diverse applications. However, 

direct incorporation of hydrophobic groups into MOFs is not enough to prepare a 

highly water stable MOF in some cases. As mentioned in the general introduction of 

this thesis, a series of bidimensional Cu-MOFs (CBMOF-2) containing the 

carborane-based mCB-L2 ligand have been successfully fabricated by our group 

(Figure S4-8) [24]. The bidimensional structure results in the largely exposed 

Cu-paddlewheel clusters, making them susceptible for hydrolysis and ligand 
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displacement, which severely preclude any real application. In order to prepare 

hydrolytic stable MOFs, another tridimensional carborane-based Cu-MOF has been 

purposely designed and synthesized by our group [19]. Due to the presence of highly 

hydrophobic carborane-based mCB-L2 and DABCO (1,4-diazabicyclo[2.2.2]octane) 

base, as well as the two-fold interpenetration arrangement, this Cu-MOF exhibits an 

exceptionally hydrolytic stable. Based on the above analysis, we could conclude that, 

the water instability character is not only related to the nature of the ligands, but also 

to other multiple intrinsic factors, such as interpenetration, flexibility, metal 

coordination environment and framework dimensionality [9-12, 14, 15].  

In order to further enhance the hydrolytic stability of the resultant Cu-MOFs, 

decreasing the symmetry of such a hydrophobic ligand seems another alternative 

approach because the chemical and structural properties of MOFs would be 

significantly influenced by the conformation of the ligands. Firstly, low symmetry 

ligands are beneficial for the formation of highly anisotropic frameworks with 

abundant surface corrugations, which would increase the hydrophobicity of the 

resultant network [11, 25]. Meanwhile, the higher corrugation would potentially bring 

the carboranes closer to the metal centers, which facilitates the creation of a kind of 

protective shell around them, thus avoiding the proximity of water molecules and 

increasing their hydrolytic stability. Furthermore, decreasing the symmetry of linkers 

would facilitate the multiple interactions within the framework, thus sharply boosting 

the robustness of materials [26]. Finally, low symmetry ligands with various 

orientations and configurations would result in countless possibilities for 

polymorphism, thus providing novel structures with unexpected properties for specific 

applications. Although such an intriguing low symmetry strategy has been developed 

to prepare unprecedented MOFs with permeant porosity and good stability, high 

symmetry linkers are still mostly favored [27, 28], and to the best our knowledge, no 

previous studies used desymmetrization concept to fabricate novel carborane-based 

MOFs.  
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Figure 4-1. mCBH2L2 (left) and mCBH2L3 (right) ligands with different symmetries 

 

Herein, we purposely designed a less symmetric carborane-based linker (mCBH2L3, 

Figure 4-1) and tentatively used this new isomer to construct a new Cu-MOF 

(CBMOF-3). Considering the lower symmetry of the new ligand, a more corrugated 

structure with a novel topology could be expected, which would be beneficial for the 

increase of the hydrolytic stability. Meanwhile, the accessible open metal sites in the 

Cu-paddlewheel clusters could serve as active sites for catalytic reaction. As a proof 

of concept, both of Cu-MOFs have been used as heterogenous catalysts for a typical 

aza-Michael reaction and the results indicated that only CBMOF-3 could be reused at 

least for 4 cycles without significant loss of activity.  

4.2 Results and Discussion 

The new 1,7-di(3-dicarboxyphenyl)-1,7-dicarba-closo-dodecaborane linker 

(mCBH2L3) was prepared by following a two-step procedure, via Cu(I) coupling and 

oxidation (Figure 4-2), similar to that used for mCBH2L2 [29]. This new ligand, 

mCBH2L3, was characterized by spectroscopic and analytical techniques (see SI). 

 

Figure 4-2. Synthetic procedure for mCBH2L3 

Crystals for [Cu2(mCBL2)2(MeOH)(H2O)]·DMA (CBMOF-3) were obtained by a 

one-pot solvothermal reaction between the less symmetric ligand and Cu(II) salt in a 
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DMA/Methanol/H2O mixture. The formation of the MOF was firstly confirmed by 

FTIR measurement (Figure S4-1). The B-H and C=O vibrations could be clearly 

found in the spectra, demonstrating the presence of mCB-L3 ligand. The differences 

in the C=O vibration bands of the carboxylate groups further confirm the formation of 

Cu-O coordination bonds. The phase purity of the material was investigated by PXRD 

(Figure S4-2). One can find that the experimental diffraction pattern is well coincident 

to the simulated one from the X-ray diffraction data (see bellow) and no diffraction 

peaks from impurities could be found. The thermal behavior of the Cu-paddlewheel 

cluster-based MOFs is also crucial because most MOFs suffer from low decomposing 

temperatures (<250 oC) [26], which will hinder their applications under relatively 

high temperatures. Considering the presence of carborane moieties, better thermal 

stability of the framework could be expected. The TGA results revealed that this new 

MOF is stable up to 300 oC (Figure S4-3). Benefiting from the improved thermal 

stability, the material could be directly activated by heating treatment under a high 

vacuum and exhibited a slight porosity to CO2 (13.3 cm3 g-1 at 0.9 bar; Dubinin–

Raduskhevich surface area = 131 m2 g-1; Figure S4-4) but showed no porosity to N2. 

 

Figure 4-3. Crystal Structure of CBMOF-3. (A) Coordination environment of the Cu-paddlewheel and the views 

of the one-dimensional chain along various directions; the ligands in blue and green color represent the two 

different conformations. (B) illustration of the formation of bidimensional layers by stacking one-dimensional 

chains; different chains are colored red or blue for clarity. 
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Single X-ray diffraction was used to analyze the crystal structure. The results 

indicated that the new CBMOF-3 crystalized in the P2/c space group with a unit cell 

of 26.912(4), 7.1244(9), and 28.323(4) Å. Two Cu cations were assembled into a 

paddlewheel-like metal node [Cu2(COO)4] with a Cu-Cu distance of 2.66 Å and four 

of carborane ligands were connected to the paddlewheel node (Figure 4-3A). The 

apices of the paddlewheel cluster were capped by the oxygen atoms from water and 

methanol auxiliary ligands, respectively. The Cu-OOC bond lengths were within the 

range of 1.952-1.985 Å, while the Cu-Osolv bond lengths elongated to 2.154 and 2.159 

Å for MeOH and H2O, respectively. More interestingly, two different configurations 

have been observed for the V-shaped mCB-L3 ligand. The OOC–CB centroid–COO 

angles in each configuration were measured to be 119o and 124o, and the dihedral 

angles of two non-coplanar phenyl rings in each configuration were found to be 56.4o 

and 72.8o, respectively (Figure 4-3A and Figure S4-5). Numerous Cu2-paddlewheel 

units were further connected by the mCB-L3 ligand and propagated into a 

one-dimensional tubular chain, which is corresponding to a rare uninodal net (4,4)(0,2) 

topology (Figure S4-6). Coordinated methanol proton behaved as a donor and the 

oxygen atom of the carboxylate groups in the adjacent chains functioned as an 

acceptor, giving rise to interchain hydrogen bonding interactions (H•••O, 2.606 Å; 

OHO 152.9º). Such multiple interchain interactions drive the one-dimensional chains 

to assemble into a two-dimensional layer (Figure 4-3B). The final tridimensional 

structure was formed by self-assembly of the two-dimensional layers with the help of 

the above intermolecular weak interactions (Figure S4-7).  

Unlike CBMOF-3, corrugated two-dimensional layers with a 44-grid topology 

(CBMOF-2) were obtained when the paddlewheel [Cu2(COO)4] clusters were 

crosslinked by the more symmetric V-shaped mCB-L2 ligand (Figure 4-1). Numerous 

two-dimensional layers further assembled into the final tridimensional structure 

(Figure S4-8). Trigged by solvent exchange (from DMF to methanol or CH2Cl2), easy 

sliding of the layers and rapid phase transition have been observed in CBMOF-2 [24]. 

Slow dissolution of CBMOF-2 has been observed in water, indicating its unstable 

character in this solvent (Figure S4-9). PXRD patterns and microscope images at 

different states provided further evidence for this instability behavior (Figure 4-3A). 

Different from the CBMOF-2, CBMOF-3 remained stable in water for at least two 

months (as confirmed by PXRD and microscope images in Figure 4-4B). Accordingly, 
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no color change has been observed in the aqueous suspension during that period, 

which will be expected on decomposition of the MOF. Single X-ray diffraction on the 

crystal further revealed that the original structure was well preserved after water 

treatment for 30 days and the coordinated solvents (methanol or water) at apical 

positions of the Cu-paddlewheel cluster remained unaltered. Remarkably, CBMOF-3 

also exhibited endurability in various common organic solvents (Figure S4-10) and 

could maintain intact in acidic and basic aqueous solutions for at least 24h (pH from 6 

to 8, Figure S4-11 and S4-12). 

 

Figure 4-4. Structure and morphology changes of CBMOF-2 (A) and CBMOF-3 (B) after water treatment at 

various states. 

Due to the porous structure and abundant metals in MOFs, catalytic application is one 

of the earliest proposed ideas for such crystalline materials and some MOFs have 
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exhibit outstanding catalytic performance. However, the sensitivity of MOFs for 

moisture or water will lead to the collapse of the porous architecture, thus losing their 

catalytic ability. Therefore, the catalyst with good catalytic performance, excellent 

hydrolytic stability, facile recyclability and reusability would be a good candidate. 

After determining the improved stability of CBMOF-3, such a framework with 

accessible open metal sites could be potentially used as a promising heterogeneous 

catalyst for the typical aza-Michael addition reaction. In some cases, amines with a 

poor nucleophilicity will be involved in such an addition reaction, thus aqueous 

solution containing promoting agents is essential to improve the conversion of the 

reaction [30, 31]. As a comparison, the catalytic performance of the less stable 

CBMOF-2 has also been evaluated. The results revealed that the open metal sites of 

Cu centers in both MOFs could serve as Lewis-acids and exhibited an excellent 

catalytic performance. After 60 min, the total conversion reached nearly 100% for 

both catalysts, while neglectable conversion could be obtained without the catalyst 

(Figure 4-5 and Tale S4-1). More importantly, only CBMOF-3 could be recycled and 

recused at least for 4 cycles without apparent loss of catalytic activity. All 

observations verified the long-term chemical robustness and good catalytic 

performance of the new one-dimensional Cu-MOF (CBMOF-3). Such an excellent 

catalytic performance is mainly originated from the abundant catalytic active open 

metal sites, exceptional hydrolytic stability and one-dimensional reticular structure.   

 

Figure 4-5. Top: the schematic illustration for a typical aza-Michael mono-addition reaction. Bottom: conversions 

and cyclability of catalysts after various catalytic cycles (Orange bars for CBMOF-3 and green bars for 

CBMOF-2). 
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4.3 Conclusion 

In this study, a desymmetrization strategy was adopted and a hydrolytic stable 

CBMOF-3 containing less symmetric carborane-based ligands was successfully 

prepared. Benefiting from the improved stability, accessible Lewis-acidic sites and 

one-dimensional reticular structure, this new MOF exhibited an outstanding catalytic 

performance for a typical aza-Michael addition reaction. Nearly 100% conversion has 

been reached and the catalyst could be used at least for 4 cycles without obvious loss 

of catalytic activity. The present study provides the first example using the 

carborane-based MOFs as a prospective catalyst for a typical addition reaction.  
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Carborane-driven efficient antenna effect in a series of Eu3+/Tb3+ metal organic 

frameworks: excellent hydrolytic stability and tunable time-dependent emission 

colors and bar-codes for anticounterfeiting 

5.1 Introduction  

Lanthanides are characterized with unique optical and magnetic properties derived 

from their 4f electrons, making them promising for myriad applications, such as 

optics, bioanalysis, biological imaging, and sensors [1-3]. Among them, optical 

properties of lanthanide-based materials are quite interesting owing to their sharp 

emission bands, large Stokes shifts, long luminescence lifetimes and undisturbed 

emission wavelength to external chemical environment [4]. Regardless of the superior 

luminescent properties, several challenges must be addressed before utilization of the 

lanthanide-based materials, such as weak luminescence, limited chemical, thermal and 

optical stabilities [5-11]. “Antennae effect” is one of effective routes to enhance the 

lanthanide luminescent intensity and construct lanthanide-based metal organic 

frameworks (Ln-MOFs), is one of facile approaches to fulfill the antennae effect, in 

which the organic ligand acts as a chromophoric antenna to sensitize lanthanides. 

Therefore, rational design of organic linkers bearing hydrophobic and thermally stable 

groups for Ln-MOFs could simultaneously increase the quantum yield and enhance 

both the hydrolytic and thermal stability of the materials. Additionally, unlike the 

commonly used d-block transition metals that possess a lower coordination number 

ranging from 6 to 8, lanthanides exhibit versatile coordination environments with the 

coordination number largely varying from 8 to 12, thus engendering the formation of 

more adaptable Ln polynuclear clusters and novel topologies [12, 13], which 

significantly enriches the structural diversity of MOFs.  

As described in the general introduction on this thesis, icosahedral carboranes 

1,n-C2B10H12 (n = 2, 7 or 12) are a subclass of boron clusters that are characterized 

with high hydrophobicity, thermal stability, tridimensional aromaticity and chemical 

robustness [14-16]. Benefiting from the above merits, such materials have been 

applied as an ideal platform to fabricate hydrophobic linkers for MOFs. Since 2015, 

our group have been devoting to rational design and synthesis of carborane-based 

MOFs with improved chemical and thermal stabilities for diverse applications [17-22]. 
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Meanwhile, Núñez and coworkers have proven that carborane moieties exhibit a 

significant influence on the photoluminescent behavior of discrete smaller molecules 

due to the intramolecular electron-transfer or electron-promotion process originating 

from the electron-withdrawing effect of carboranes [23-25]. The fluorescent behavior 

of the carborane metal complexes has also been explored [26, 27]. Surprisingly, no 

study has been done to explore the “antennae effect” of carboranes in coordination 

polymers, even if a series of carborane-based Ln-MOFs have been exploited 

previously [28]. In principle, an ideal antennae linker should have a suitable triplet 

state energy that is well-matched with lanthanide f-orbital energy levels. Furthermore, 

the good light-harvesting antennae should be intensively absorptive for photons, but 

exhibit low or even no photoluminescent properties, thus facilitating the energy 

transfer from the ligand to active centers [29, 30]. Carboranes represent such a class 

of materials that exhibit an intense absorption for the light, but does not show obvious 

emissive features, which has motived our group to use carboranes as light-harvesting 

materials for photocatalysis [29, 31-33]. Keeping this unique absorption−emission 

property of carboranes in mind, we reasonably hypothesized that incorporation of 

carboranes into ligands could customize the optical properties of the resulting 

compounds and improve the light-harvesting efficiency of the framework, thus 

enhancing the luminesce of lanthanides.                 

Herein, we have designed and synthesized a series of isostructural carborane-based 

Ln-MOFs. Apart from the excellent chemical and thermal robustness of the resulting 

materials, these Ln-MOFs exhibited intense luminescence with high quantum yields due 

to the carborane-driven effective antennae effect, which is more efficient than the 

corresponding phenyl-based counterpart. Benefiting from the narrow emission bands, 

tunable composition and controllable energy transfer efficiency between different 

lanthanides, time-dependent emission colors and bar codes were found in the 

multi-component Ln-MOFs. As a proof of concept, our Ln-MOFs were demonstrated 

printable through spray-coating, making these materials very promising as invisible 

security inks for advanced anticounterfeiting technologies.     

5.2 Results and discussion 

Needle-like crystals of [(Tb)3(mCB-L2)4(NO3)(DMF)x]n·solv (mCB-Tb) and 

[(Eu)3(mCB-L2)4(NO3)(DMF)x]n·solv (mCB-Eu) were prepared by a one-pot 
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solvothermal reaction in a mixture of DMF/H2O/Methanol at 95 oC for 48 h (Figure 

S5-1). The crystal structure was analyzed by single X-ray diffraction and the results 

reveal that the basic unit of the structure is a novel [(Tb)3(COO)8(NO3)(ODMF)4] 

Secondary Building Unit (SBU), in which Tb(1) and Tb(3) atoms are eight 

coordinated, while Tb(2) is seven coordinated (Figure 5-1a). Tb(1) and Tb(2) exhibit a 

similar environment with coordinated oxygen atoms from the ligands or the DMF 

solvent. For Tb(3), five of the coordinated oxygen atoms are from the carboxylic 

groups of five different ligands, two of them are from NO3
- anion and another one is 

from the DMF solvent. Numerous basic units were propagated into linear 

lanthanide-oxide chains and the linear chains are further connected by the V-shaped 

mCB-L2 ligand to form the final tridimensional structure with one-dimensional 

zigzag-like channels (Figure 5-1b and c). Owing to the different coordination 

environments of the three crystallographic independent Tb atoms, Tb–Tb metal 

distances are found to be varied from 5.2550 to 5.5830 Å and the Tb–O bond 

distances are in the range 2.272- 2.906 Å, all of which are comparable to related 

compounds [34-37]. 

 

Figure 5-1. Crystal structure of mCB-Tb. a) coordination environment of the three independent Tb atoms that are 

repeated along the structure to provide lanthanide-oxide chain. b-c) two views along the zig-zag channels and the 



Luminescence properties 
 
 

86 

lanthanide-oxide chains. Green polyhedra represents the Tb coordination spheres. H atoms are omitted for clarity. 

Color code: B, pink; C, gray; O, red; N, dark blue; Tb, green. 

The formation of Ln-MOFs and the phase purity were characterized by FTIR, 

elemental analysis and PXRD (Figure S5-2 and S5-3). Interestingly, both mCB-Tb 

and mCB-Eu exhibited similar PXRD patterns, which matched very well with the 

simulated one for the mCB-Tb, demonstrating the isostructural nature of these two 

MOFs. The thermal stability was monitored by TGA (Figure 5-4), and the results 

revealed that both Ln-MOFs are stable up to 400 ºC. The hydrolytic stability of the 

compounds in neutral water and in acidic or basic aqueous solutions (pH = 3-11) are 

verified by PXRD and confocal microscopy (Figure S5-5). Such an excellent water 

stability is primarily due to the presence of carborane moieties in the Ln-MOFs.  

The absorptive behavior of the carborane-based ligand and Ln-MOFs for the light was 

investigated by the UV-vis absorption measurement. A broad absorption band 

centered at 289 nm was observed for the free ligand (Figure S5-6), which is 

corresponding to the  → * transitions. The Ln-MOFs exhibited a similar broad 

absorption band with that of the ligand. The emission of the ligand is quite weak with 

a broad emission peak at em = 312 nm (ex = 280 nm) and a low quantum yield () 

of 0.3% (Figure S5-7). Benefiting from the antennae effect, both mCB-Tb and 

mCB-Eu showed intense luminescent spectra with sharp and discriminable emission 

bands (Figure 5-2a and b) and the quantum yields were found to be 20.5 % and 49.8% 

for mCB-Tb and mCB-Eu, respectively. mCB-Eu emits a red color with the strongest 

emission peak at 614 nm (5D0→7F2 transition), while the mCB-Tb exhibited a green 

emission with the strongest emission peak at 543 nm (5D4→7F5 transition). The 

calculated CIE coordinates for the materials are in the red and green areas, 

respectively, which are identical to the observed emission color (Figure 5-4). The 

intense emission spectra and high quantum yields explicitly indicate that the 

carborane-based ligand is a good antenna that could effectively sensitize the 

lanthanides in the framework. More importantly, the morphology and fluorescent 

properties of mCB-Tb and mCB-Eu crystals could be well preserved, even after a 

heating treatment at 180 oC (Figure S5-8). Given the good thermal and water stability, 

as well as the stable luminescent behavior of the materials, we dispersed the materials 

into water to prepare the corresponding fluorescent inks and a two-color ICMAB logo 

has been manually painted. As shown in the Figure 5-2c, the as-obtained logo showed 
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bright green and red luminesce and no other colors could be observed. The SEM 

images illustrated that the crystals were entrapped in the pores between the fibers of 

the cellulose paper (Figure S5-9). The steady state fluorescence of the materials was 

also well maintained after the deposition treatment onto the paper (Figure S5-10), 

which evidenced the luminescence robustness of the materials.  

 

 
Figure 5-2. Solid-state emission spectra of mCB-Eu (a) and mCB-Tb (b) under continuous wave irradiation (ex = 

280 nm) at room temperature. Insets: optical microscope images of the corresponding crystals (exc = 280 nm). c) 

Photograph of hand-painted logo of the Institut de Ciència de Materials de Barcelona (ICMAB) with mCB-Eu and 

mCB-Tb crystals (ex = 254 nm). 

 

In order to understand the antenna effect of the ligand and the energy transfer 

efficiency between the ligand and lanthanides, time-dependent DFT calculation 

(TDDFT) was carried out for the mCBH2L2 ligand. It is well-established that the 

lanthanides’ sensitizing process is an energy transfer process from the triplet sate of 
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the ligand to the first excited state of the lanthanide and an effective antenna effect 

could be achieved if the energy of the triplet state of the ligand is higher (at least 1850 

cm-1 higher) than the first excited state of the lanthanide [1, 4]. The first triplet state of 

the mCBH2L2 ligand was calculated to 20449 cm-1 (489 nm, Figure 5-3), which is 

higher than the first excited sate of Eu3+ (614 nm, 15286 cm-1) and Tb3+ (541 nm, 

18464 cm-1), and higher than that of some commonly used carbon-based 

chromophores, thus ensuring the efficient energy transfer. The absorption wavelength 

of the -  transition in the mCBH2L2 ligand was calculated to be 260 nm, which is 

comparable to the value obtained from UV-vis absorption. In order to uncover the 

positive impact of the carborane moiety on elevating the energy level of the triplet 

state in such a V-shaped ligand, the carborane moiety was replaced by a phenyl ring 

and the photophysical properties of [1,1’:3’,1’’-terphenyl]-4,4’’-dicarboxylic acid 

(mTDCA) were further explored by TD-DFT. The results indicated that the triplet 

state of the mTDCA is much lower than that of carborane-based ligand (Figure S5-11). 

After carefully analyzing the frontier orbital of the compounds, we found that the 

presence of carborane broke the symmetry of the empty orbitals owing to the less 

symmetric configuration of mCBH2L2. More importantly, the less symmetric 

configuration of the carborane-based ligand is preserved in both the singlet ground 

state and triplet excited state, while the orientation of the phenyl groups in the 

mTDCA ligand changed from a non-coplanar arrangement in the ground state to a 

nearly coplanar configuration in the triplet state (Figure S5-12). The above differences 

in these two ligands result in the different photophysical behavior, which is revealed 

by the much lower energy of the triplet state of the mTDCA ligand. Therefore, the 

higher energy levels in the mCBH2L2 ensure the efficient energy transfer from the 

ligand to lanthanides, while it would become less efficiency in the case of the 

mTDCA ligand.  
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Figure 5-3. Energy diagram of the singlet and triplet states calculated using TDDFT with the B3LYP functional. 

The orbitals involved in such processes of the mCBH2L2 ligand are shown. 

 

Benefiting from the narrow emission bands of lanthanides, incorporating different 

lanthanides into a MOF to prepare multimetallic materials with multiple emission 

bands is of importance to achieve stoichiometry-dependent color tenability [38]. The 

similar coordination environment of lanthanides further ensures the feasibility of the 

synthesis of mixed lanthanide MOFs. Furthermore, the enhanced luminescence in the 

resulting mixed lanthanide materials could be expected due to the effective energy 

transfer (ET) between various lanthanides. For example, 70% emission enhancement 

of Eu(III) has been observed in a Eu/Tb-MOF [39]. Therefore, once confirming the 

isostructural nature of the carborane-based mCB-Eu and mCB-Tb, various 

multi-component [(EuyTb1-y)3(mCB-L2)4(NO3)(DMF)x]n·solv (mCB-EuyTb1-y) with 

controllable compositions and tunable emission colors have been successfully 

prepared. The isostructural nature and phase purity were verified by the PXRD 

(Figure S5-3). The ratio between Eu(III) and Tb(III) was analyzed by inductively 

coupled plasma (ICP) and the results indicate that the molar ratio is comparable to the 

molar ratio of lanthanides that were used during the synthesis (Table S5-2). 
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Figure 5-4. a) Photographs of the powders of the mixed mCB-EuyTb1-y (ex = 254 nm); b) selection of steady 

state emission spectra of the powders of mixed mCB-EuyTb1-y with various Eu/Tb molar ratios (ex = 280 nm) 

(see Figure S5-14 for the spectra of all mCB-EuyTb1-y series); c) photograph of hand-painted logo of the Institut 

de Ciència de Materials de Barcelona (ICMAB) with mCB-Tb (green), mCB-Eu0.1Tb0.9 (yellow), mCB-Eu (red) 

crystals; d) color coordinates drawn onto the 1931 CIE chromaticity diagram for the mixed mCB-EuyTb1-y. Inset: 

fluorescence microscope images of the mCB-Tb (green), mCB-Eu0.1Tb0.9 (yellow) and mCB-Eu (red) crystals. 

 

The emission color of the materials altered from green to red with the variation of 

Eu3+/Tb3+ ratio, which matched well the calculated CIE coordinates (Figure 5-4a and 

d). Steady emission spectra were obtained in the visible region after irradiation of the 

as-prepared mCB-EuyTb1-y materials at 280 nm (Figure 5-4b and S5-14). The 

as-obtained mCB-EuyTb1-y were also successfully used as fluorescent inks to draw 

the multi color ICMAB logo (Figure 5-4c). After further analysis the CIE coordinates 

in detail, we found that the color gradually changed from green to yellow with the 

variation of the Eu molar fraction from 0 to 0.08, while the color variation became 

less pronounced after the Eu content exceeding 0.1 and negligible color change was 

found in the materials with a higher Eu content (>0.2). The negligible Tb emission in 

the mCB-EuyTb1-y materials with the Eu content surpassing the threshold (10%) and 

the energy transfer between different lanthanides should be responsible for such a 

stoichiometric independent color change. 
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Table 1. CIE Color Coordinates, Luminescence Lifetimes, Energy Transfer Efficiencies, Absolute Quantum Yield 

and Emission ratio for mCB-Eu, mCB-Tb, and mCB-EuyTb1-y ( ex = 280 nm). 

Ln 
CIE color 

coordinates 

 (µs)a ɳTb 

→Eu
b

 

(%) 

  

(%) 

Emission ratio 

of Eu/Tb (
5
D4 of 

Tb
3+
)  

(5D0 of 

Eu3+) 

Eu (0.62, 0.38) - 739.0 - 20.5±1.3 1.000/0.000 

Eu0.6Tb0.4 (0.59, 0.33) 23.2 749.7 97.3  41.2±2.1 0.997/0.003 

Eu0.5Tb0.5 (0.58, 0.34) 60.2 859.6 92.9  42.5±1.4 0.974/0.026 

Eu0.25Tb0.75 (0.59, 0.34) 117.9 934.1 86.1  47.8±2.0 0.971/0.029 

Eu0.20Tb0.80 (0.57, 0.35) 219.3 1023.9 74.2  58.1±2.8 0.949/0.051 

Eu0.10Tb0.90 (0.58, 0.38) 331.6 1079.6 61.0  69.2±2.6 0.849/0.151 

Eu0.08Tb0.92 (0.55, 0.39) 465.1 1084.1 45.3  63.6±2.3 0.825/0.175 

Eu0.05Tb0.95 (0.44, 0.46) 575.0 1153.8 32.3  56.4±2.7 0.516/0.484 

Eu0.03Tb0.97 (0.39, 0.51) 676.4 1367.3 20.4  55.7±1.7 0.248/0.752 

Eu0.01Tb0.99 (0.36, 0.54) 818.3 1714.9 3.7  52.6±2.5 0.230/0.770 

Tb (0.32, 0.58) 849.7 - - 49.8±1.8 0.000/1.000 

a The decay curves for mCB-EuyTb1-y were fitted by a biexponential function (I = A1 exp(-t/) + A2 exp(-t/)) 

and the average lifetime was calculated from the equation of  = (
 + 

)(  + ) [40] 
bThe energy transfer efficiency was determined by the function of ɳTb →Eu = 1 - /

0
. [41] 

 

The energy transfer between Tb3+ and Eu3+ in the mCB-EuyTb1-y was verified by the 

decay curves of the Tb(III) (em = 541, 5D4→
7F5) and Eu(III) (em = 614 nm 5D0→7F2) 

upon pulsed light irradiation at exc = 280 nm (Figure 5-5a and b, Figures S5-15 to 

S5-22). The decay curves for the single component mCB-Eu and mCB-Tb could be 

analyzed by a mono-exponential function and the lifetime was calculated to be 849.7 

s and 739.0 s, respectively, which is comparable to that of the reported Eu- and 

Tb-based compounds (Table 1 and Figure S15). The emission intensity of Tb3+ in the 

multimetallic Ln-MOFs gradually decayed in a bi-exponential mode with increasingly 

shorter average lifetimes (Figure 5-5a). In contrast, the luminescent intensity of Eu3+ 

in the multi-component Ln-MOFs increased firstly and was followed by a gradually 

decrease (Figure 5-5b). Similar to the Tb3+ decay curves in mCB-EuyTb1-y, the 

emission intensity of Eu3+ also decayed in a bi-exponential mode, but the average 

lifetimes are longer than that of the single component mCB-Eu. The longest lifetime 

of Eu3+ was found in the mCB-Eu0.01Tb0.99, which is the consequence of the 

convolution of the Eu3+ excitation and its luminescence decay. In the 

mCB-Eu0.60Tb0.40, the decay curve of Eu3+ is overlapped with that of the mCB-Eu 

(Figure 5-5c), indicating that it decayed in a mono-exponential mode. Such a unique 
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decay behavior in mCB-Eu0.60Tb0.40 could be ascribed to the efficient energy transfer 

between Tb3+ and Eu3+, which reaches as high as 97%. 

 

 

Figure 5-5. a) Fluorescence decays of Tb (λem = 541 nm) in the different MOFs (λexc = 280 nm); b) fluorescence 

decays of Eu (λem = 614 nm) in the different MOFs (λexc = 280 nm); c) comparison of the fluorescence decay of 

mCB-Eu0.6Tb0.4 with mCB-Eu; d) Average lifetimes, ET quantum yield and luminescence quantum yield trends 

against Eu3+ fraction. 

 

Remarkably, improved quantum yields were observed in the mixed Ln-MOFs. The 

increase of overall quantum yields is followed by a decrease trend (Figure 5-5d and 

Table 5-1), and it reaches the highest value of 69.2% in mCB-Eu0.10Tb0.90, 

corresponding to a substantially increase of 237% with respect to that of mCB-Eu 

(20.5%). Such an outstanding improvement in quantum yields demonstrates the 

highly effective energy transfer in the ligand-to-Tb3+ and Tb3+-to-Eu3+ consecutive 

process, which is more efficient than the direct energy transfer from the ligand to Eu3+. 

However, higher Eu content (>20%) would result in the reallocation of the energy and 

more energy will be less effectively transferred to Eu3+ (Figure 5-6), thus lowering the 

overall quantum yield. Such a typical energy transfer process between different 

lanthanides has been reported, although such an outstanding improvement in quantum 
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yields has not been reported before.  

 

Figure 5-6. Schematic diagram of the energy absorption to the singlet state (S0) of mCBL1 ligand, transfer to the 

triplet state (T1), energy transfer and emission processes of mCB-EuyTb1-y. 

 

A precise tailoring of lifetime at an emission band can entail a virtually unlimited 

number of unique temporal codes. Although using Ln-MOFs for time-dependent 

optical multiplexing has been foreseen, tunable lifetime and time-dependent optical 

properties have not been explored for anticounterfeiting. The time-dependent color 

change of mCB-EuyTb1-y were firstly monitored at different time delays after the 

excitation at 280 nm (Figure 5-7a to f). The color varied gradually from green to 

yellow in the mCB-Eu0.01Tb0.99 and the emission peaks from Tb3+ were still observed 

in the emission spectra even at a much longer time delay (15000 s), which is mainly 

attributed to the lower energy transfer efficiency between Tb3+ and Eu3+. With the 

Eu3+ content increasing to 10%, the material emits light green color at the beginning 

of delays due to the negligible emission from Eu3+. Then, the color changed to yellow 

with time going on, indicating that the energy transfer results in partially quenching 

effect on Tb3+. The color finally changed to red, which is primarily from the Eu3+, 

demonstrating the completed energy transfer from Tb3+ to Eu3+. In the 

mCB-Eu0.6Tb0.4, both Eu3+ and Tb3+ could be simultaneously sensitized upon the 

irradiation at 280 nm and the overall emission at the beginning of delays is the result 

of the emission convolution from them, thus providing the yellow emission. Owing to 

the higher energy transfer efficiency between Eu3+ and Tb3+, mCB-Eu0.6Tb0.4 
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exhibited a much faster color change from yellow to red and only the emission from 

Eu3+ could be observed at the longer time delays.  

 

Figure 5-7. Time-dependent emission spectra of a) mCB-Eu0.01Tb0.99, b) mCB-Eu0.1Tb0.9, c) mCB-Eu0.6Tb0.4 

powders at various time delays and d-f) the corresponding CIE coordinates (ex = 266 nm). Time-dependent bar 

codes of g) mCB-Eu0.01Tb0.99, h) mCB-Eu0.1Tb0.9, i) mCB-Eu0.6Tb0.4 (ex = 355 nm). 

 

Considering that the emission bands from Eu3+ and Tb3+ are discriminable in the 

emission spectra of mixed Ln-MOFs due to the sharp emission bands of lanthanides, 

we investigated the possibility to combine the temporal behavior with discernible 

spectroscopic character for time-dependent barcoding. The barcoding variation over 



Chapter 5 
 
 

95 

time was based on the projection of the emitted photons onto the matrix of a CCD 

camera. Taking advantage of tunable energy transfer efficiency and different decay 

rates of Eu3+ and Tb3+, the variation in the number of barcodes and intensity have 

been clearly observed at various time delays (Figure 5-7g to I and Figure S5-27 to 

S5-30). Therefore, a dynamic message could be encrypted into these bars to provide 

high-security information in microsecond-millisecond time scale. For example, the 

initial and final coded information in the mCB-Eu0.1Tb0.9 are mainly based on the 

emission from Tb3+ and Eu3+, respectively, but the intermediate information is 

changing all the time within the whole recording range. In the mCB-Eu0.01Tb0.99, the 

emission signals from Eu3+ were only monitored after 500 s, which indicates that the 

encrypted information begins varying after this point. In contrast, the coded 

information in mCB-Eu0.6Tb0.4 starts changing at the beginning of recording time, but 

it stops changing and delivers the same information after 5s. Similar results have 

been observed upon exciting the mCB-Eu0.1Tb0.9 at a lower energy (355 nm, Figure 

S5-32). All above observations verified the high barcoding capability of the materials 

for dynamic information.              

Such an excellent barcoding capability motivates us to print the material onto 

cellulose papers to simultaneously obtain the temporal fluorescent codes and tunable 

colors in patterned spatial domains, which will provide new strategies for advanced 

anticounterfeiting technologies and security data storage. An “ICN2” logo was printed 

by a home-made spray drying system (Figure S5-33). This printed pattern cannot be 

seen under the daylight, while it emits a bright yellow color upon UV irradiation (254 

nm, Figure 5-8a). The luminescent yellow color of the security ink and discernable 

emission spectrum of the pattern have been confirmed under steady irradiation 

(Figures S5-34), which is similar to that of the mCB-Eu0.1Tb0.9 powdery material. 

The time-dependent luminescent spectra (Figure 5-8b), colors (Figure 5-8c) and 

bar-codes (Figures 5-8d and S5-31) under pulsed irradiation (266 nm) further confirm 

the preservation of the optical properties after the printing treatment.      
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Figure 5-8. a) Spray-coated mCB-Eu0.01Tb0.99 using a prepatterned mask to illustrate the logo on Institut de 

Nanociencia i Nanotecnologia; b) Time-dependent emission spectra of the printed mCB-Eu0.01Tb0.99 and c) 

corresponding color coordinates in the 1931 CIE diagram; d) Time-dependent bar codes of the printed 

mCB-Eu0.01Tb0.99 (ex = 355 nm). 

5.3 Conclusions 

In this study, a series of isostructural carborane-based Ln-MOFs were designed and 

synthesized. Except for excellent chemical and thermal stabilities of the materials, the 

Ln-MOFs exhibited intense luminescence with high quantum yields due to the 

carborane-driven effective antennae effect, which is more efficient than the 

corresponding phenyl-based counterpart. Compared to the mCB-Eu, an outstanding 

increase of 237% of quantum yield has been achieved in the mCB-Eu0.1Tb0.9. Due to 

the narrow emission bands, tunable composition and controllable energy transfer 

efficiency between different lanthanides, time-dependent emission colors and bar 

codes were found in the multi-component Ln-MOFs. As a proof of concept, our 

Ln-MOFs were demonstrated printable through spray-coating, making these materials 

very promising as invisible security inks for advanced anticounterfeiting technologies.  
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Carborane-based Gd Metal Organic Framework as a prospective multifunctional 

nanomedicine for cancer therapy 

6.1 Introduction 

Thanks to the great improvement in living and medical conditions, a steady increase 

in lifespan of population has been observed in the past centuries. The cancer related 

diseases have been found to occur more and more frequently with life expectancy 

increase, which has been sparking a significant concern for the clinical management 

in the 21st century [1, 2]. In most cases, the reoccurrence and neoplastic lesion further 

make cancer incidence stubbornly high. Therefore, high-efficient theranostic agents 

and methods are urgently needed for prevention, diagnosis, and further therapy for 

cancers [3-5]. To have the reliable pre-diagnosis and therapeutic treatments, finding a 

facile and fast diagnostic imaging method is necessary. Magnetic resonance imaging 

(MRI), as one of powerful imaging methods for clinical tumor detection, seems to be 

the most promising noninvasive imaging technique for such a purpose due to its 

distinct advantages, such as the capability in providing 2D/3D images with high 

spatial resolution for soft tissue anatomy, unlimited penetration depth, rapid in vivo 

images acquisition and nonradiative gathering tomographic image process [6-8]. Due 

to changes in longitudinal (T1) and transversal (T2) relaxivity times, diffusivity, water 

content and nuclear relaxation rates in abnormalities, it allows us to differentiate it 

from the normal tissues based on the proton signal intensity variation of MRI [9, 10]. 

However, the sensitivity of intrinsic MRI signal is generally weak. Contrast agents 

(CAs), that could shorten T1 and T2 relaxation times of protons and thus give us 

T1-weighted bright images or T2-weighted dark images, are indispensable to get clear 

and sensitive MRI images [11, 12]. Therefore, various CAs have been developed for 

MRI application, such as gadolinium(III)-based CAs, iron oxide nanoparticles and 

manganese(II) complexes [4]. Nowadays, the clinically used CAs are almost 

exclusively Gd(III)-based materials due to the high spin (S = 7/2) and symmetric 

electronic ground state of Gd(III) [13]. 

After having an effective and precise tool for tumor diagnosis, cancer therapy is the 

subsequent problem that should be taken into our consideration. Current modalities 

for cancer therapy include surgery, radiotherapy, chemotherapy, and combination 

treatment [2, 14]. However, the above methods have their intrinsic weaknesses. For 



Bio-application 
 

106 

example, tumors would be difficult to eradicate in a one-time surgery, which 

inevitably results in the cancer reoccurrence and even failure tumor treatment [15]. 

The drug resistance of cancer cells is also fatal for chemotherapy [16]. Radiotherapy 

is an effective tool to kill tumor cells, but destroying of adjacent healthy cells or 

tissues and other serious side effects cannot be avoided, which will make patients 

suffer a lot [17]. For these reasons, radiotherapy can be only used a reduced number 

of times per patients. Comparatively, boron neutron capture therapy (BNCT) could 

serve as a targeted therapeutic strategy, which exhibits selectively radiation treatment 

to malignant cells without harmful disruption on the nearby healthy cells and tissues 

[12]. Contrary to radiotherapy, BNCT can be used multiple times with no serious side 

effects. Such an incomparable merit is originated from its unique therapeutic process, 

in which a stable isotope of boron (10B) is firstly accumulated in the tumor and the 

tumor will be destroyed by the high linear energy transfer (high-LET) of α particles 

that are in-situ generated after the irradiation of the 10B carrier under low energy 

neutrons [18, 19]. The high-LET path’s length of the particle is about 9–10 µm, which 

matches well with the single cell diameter, allowing the selective irradiation on cancer 

cells [20]. Despite of the above merits, several prerequisites should be addressed 

before practical utilization of BNCT, such as development of compounds with a high 

10B content, high tumor targeting selectivity, low toxicity, appropriate dispersive 

stability or solubility in water and high uptake by tumor cells [21]. Following the 

above direction, great efforts have been devoted to the design and synthesis of 

high-boron-containing carriers. Metallacarboranes and carboranes are characteristic 

compounds with high-boron content, neglectable toxicity, high uptake in cancer cells, 

and therefore, have been investigated as promising candidates for BNCT [22, 23]. Our 

group have been contributing to the exploitation of the carborane-based novel 

materials for BNCT in the past decades. For example, we have developed a series of 

compounds based on the anionic cobaltabis(dicarbollide) [3,3’-Co(1,2-C2B9H11)2]
-, 

[o-COSAN]-, and these materials could accumulate in the cells and exhibit a 

prospective performance for BNCT [24-27]. Very recently, iron oxide-based hybrid 

branched with icosahedral meta-carborane has also been reported by our group [28, 

29]. This nanomaterial demonstrates a bi-functional property and could be 

simultaneously used for T2-weighted MRI and BNCT, which give us some valuable 

inspirations in the design of multifunctional nanomedicines for cancer diagnosis and 

subsequent therapy.   
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Based on the above analysis, we reasonably hypothesize that carborane-based 

Gd-MOF that combines the paramagnetic property of Gd(III) with the merits from the 

carborane, could potentially serve as a prospective multifunctional candidate for 

simultaneously cancer diagnosis and treatment [30]. In the previous chapter, we have 

successfully prepared a series of Eu/Tb-MOFs. Considering that different lanthanides 

would have a similar coordination environment, an isostructural carborane-based 

Gd-MOF could be readily synthesized. Compared with our previous iron oxide-based 

hybrid, the stronger hydrolytic stability, a high payload of Gd(III) and high boron 

content could be expected, which are essential for high-effective MRI and BNCT. 

Additionally, one dimensional channels were found in our Ln-MOFs, thus 

MOF-based carriers could also be purposely designed to accommodate additional 

bio-active small molecules. All above advantages further expand the possibilities of 

the carborane-based Gd-MOF for diverse bio-applications. To the best of our 

knowledge, this study is the first attempt to use carborane-based Gd-MOF as a CA 

and as a first step towards a multifunctional nanomedicine tool for potential cancer 

treatment.   

6.2 Results and discussion 

Crystal structure: Adopting a similar synthetic procedure with that of mCB-Tb and 

replacing the Tb salt with Gd salt, colorless crystals were obtained. The crystals are 

present in a needle-like shape with a crystal size of about 180 µm in length, which is 

comparable with our mCB-Tb (Figure S6-1). A quite similar FTIR spectrum with 

mCB-Tb has been obtained, implying the formation of the mCB-Gd (Figure S6-2). 

The phase purity of the crystal was characterized by powder X-ray diffraction 

(PXRD). The well-defined diffraction pattern for Gd-MOF matches very well with the 

simulated one from Tb-MOF, indicating the high crystallinity and isostructural nature 

to mCB-Tb (Figure 6-1). Elemental analysis further confirmed the phase purity of the 

mCB-Gd.  

The hydrolytic stability of Gd-MOF was also confirmed by the PXRD and optical 

microscope after dispersing the MOF in PBS buffer solution for a week. No structure 

changes or obvious cracks could be found (Figure 6-1 and S6-1). All the above 

observations demonstrate that the Gd-MOF inherits the chemical robustness of the 

carborane-based Ln-MOFs (see chapter 4). 
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Figure 6-1. XRD patterns of the Gd-MOF before and after immersing into PBS solution. 

In vitro MRI: Due to the presence of linear lanthanide-oxide chains in our Ln-MOFs, 

a higher loading amount of Gd3+ could be expected than Gd-based small molecular 

counterparts, which is indispensable to achieve an efficient MRI contrast effect. To 

evaluate the in vitro contrast effect of mCB-Gd on the proton signals, T1-weighted 

images and relaxivity of Gd-MOF crystals were obtained at various metal 

concentrations. One can find that all samples exhibit an unambiguous T1-weighted 

signal enhancement compared to the blank control sample and brighter images are 

observed with the increase of Gd3+ concentration (Figure 6-2a). The longitudinal 

relaxivity value (r1) was determined to be 1.169 mM-1 s-1, indicating the efficient 

positive contrast effect. Similarly, T2-weighted images also show the apparent 

difference in blackness and darker images are obtained with increase of Gd 

concentration (Figure 6-2b). The transverse relaxivity value (r2) was found to be 

41.955 mM-1 s-1, which represents an impressive negative contrast effect and 

significantly exceeds most of reported Gd-based compounds [4, 6, 30]. It is well 

established that T1- or T2-weighted CAs could be further determined by the ratio 

between r1 and r2. r2/r1 ≥ 10 represents a T2-weighted CA, while r2/r1 < 2 corresponds 

to T1-weighted CA [31]. The materials with a moderate r2/r1 would serve as the dual 
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mode T1/T2 CAs. The r2/r1 ratio of our material was calculated to be 35.89, indicating 

that the Gd-MOF could potentially behaved as a T2-weighted CA for MRI. Similar 

negative contrast behavior has also been found in the [Gd2(bhc)(H2O)6] MOF (bhc = 

benzenehexacarboxylate) [30]. All above results indicate the feasibility of our 

Gd-MOF as an effective CA for MRI application.  

 

Figure 6-2. (a and b) T1 and T2-weighted phantom images of Gd-MOF in the solution of PBS-agarose (1%) with 

Gd3+ concentration decreasing from left to right. (c and d) longitudinal relaxivity (r1) and transverse relaxivity (r2) 

curves for Gd-MOF.  

Miniaturization to the nanoscale: After confirming the excellent contrast effect of 

the Gd-MOF, decreasing the crystals’ size to the nanoscale is necessary for various 

bio-applications [7, 32, 33]. In this study, a facile surfactant-assisted emulsion 
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strategy has been adopted to prepare the nano-size Gd-MOF. It is well accepted that 

various surfactants will have different influences on the morphology of the materials. 

Thus, various commercially available amphiphilic compounds, including 

cetyltrimethylammonium bromide (CTAB), polyethylene glycol (PEG), polyvinyl 

alcohol (PVA) and polyvinyl pyrrolidone (PVP), were used to have a good control 

over the particle size (See experimental section). Among them, CTAB failed to 

decrease the Gd-MOF into nanoscale due to the relatively smaller molecular weight. 

Contrary to CTAB, SEM and DLS results demonstrate that both PEG and PVA have a 

positive impact on particle size decreasing for Gd-MOF. However, numerous 

micron-size monoliths can still be found in the product (Figure S6-3). Interestingly, 

the material prepared with PVP exhibits the most homogenous particle size (Figure 

6-3a). TEM images further confirmed that the particle size of mCB-Gd-PVP is about 

40-60 nm (Figure 6-3b to d), which could meet the demands for broad 

bio-applications. Serious aggregation has been observed in the magnified TEM image 

of mCB-Gd-PVP (Figure 6-3c). The Gd content in the mCB-Gd-PVP was 

determined by ICP-MS and the result is found to be 14.0 wt.%, which is slightly 

lower than that of the Gd-MOF crystals (16.5 wt.%) because of the presence of PVP 

polymer on the nano-size MOF surface. FTIR and PXRD measurements of 

as-prepared powder of mCB-Gd-PVP validates the formation of the Gd-MOF (Figure 

S6-4).            
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Figure 6-3. (a) SEM image of the nano-size Gd-MOF prepared with PVP polymer and the corresponding DLS 

results of the water suspension. (b-d) TEM images of the mCB-Gd-PVP at different magnifications and the 

corresponding statistic particle size distribution. 

Although Gd-based smaller molecular CAs have been widely used for tissue 

tomography in clinical diagnosis, a devastating and potentially fatal concern named 

nephrogenic systemic fibrosis (NSF) was proposed in 2006 due to the high and 

irreversible affinity of the free Gd(III) cation to the bone [34] and NSF [35, 36]. One 

of the promising solutions is utilization of the Gd-based materials with greater 

structural robustness to avoid the release of free trivalent Gd and therefore largely 

decrease the incidence of the above side effects [37-39]. The highly hydrolytic 

stability of our nano-size Gd-MOF was firstly checked by dispersing the material into 

a phosphate buffer solution (PBS, pH 7.4) containing Bovine Serum Albumin (BSA, 

0.5 mM, PBS-BSA solution), which is commonly used to simulate physiological 

environment. The degradation behavior was monitored by the UV-vis spectra at 

different times. No obvious spectra changes or new absorption peaks from the Gd(III) 

could be found even after 24 hours (Figure 6-4). It should be mentioned that the broad 

peak at 304.5 nm could be attributed to the light scattering because of the continuous 

aggregation of the particles with the time going on. Such a serious aggregation in 

PBS-BSA media has been verified by the DLS (Figure S6-5). In addition, a dialysis 

bag containing the nano-Gd-MOF suspension was immersed into a PBS buffer 
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solution at 37 °C and ICP-MS analysis for free Gd(III) in the PBS solution at different 

times is also on the way to further confirm the structural integrity of the Gd-MOF.  

 

Figure 6-4. UV-vis spectra of the Gd-MOF suspension in the PBS-BSA solution at 37 oC for different hours. The 

inset: the partially magnified spectra 

Stabilizing mCB-Gd-PVP suspension: Due to the highly hydrophobic nature of the 

meta-carborane, the mCB-Gd-PVP readily aggregated into bigger particles in 

aqueous solution (as shown in the Figure 6-3a and c), resulting in the formation of 

precipitations (as shown in the DLS results, Figure S6-5b). Finding an effective 

method to prepare a stable and highly uniform dispersion suspension for nanoparticles 

has become a major barrier for their diverse applications. To overcome this problem, 

a bilayer strategy was proposed by Colvin et. al and has been applied to stabilize the 

nano-size CAs for MRI [40, 41]. By attaching surfactants onto the surface of 

nanoparticles, a new second layer could be formed, and the hydrophobic grains could 

be readily transformed into hydrophilic particles, thus benefiting for the preparation of 

stable aqueous dispersions (Figure 6-5).  
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Figure 6-5. Schematic illustration of the bilayer strategy in converting the hydrophobic surface into the 

hydrophilic surface.  

In this study, Tween-80, an amphiphilic and biocompatible compound, was mixed 

with nano-Gd-MOF in water under sonication. In this process, the hydrophobic tails 

of Tween-80 will interact with the hydrophobic region on the MOF surfaces, leaving 

the ethylene oxide moieties exposed for water solubility and biocompatibility, thus 

converting the hydrophobic Gd-MOF into a hydrophilic composite. In this study, 

Tween-80 was added to a water suspension of mCB-Gd-PVP and sonicated until a 

clear colloidal state was observed (see experimental). The presence of the Tween-80 

in the hybrid was also verified by FTIR spectra (Figure S6-6). After the post-synthetic 

modification, the hybrid could be readily dispersed in PBS-BSA (pH = 7.4) solution, 

and the resultant suspension exhibits an excellent stability even at a much high 

concentration (100 ug/mL of mCB-Gd-PVP) and relatively high temperature (37 oC), 

confirming the positive role of the bilayer strategy in stabilizing mCB-Gd-PVP 

suspension.   
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Figure 6-6. DLS results of bilayer-mCB-Gd suspension (corresponding to100 ug/mL of mCB-Gd-PVP) in 

PBS-BSA media before (a) and after (b) stirring at 37 oC for 24 h. The inset of (b): optical image of the suspension 

showing the Tyndall effect.  

Research still on the way: Up to now, we successfully prepared a nano-size 

Gd-MOF and the corresponding stable aqueous suspension, which possesses all the 

appealing advantages of the multifunctional materials for cancer therapy. There is still 

a long way to go, however, before the practical application, such as the study about 

cell viability, biotoxicity, biodistribution and biodegradation.      

6.3 Conclusion 

In this study, a highly hydrolytic stable Gd-MOF was designed and synthesized. The 

as-obtained Gd-MOF exhibit an excellent contrast effect for both longitudinal (T1) 

and transversal (T2) relaxivity times, indicating the prospective application of the 

Gd-MOF as an efficient CA for MRI. Decreasing the MOF crystals into nanoscale 

(~60 nm) by a polymer-assisted emulsion method was also fulfilled and a facile 

bilayer strategy was adopted to stabilize the mCB-Gd-PVP water suspension. Given 

the excellent relaxivity effect, high hydrolytic stability, and high boron content in 

meta-carborane, our Gd-MOF could potentially serve as a multifunctional 

nanomedicine for simultaneously tumor diagnosis and subsequent cancer therapy. The 

present research will broaden the horizons in the design and synthesis of 

multifunctional carborane-based porous materials for broad bio-applications.   
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General conclusions 

The present study increases the diversity of m-carborane-based ligands and their 

corresponding hydrolytic stable MOFs. Thanks to the much cheaper price of 

m-carborane than that of p-carborane, we could scale-up the synthesis of such 

carborane-based MOFs, thus facilitating the further investigation on their properties 

and potential applications.  

Firstly, a N-donor m-carborane-based ligand has been successfully incorporated into a 

Co-MOF. Due to the flexibility of the carborane-based ligand, the as-prepared 

Co-MOF will experience a reversible phase transition from a porous tridimensional 

structure to a non-porous bidimensional structure, which significantly hinders its 

application. Herein, an interesting stabilizing method by partially inserting functional 

polymer guest (PPy) into the channels of MOFs was adopted to simultaneously 

stabilize the MOF in its porous state and endow the MOF-based hybrid with good 

electric conductivity. When using the hybrid as an electrode material for 

supercapacitors, a clear improvement in rate capability, charge storage ability, and 

cycling stability has been observed. Compared to the pristine MOF, the specific area 

capacitance of the hybrid is improved to seven-fold.  

Subsequently, by decreasing the symmetry of the mCBH2L3 ligand, mCBH2L2 linker 

was purposely designed and a novel CBMOF-2 MOF with a rare SP1-periodic net 

has been constructed. The less symmetric ligand results in the tubular one-dimensinal 

structure, which is significantly different with the structural topology of the previous 

Cu-MOF that constructed by the symmetric V-shaped mCBH2L3 ligand. Due to its 

unique architecture and presence of m-carboranes moieties, this new Cu-MOF 

exhibited an excellent hydrolytic stability and no structure changes have been 

overserved even after water treatment for 60 days. Benefiting from the improved 

stability, accessible Lewis-acidic sites and one-dimensional reticular structure, this 

new MOF exhibited an outstanding catalytic performance for a typical aza-Michael 

addition reaction. Nearly 100% conversion has been reached and the catalyst could be 

used at least for 4 cycles without obvious loss of catalytic activity. The present study 

provides the first example using the carborane-based MOFs as a prospective catalyst 
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for a typical addition reaction. 

Whereafter, a series of isostructural lanthanide MOFs (Ln-MOFs) with m-carborane 

moieties were designed and synthesized. Except for excellent chemical and thermal 

stabilities of the materials, carborane-driven effective antennae effect has been found 

in such Ln-MOFs for the first time, thus intense luminescence with high quantum 

yields has been observed. Through making comparison between the carborane-based 

ligand and its phenyl-based counterpart, the indispensable role of m-carborane for 

such efficient antenna effect has been explicitly revealed by TD-DFT calculations. 

Furthermore, benefiting from the similar coordination environment of lanthanides and 

isostructural nature of Ln-MOFs, Eu3+ and Tb3+ could be simultaneously incorporated 

into a single MOF to prepare a series of multivariate Ln-MOFs. By carefully control 

over the composition of the multivariate Ln-MOFs, tunabilities of emission color and 

energy transfer efficiency between Eu3+ and Tb3+ have been achieved. More 

interestingly, an outstanding increase of 237% of quantum yield has been achieved in 

the mCB-Eu0.1Tb0.9 with respect to mCB-Eu. Benefiting from the narrow emission 

bands, tunable composition and controllable energy transfer efficiency between 

different lanthanides, time-dependent emission colors and bar codes were found in the 

multi-component Ln-MOFs. As a proof of concept, our Ln-MOFs were demonstrated 

printable through spray-coating, making these materials very promising as invisible 

security inks for advanced anticounterfeiting technologies.   

Finally, a highly hydrolytic stable mCB-Gd was designed and synthesized by using 

the same solvothermal method with that of mCB-Ln. PXRD data demonstrated that 

the Gd-MOF is isostructural to mCB-Tb due to the similar coordination environment 

of different lanthanides. Thanks to the unique magnetic properties of Gd3+, the 

as-obtained Gd-MOF exhibited an excellent contrast effect for both longitudinal (T1) 

and transversal (T2) relaxivity times (1.169 and 41.955 mM-1 s-1, respectively), 

indicating the prospective application of the Gd-MOF as an efficient contrast agent 

(CA) for MRI. In order to further promote the in-vivo application, nano-size Gd-MOF 

(~60 nm) has also been prepared by a polymer-assisted emulsion method and a facile 

bilayer strategy was adopted to stabilize the nano-size Gd-MOF water suspension. 

Given the excellent relaxivity effect, high hydrolytic stability, and high boron content 

in meta-carborane, our nano-size Gd-MOF could potentially serve as a 
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multifunctional nanomedicine for simultaneously tumor diagnosis and subsequent 

cancer therapy.        
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Supporting information 

Supporting information for Chapter 3 

Supporting Part III-I: Experimental Section 

Characterization and Methods: Fourier Transformed Infrared (FTIR), 

Thermogravimetric Analysis (TGA), N2 adsorption-desperation, powder X-ray 

diffraction (PXRD) and scanning electron microscopy (SEM) measurements were 

performed under the same condition with our previous reports (Advanced Materials, 30, 2018, 

1800726; Crystal Growth & Design, 17, 2017, 846-857). A previously reported method was 

adopted to determine the content of the PPy in the composite (Journal of the American 

Chemical Society, 139, 2017, 7886-7892). Elemental analysis was also used to check the content 

of PPy in the CBMOF-1 PPy composite.  

Electrochemical measurements: Electrochemical measurements of all samples were 

conducted in a three-electrode system on an electrochemical workstation (Autolab 

potentiostat PGSTAT128N). 1 M aqueous Na2SO4 solution was used as the electrolyte. 

Pt and Ag/AgCl electrodes were served as counter and reference electrodes, 

respectively. Other detailed information could be found in our published paper. 

Materials: All chemicals were of reagent-grade quality. They were purchased 

from commercial sources and used as received. Pyrrole monomer (Py, C4H5N) was 

distilled before use. CBMOF-1 was prepared as previously reported (Crystal Growth & 

Design, 17, 2017, 846-857). Nickel foam was carefully cleaned by a 3 M HCl solution in an 

ultrasonicator and further washed with water and methanol for several times before 

using. 

Preparation of CBMOF-1 PPy composite: CBMOF-1 was firstly immersed 

into freshly distilled pyrrole monomer (Py) for three days at 4 oC in a dark 

environment with the Py being exchanged once a day, to fully exchange the DMF in 

CBMOF-1. Excess of Py was removed and CBMOF-1 Py crystals were rinsed 

with water and dried in air over a filter paper. Then, dried CBMOF-1 Py red 

crystals were immersed into an aqueous 0.2 M K2S2O8 solution at 25 oC in the dark 

for 24 h. The resulting black colored crystals were filtered and washed with water and 
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methanol to yield the composite material CBMOF-1 PPy. 

Construction of the CBMOF-1DMF and CBMOF-1PPy electrodes: In order to 

further facilitate the charge transfer and enhance the interactions between the MOF 

and the current collector, CBMOF-1 was directly grown on a PPy coated Nickel 

Foam current collector (NF@PPy) (Angewandte Chemie, 53, 2014, 6454-6458). This is to avoid 

using a polymer binder as this can significantly reduce the active interface and the 

equivalent series resistance of electrodes (Journal of Materials Science, 52, 2016, 

3979-3991). A piece of NF (1x1 cm) was used as the working electrode. Silver and 

platinum electrodes were served as reference and counter electrodes, respectively. 

Electrochemical deposition of PPy on NF was performed in a N2-saturated 1 M 

Na2SO4 aqueous solution containing 0.1 M pyrrole using the cyclic voltammetry 

technique within a potential window of 0-1.2 V at a scan rate of 50 mV S-1 for 10 

cycles to provide NF@PPy. Then, NF@PPy substrate was immersed in vertical 

position into a reaction vial containing the reaction mixture for synthesizing 

CBMOF-1 (Crystal Growth & Design, 17, 2017, 846-857). Crystals of the later grown on 

NF@PPy (CBMOF-1DMF) were obtained after 20 h at 80 ºC. The later was 

thoroughly washed with DMF and water and dried on a filter paper at ambient 

conditions. Finally, DMF in CBMOF-1DMF was exchanged by Py and further 

polymerized as described above to obtain the desired electrode material 

CBMOF-1 PPy. 

Construction of the Py/NF@PPy electrode: A PPy/NF@PPy electrode was prepared 

in order to investigate the contribution of PPy formed by oxidation on the electrode. 

Firstly, the NF@PPy substrate, as prepared above, was immersed into the fresh 

distilled pyrrole solution for 3 days. After washing the electrode with water and dried 

on paper, it was further immersed into an aqueous 0.2 M K2S2O8 solution at 25 oC in 

the dark for 24 h. The as-obtained PPy/NF@PPy electrode was washed with water 

and methanol again before use. 

Extraction of PPy from CBMOF-1 PPy: The CBMOF-1 PPy was immersed into 

a 5 M ammonium hydroxide solution for one week with the solvent being exchanged 

once a day. The as-obtained solid was further washed with water, DMF and methanol 

for several times to remove the residuals from the MOF. After repeating the above 

process once again, the final product of PPy was obtained and dried at ambient 
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conditions on a paper (Chemical science, 2017, 8, 423-429; CrystEngComm, 2017, 19, 2424-2433). 

 

Supporting Part III-II: Supplementary Data 

 

 
Figure S3-1. a) A representation of the crystal structure of CBMOF-1 with (001) and (100) crystal planes 

indicated. b) Calculated PXRD patterns for CBMOF-1  Solvent (Solvent = Nitrobenzene, Toluene or Benzene) 

from the X-ray structures (Crystal Growth & Design, 17, 2017, 846-857). 

 

 
Figure S3-2. Full PXRD spectra of CBMOF-1 PPy and CBMOF-1  Py. 
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Figure S3-3. Comparison of PXRD data for CBMOF-1 before (blue) and after (red) treatment with K2S2O8 

under polymerization conditions. 

 

 
Figure S3-4. TGA curve of CBMOF-1  Py tested under N2 atmosphere. 

 

 
Figure S3-5. TGA curves of CBMOF-1  PPy and CBMOF-1 under air. 

 

PPy content in CBMOF-1  PPy was determined by TGA under air and in 

comparison with that for CBMOF-1 under the same conditions (Figure S3). Samples 
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were heated up to 700 ºC and keep at this temperature for 30 minutes. The observed 

weight increase at 400 ºC is attributed to the oxidation of the carborane under the air 

atmosphere The heating conditions assures that all PPy has been fully combusted. The 

residue after full combustion of PPy (in wt%) corresponds to 45.1% (CBMOF-1 

 PPy). The residue of CBMOF-1 at the same temperature and after correcting the 

contribution of free DMF is 60.94%. We therefore estimated a 26% loading of PPy in 

CBMOF-1  PPy by using previously reported methodology (XPPy (in wt% of the 

composite) = 1-rcomposite/rMOF) (Journal of the American Chemical Society, 2017, 139, 7886-7892). 

Table S3-1. Comparison of the diffraction peaks and interlayer distances for 1  DMF, 1  Py and 1  PPy. 

Samples Diffraction peaks (2Θ degrees) Interlayer distances (Å) 

CBMOF-1  6.46 13.7 

CBMOF-1  Py 6.42 13.8 

CBMOF-1  PPy 5.64 15.6 

 

 

 
Figure. S3-6. PXRD patterns of CBMOF-1  PPy before and after BET test.  
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Figure S3-7. Scanning Electron Microscopy (SEM) image and FTIR spectrum of PPy isolated from CBMOF-1  

PPy. 

  

 

Figure S3-8. CV curves of the polypyrrole coated Nickel Foam substrate NF@PPy (A) and PPy/NF@PPy 

electrode (B) at 5 mV/s. 
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Supporting information for Chapter 4 

Supporting Part IV-I: Experimental Section 

Synthesis of mCBH2L3 ligand: 

 

Scheme 4-1. Synthesis of 1,7-di(3- methylphenyl)-1,7-dicarba-closo-dodecaborane 

The synthetic procedure of the intermedia compound was adapted from the literature 

with a slight modification (Scheme 4-1). Briefly, 500 mg of m-carborane (3.47 mmol) 

was dissolved in 1,2-dimethoxyethane (40 mL), and m-carborane was deprotonated by 

n-BuLi (4.77 mL, 1.6 M in hexane) at 0 ºC. The as-obtained mixture was stirred at 

0ºC for 30 min and warmed naturally to room temperature. After further stirring at 

room temperature for 30 min, 1.2 g of CuCl was added into the solution and 

continously stirred for another 30 min. Subsequently, 1.4 mL (14.89 mmol) of 

pyridine and 1.04 mL (7.63 mmol) of 3-iodotoluene were added into the reaction 

system and reflux at 85 ºC for 48 h. After filtration and purification with a silica gel 

column (hexane: dichloromethane = 15:1), a white solid was obtained. (Yield: 

41.2%). 

1H{11B} NMR (400 MHz, CDCl3): δ = 2.37 (s, 6H, CH3), 2.64 (br, 10H, BH), 7.16 (d, 

4H, C6H4), 7.30 (s, 4H, C6H4);
 11B{1H} NMR (400 MHz, CDCl3): δ = -6.60 (s, 2B), 

-11.02 (s, 5B), -13.73 (s, 2B), -15.68 (s, 1B). IR (ATR; selected bands; cm-1):  3062 

(CH); 2919 (CH); 2599 (BH). 

 

 

Scheme 4-2. Synthesis of mCBH2L2 ligand by oxidation of 1,7-di(3- 

methylphenyl)-1,7-dicarba-closo-dodecaborane 
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The methyl group in the above compound (648 mg, 2 mmol) was oxidized by CrO3 (3 

g, 30 mmol) in a mixture of glacial acetic acid/acetic anhydride/concentrated H2SO4 

(30/ 7.5/1.5). The reaction was carried out at room temperature for 2 h (Scheme 4-2). 

The final product was precipitated by water and collected by filtration. White solid 

was obtained after washing with water and drying under a dynamic vacuum at room 

temperature. (Yield: 77.8%) 

 

1H{11B} NMR (400 MHz, DMSO-d6): δ = 2.50 (br, 10H, B-H), 7.53 (d, 2H, C6H4), 

7.97 (d, 2H, C6H4), 7.82 (d, 2H, C6H4), 8.01 (s, 2H, C6H4), 13.29 (br s, 2H, COOH); 

11B{1H} NMR (400 MHz, DMSO-d6): δ = -10.62 (br, 10B); IR (ATR; selected bands; 

cm-1): 2603 (BH); 1686 (C=O from carboxylate). 

Synthesis of CBMOF-2: 

CBMOF-2 was prepared according to our previous report. (Molecules 2019, 24(17), 

3204) 

Synthesis of CBMOF-3: 

CBMOF-3 crystal was obtained by the one-step solvothermal reaction of mCBH2L3 

(0.02 mmol, 7.7 mg) and Cu(NO3)2 (0.03 mmol, 7.5 mg) in 2 mL of 

DMA/MeOH/H2O mixture (volume ratio 1/2/1) for 48 h. 

Catalytic performance evaluation: 

Catalytic reaction was carried out at room temperature. The precursors (1/1.1 molar 

ratio) and the catalyst were dispersed in methanol. The catalytic performance of the 

materials was evaluated by NMR at different time intervals. The catalyst loading 

density (1 mol%) was calculated based on the Cu/hexylamine molar ratio. The 

catalyst was recycled by centrifugation. Catalyst loss was monitored by checking the 

weight difference of the material before and after catalytic reaction.    

Material characterization:  

Microscope pictures and PXRD, FTIR and gas adsorption and desorption 

measurements were carried out under the same condition with our previous reports 

(Molecules 2019, 24(17), 3204).  
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Supporting Part IV-II: Supplementary Data 
 

 

 
Figure S4-1. Comparison of FTIR spectra for mCBH2L2 (red) and CBMOF-2 (black). 

 

 
Figure S4-2. Comparison of the calculated (black) and experimental (red) PXRD pattern. 
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Figure S4-3 TGA and DSC curves of the new Cu-MOF. 

 

 
Figure S4-4. N2 sorption at 77 K (A) and CO2 sorption isotherms at 273K (B) for activated CBMOF-2. 

 

 
Figure S4-5. A view of the X-ray structure of CBMOF-2 showing the two observed different ligand 

conformations. 
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Figure S4-6 Topology of CBMOF-2. 

 

 
Figure S4-7. Two perpendicular views of the stacked one-dimensional chains to provide the 3D structure of 

CBMOF-2. One-dimensional chains are colored red or blue for clarity. 
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Figure S4-8. A comparative view of the crystal structures of CBMOF-3 (left) and CBMOF-2 (right). (A) 

different configurations of carborane ligands. (B) View of the Cu2-paddlewheel units with carborane ligand 

coordination. (C) Perpendicular views of the extended structures showing the bidimensional networks and 

one-dimensional belt topology, respectively; (D) Views along a-axial direction illustrating the corrugated 

configuration of Cu-MOFs. (E) View of the packing structures for the Cu-MOFs showing the staking of layer/belt 

structures in which the contiguous layers/belts were identified by various colors. Coordinated solvent molecules 

and H atoms are omitted for clarity. Color code: B brown; C grey; O red; N blue; Cu cyan. 
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Figure S4-9. Photographs of water suspensions of crystals of CBMOF-3 (A) or CBMOF-2 (B) after being 

immersed in water for 7 days and 14 days. 
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Figure S4-10. PXRD of CBMOF-2 after being immersed in various solvents for 24h. 

 
Figure S4-11. PXRD of CBMOF-2 after being immersed in various solvents for 24h. 
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Figure S4-12. Optical images of crystals of CBMOF-2 after being immersed in aqueous KOH or HCl solutions 

for 24 h. 

 
Table S4-3. Comparison of catalytic results of Cu-MOFs at different time intervals  

Entry Catalysta Time (min) Conversion 

1 
1 

30 80 

2 60 100 

3 
2 

30 70 

4 60 100 

6 none 60 6 

Reaction conditions: hexylamine (2.2 mmol); acrylonitrile (2.0 mmol); catalysts (1%); methanol (4 mL); room 

temperature. b Estimated by NMR. 

 

 

 



Supporting information 
 

142 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supporting information 
 

143 

Supporting information for Chapter 5 

Supporting Part V-I: Experimental Section 

All chemicals were of reagent-grade quality. They were purchased from commercial 

sources and used as received. 1,7-di(4-carboxyphenyl)-1,7-dicarba-closo-dodecaborane 

ligand (mCBH2L1) was synthesized according to the literature procedure.101 

 

Synthesis of {[(Ln)3(mCBL1)4(NO3)(DMF)n]·Solv} (mCB-Ln, where Ln = Eu, Tb, and 

EuyTb1-y). The mCB-Ln materials were prepared by solvothermal synthesis. In a 

typical preparation, mCBH2L1 (0.03 mmol) and Ln(NO3)3 (0.02 mmol; Ln = Eu, Ln) 

were added to a mixture of DMF (0.5 mL)/Methanol (1.5 mL)/H2O (0.3 mL) and 

sonicated until complete dissolution of all reagents. The above mixture was transferred 

to an 8-dram vial and heated at 95 oC in an oven for 48 h. Needle like white crystals 

were collected and washed with DMF (Yield based on the lanthanides: 71% for 

mCB-Tb and 64% for mCB-Eu). IR (ATR; selected bands; cm-1): 2601 (BH); 1658 

(C=O from DMF); 1590 (C=O from carboxylate). Elemental analysis (%) calculated 

for [Eu3(mCB-L)4(NO3)(DMF)2]·6H2O: C 36.23, H 4.14, N 2.07; found: C 36.36, H, 

4.24, N 1.82. Elemental analysis (%) calculated for 

[Tb3(mCB-L2)4(NO3)(DMF)2]·6H2O: C 36.23, H 4.14, N 2.07; found: C 36.16, H, 

4.31, N 1.66 

The mixed mCB-EuxTb1-x materials were prepared using the same method by 

adjusting the ratios of Eu(NO3)3/Tb(NO3)3 salts.  

 

Preparation of the Multimodal Anticounterfeiting Model. 

Anti-counterfeiting tags were painted using fluorescent inks with optimized 

concentration of Ln-MOFs (0.2 mg/mL). To prepare the aqueous security inks, crystals 

of Ln-MOFs were manually ground and then dispersed in water with the help of 

ultrasonication. A commercially available filter paper was used as the substrate in this 

study. A handwritten image was obtained using a stick contaminated with the security 

inks. In order to get a more regular printing pattern, a custom-made spray-coating 

technique was employed, in which a prefabricated mask with a logo was layered onto 

the substrate under the nozzle (Figure S31). It should be mentioned that the 

fluorescence intensity of the inks and the subsequent printed patterns could be easily 
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adjusted by varying the concentration of Ln-MOFs.  

 

Instruments and Characterization: A crystal suitable for single crystal X-ray 

diffraction (SCXRD) with dimensions 0.18 × 0.07 × 0.04 mm3 was selected and 

mounted on a MITIGEN holder with silicon oil on a ROD, Synergy Custom system, 

HyPix diffractometer. The crystal was kept at a steady T = 100(2) K during data 

collection. The structure was solved with the ShelXT 2014/5 solution program using 

dual methods and by using Olex2 1.5-alpha as the graphical interface. The model was 

refined with ShelXL 2016/6 using full matrix least squares minimization on F2. The 

structure is refined in the monoclinic space-group Pn with a beta angle of 90.094(1)° 

and a twin law replicating orthorhombic symmetry (1 0 0, 0 -1 0, 0 0 -1), BASF=0.43. 

The DMF molecules were refined as rigid groups with various thermal parameter 

restraints. Attenuated total reflection Fourier transformed infrared (ATR-FTIR) 

spectra were recorded using a PerkinElmer Spectrum One spectrometer equipped with 

a Universal ATR sampling accessory. Spectra were collected with 2 cm-1 spectral 

resolution in the 4000-650 cm-1 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 

instrument (heating rate: 10 oC/min; temperature range: 25 oC to 800 oC). Powder 

X-ray Diffraction (PXRD) was recorded at room temperature on a Siemens D-5000 

diffractometer with Cu Kα radiation (λ = 1.5418 Å, 35kV, 35mA, increment=0.02o). 

Inductively Coupled Plasma – Mass Spectrometry (ICP-MS) measurements were 

carried out in an Agilent ICP-MS 7700x apparatus. Scanning Electron Microscopy 

(SEM) (QUANTA FEI 200 FEGESEM) and optical microscopy (Olympus BX52) 

were used to monitor the morphology and color changes at various conditions. Solid 

state UV-visible spectra were obtained on a UV-Vis-NIR V-780 spectrophotometer 

equipped with operational range of 200-1600 nm. 

 

Emission spectra were obtained with PTI Quantamaster 300 fluorimeter, putting the 

solid powder in a custom-made holder and setting the holder plane at 45 º with the 

direction of the incident light and the optical path towards the detector. All spectra 

were obtained irradiating with a continuous wave Xe lamp at λexc = 280 nm. Lifetime 

measurements were obtained with the same fluorimeter, but exciting at 280 nm with a 

pulsed Xe lamp (100 Hz, 2 µs integration time). Absolute luminescence quantum 
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yields (Φ) of solid-state samples under continuous wave excitation (λex = 280 nm) 

were determined using the Quantum Yield Fluorimeter Hamamatsu C9920-02G, 

equipped with an integrating sphere, connected to the lamp with an optical fiber, at 

room temperature in the air. Φ values were calculated based on the number of photons 

absorbed and emitted by the sample. A detailed measurement procedure can be found 

in a previous report.97 Reported overall Φ values are averages of at least three 

independent determinations.  

Delay time-dependent emission spectra and bar-codes under a pulsed excitation (λex = 

355 and 266 nm) were recorded irradiating with the 4th and 3rd harmonic of a Nd:YAG 

(Brilliant B, Spectra Physics) ns pulsed laser. The emission was recorded using the 

Andor ICCD camera coupled to a spectrograph, setting the sample powder or loaded 

cellulose papers at 45º with the incident beam and the optical path towards the detector. 

Measurements were recorded at 1 Hz frequency, 100 ns (266 nm) or 5000 ns (355 nm) 

integration time and applying different delays respect to the excitation pulse. 

 

Computational details: To analyze the photochemical properties of the mCB ligand 

computational methods have been employed. The calculations were performed 

using the Gaussian 16 program with the TDDFT method and the exchange 

correlation functional B3LYP. Other functionals commonly employed in TDDFT 

calculation of organic systems were tested (PBE0, LC-wPBE). However, due to the 

larger exact exchange contributions, they provide more energetic transition than 

B3LYP and consequently, poorer agreement with the experimental data.  The 

6-311G* basis set was employed for the geometry optimization and 6-311+G** 

basis set for the TDDFT calculations. Neutral molecule including the acidic 

hydrogen atoms were included because they provide a better description of the 

metal-coordinated ligands than the anionic ligands. 
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Supporting Part V-II: Supplementary Data 

 

Figure S5-1. Optical images of the crystals of mCB-Tb (a), mCB-Eu (b) and mCB-Eu0.10Tb0.90 (c). 

 

 

 
 

 

Figure S5-2. FTIR spectra for mCB-Tb (black), mCB-Eu (red) and mCB-Eu0.10Tb0.90. 
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a R1 = (F0−FC)/F0. 
b wR2 = [w(F02−FC2)2/w(F0

2)]1/2. 
 

 

 

 

 

 

 

Table S5-1. Crystal and Structure Refinement data for mCB-Tb. 

Compound mCB-Tb 

Empirical formula C76H100B40N5O23Tb3 

Formula weight 2360.76 

Crystal system Monoclinic 

Space group Pn 

CCDC ref 2101866 

Wavelength (Å) 0.71073 

Temperature 100(2)K 

a (Å) 12.0715(2) 

b (Å) 13.5823(2) 

c (Å) 32.3709(4) 

β (°) 90.0940(10) 

V (Å3) 5307.48(13) 

Z 2 

ρ(calc) (g/cm3) 1.477 

F (000) 2340 

θ range (deg) 3.442- 28.500 

Max./min. transmission 1.000 / 0.666 

Ind refln  

(Rint) 

24410   

0.0594 

Goodness-of-fit on F2 1.047 

R1 
a (I > 2σ(I)) 

R1 
a (all data) 

wR2 
b (I > 2σ(I)) 

wR2 
b (all data) 

0.0503  

0.0576 

0.1303 

0.1355 
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Figure S5-3. PXRD patterns of: (a) experimental mCB-Tb and mCB-Eu and simulated mCB-Tb; (b) 

experimental mixed mCB-EuyTb1-y. 
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Figure S5-4. TGA curves for mCB-Tb (a) and mCB-Eu (b). 
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Figure S5-5. PXRD patterns (left) and optical images (right) under visible and UV light of the corresponding 

crystals for mCB-Tb (a) and mCB-Eu (b) at various conditions. 
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Figure S5-6. UV-vis spectra for solid mCBL1 and the corresponding mCB-Ln samples. 

 

 

 

 

 
Figure S5-7. Luminescence spectra for mCBL1 ligand under continuous excitation at 280 nm. 
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Figure S5-8. Optical images under white light (left) or UV-light (right) for mCB-Tb (top) and mCB-Eu (bottom) 

crystals after heating treatment at 180 oC. 

 

 

 

 
Figure S5-9. SEM images of a sample MOF suspension deposited on paper. 
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Figure S5-10. Emission spectra of mCB-Eu (a) and mCB-Tb (b) before and after deposited on the paper under 

continuous wave irradiation (ex = 280 nm) at room temperature. 
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Figure S5-11. The orbitals involved in the first singlet excitation and the triplet emission of the mTDCA ligand. 

 

Figure S5-12. B3LYP optimized structures for the ground state singlet (S0) and for 

the first triplet (T) state of the mCBL1 and mTDCA ligands. 
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Figure S5-13. Schematic diagram of the energy absorption to the singlet states (S0) of mCBL1 (left) and mTDCA 

(right) ligands, transfer to the triplet states (T1) and emission processes of Eu- and Tb-MOFs. Dashed arrows 

represent an expected less efficient transfer. 

 

 

Table S5-2. Summary of ICP results and the corresponding Eu/Tb ratios in the mixed mCB-EuyTb1-y samples. 

 

Sample Name ICP results Experimental 

Eu/Tb molar ratios Eu Tb 

mCB-Eu0.60Tb0.40 10.8 6.8 0.62/0.38 
mCB-Eu0.50Tb0.50 8.3 8.6 0.50/0.50 
mCB-Eu0.25Tb0.75 6.5 12.7 0.35/0.65 
mCB-Eu0.20Tb0.80 3.8 13.9 0.22/0.78 
mCB-Eu0.10Tb0.90 1.8 17.9 0.10/0.90 
mCB-Eu0.08Tb0.92 1.5 15.4 0.09/0.91 
mCB-Eu0.05Tb0.95 1.2 16 0.07/0.93 
mCB-Eu0.03Tb0.97 0.8 16.7 0.05/0.95 
mCB-Eu0.01Tb0.99 0.3 16.6 0.02/0.98 
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Figure S5-14. Solid-state emission spectra of mixed mCB-EuyTb1-y with various Eu/Tb molar ratios under a 

steady excitation. 

 

 

  
 

Figure S5-15 Luminescence decay curves for (a) mCB-Tb (λex = 280 nm, λem = 541 nm) and (b) mCB-Eu (λex = 

280 nm, λem = 614 nm) samples at RT and the corresponding fitting curves with a R2 value of 0.98 for both 

mCB-Tb and mCB-Eu.   
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Figure S5-16: fluorescence decays of Tb (λem = 541 nm) in the different MOFs (λexc = 280 nm). 

 

Figure S5-17. fluorescence decays of Eu (λem = 614 nm) in the different MOFs (λexc = 280 nm). 
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Figure S5-18. Luminescence decay curves for (a) Tb3+ (λex = 280 nm, λem = 541 nm) and (b) Eu3+ (λex = 280 nm, 

λem = 614 nm) ions in mCB-Eu0.01Tb0.99 at RT and the corresponding fitting curves with a R2 value of 0.99 and 

0.96 for Tb3+ and Eu3+, respectively. 
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Figure S5-19. Luminescence decay curves for (a) Tb3+ (λex = 280 nm, λem = 541 nm) and (b) Eu3+ (λex = 280 nm, 

λem = 614 nm) ions in mCB-Eu0.03Tb0.97 at RT and the corresponding fitting curves with a R2 value of 0.99 for both 

Tb3+ and Eu3+. 
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Figure S5-20. Luminescence decay curves for (a) Tb3+ (λex = 280 nm, λem = 541 nm) and (b) Eu3+ (λex = 280 nm, 

λem = 614 nm) ions in mCB-Eu0.05Tb0.95 at RT and the corresponding fitting curves with a R2 value of 0.99 for both 

Tb3+ and Eu3+. 
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Figure S5-21. Luminescence decay curves for (a) Tb3+ (λex = 280 nm, λem = 541 nm) and (b) Eu3+ (λex = 280 nm, 

λem = 614 nm) ions in mCB-Eu0.08Tb0.92 at RT and the corresponding fitting curves with a R2 value of 0.99 for both 

Tb3+ and Eu3+.  
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Figure S5-22. Luminescence decay curves for (a) Tb3+ (λex = 280 nm, λem = 541 nm) and (b) Eu3+ (λex = 280 nm, 

λem = 614 nm) ions in mCB-Eu0.10Tb0.90 at RT and the corresponding fitting curves with a R2 value of 0.98 for both 

Tb3+ and Eu3+. 
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Figure S5-23. Luminescence decay curves for (a) Tb3+ (λex = 280 nm, λem = 541 nm) and (b) Eu3+ (λex = 280 nm, 

λem = 614 nm) ions in mCB-Eu0.20Tb0.80 at RT and the corresponding fitting curves with a R2 value of 0.99 for both 

Tb3+ and Eu3+. 
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Figure S5-24. Luminescence decay curves for (a) Tb3+ (λex = 280 nm, λem = 541 nm) and (b) Eu3+ (λex = 280 nm, 

λem = 614 nm) ions in mCB-Eu0.25Tb0.75 at RT and the corresponding fitting curves with a R2 value of 0.99 for both 

Tb3+ and Eu3+.  
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Figure S5-25. Luminescence decay curves for (a) Tb3+ (λex = 280 nm, λem = 541 nm) and (b) Eu3+ (λex = 280 nm, 

λem = 614 nm) ions in mCB-Eu0.50Tb0.50 at RT and the corresponding fitting curves with a R2 value of 0.99 for both 

Tb3+ and Eu3+. 
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Figure S5-26. Luminescence decay curves for (a) Tb3+ (λex = 280 nm, λem = 541 nm) and (b) Eu3+ (λex = 280 nm, 

λem = 614 nm) ions in mCB-Eu0.60Tb0.40 at RT and the corresponding fitting curves with a R2 value of 0.99 for both 

Tb3+ and Eu3+.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 
Figure S5-27. Time-dependent emission spectra and the corresponding time-dependent bar codes of mCB-Eu0.01Tb0.99 powder (ex = 266 nm). 

 

 
Figure S5-28. Time-dependent emission spectra and the corresponding time-dependent bar codes of mCB-Eu0.1Tb0.9 powder (ex = 266 nm). 

 
 

 

 
Figure S5-29. Time-dependent emission spectra and the corresponding time-dependent bar codes of mCB-Eu0.6Tb0.4 powder (ex = 266 nm). 

 

 

 

 

 

 



 

 

 
Figure S5-30. Time-dependent emission spectra and the corresponding time-dependent bar codes of mCB-Eu0.1Tb0.9 powder (ex = 355 nm). 
 

 

 
Figure S5-31. Time-dependent emission spectra and the corresponding time-dependent bar codes of mCB-Eu0.1Tb0.9 deposited on the paper (ex = 266 nm). 
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Figure S5-32: a) Time-dependent emission spectra of the printed mCB-Eu0.01Tb0.99 and b) corresponding color 

coordinates in the 1931 CIE diagram; c) Time-dependent bar codes of the printed mCB-Eu0.01Tb0.99 (exc = 355 

nm). 

 

 

 

 

Figure S5-33: scheme of spray-coating technique adapted to print the mCB-Eu0.1Tb0.9 particles. 
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Figure S5-34. Emission spectra for mCB-Eu0.10Tb0.90 deposited on the paper under steady excitation (280 nm). 

(Insert: luminescent photograph of the mCB-Eu0.10Tb0.90 aqueous ink) 
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Supporting information for Chapter 6 

Supporting Part VI-I: Experimental section 

All chemicals were of reagent-grade quality. Polymers with different molecular 

weights (MW) and compositions, including polyethylene glycol (PEG, MW = 200 or 

400), polyvinyl alcohol (PVA, MW = 146000-186000) and polyvinylpyrrolidone 

(PVP-K15) were used in this study. A phosphate buffer solution (PBS, pH 7.4) 

containing Bovine Serum Albumin (BSA, 0.5 mM) was adopted to simulate 

physiological environment. 1,7-di(4-carboxyphenyl)-1,7-dicarba-closo-dodecaborane 

ligand (mCBH2L3) was synthesized according to the literature procedure (M.A. Fox, 

Icosahedral carborane derivatives, Durham University, 1991).  

Preparation of mCB-Gd crystals: mCB-Gd crystals were prepared by a similar 

method to that for mCB-Tb (Chemistry of Materials, 2022, DOI: 

acs.chemmater.2c00323). In a typical procedure, mCBH2L2 (7.8 mg, 0.03 mmol) and 

Gd(NO3)3 (9 mg, 0.02 mmol) were added to a mixture of DMF (0.5 mL)/Methanol 

(1.5 mL)/H2O (0.3 mL) and sonicated until complete dissolution of all reagents. The 

above mixture was transferred to an 8-dram vial and heated at 95 oC in an oven for 48 

h. Needle like white crystals were collected and washed with DMF (Yield based on 

the Gd: 74%). IR (ATR; selected bands; cm-1): 2601 (BH); 1658 (C=O from DMF); 

1590 (C=O from carboxylate). Elemental analysis (%) calculated for 

[Gd3(mCB-L3)4(NO3)(DMF)3]·2.5H2O: C 36.92, H 4.30, N 2.36; found: C 36.93, H, 

4.11, N 2.00. 

Preparation of mCB-Gd-PVP: mCBH2L2 (23.2 mg, 0.06 mmol), Gd(NO3)3 (18 mg, 

0.04 mmol) and 225 mg of polyvinyl pyrrolidone (PVP-K15), were dissolved in the 

mixed of DMF (2 mL)/Methanol (10 mL)/H2O (4 mL) solution. The above mixture 

was heated at 90 oC for 1 h with a continuous stirring (1000 rpm). The final white 

powdery product was collected by centrifugation and washed with DMF and 

methanol for several times. (Yield based on the Gd: 4.6%) 
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Following the same method, cetyltrimethylammonium bromide (CTAB), 

polyethylene glycol (PEG, MW = 200 or 400) and polyvinyl alcohol (PVA, MW = 

146000-186000) have also been tried to prepare the nano-sized mCB-Gd-CTAB, 

mCB-Gd-PEG200, mCB-Gd-PEG400 and mCB-Gd-PVA.   

Preparation of bilayer-mCB-Gd: 5 mg of mCB-Gd-PVP were firstly dispersed in 5 

mL of water. 150 mg of Tween-80 were added into the above mixture and further 

sonicated for 5 min. During the sonication, we could find that the mixture changed 

from a suspension state to a clear colloidal state. The excess Tween-80 was removed 

by dialysis treatment in water for a week. 

Degradation behavior of mCB-Gd-PVP in PBS-BSA solution: The degradation 

process of mCB-Gd-PVP was firstly monitored by the UV-vis spectra at 37 oC at 

different times. Additionally, the release of Gd cations from mCB-Gd-PVP was also 

checked by ICP-MS. Briefly, the mCB-Gd-PVP suspension (50 ug/mL) in PBS-BSA 

media was added into a dialysis bag, and the bad was further immersed into an excess 

PBS buffer solution. The structural degradation of mCB-Gd-PVP was checked by 

monitoring the Gd(III) concentration variations in the outer PBS solution at different 

times.   

In vitro MRI: Different amounts of the grinded mCB-Gd crystals were dispersed in a 

PBS solution containing 1% agarose. The Gd3+ concentration of the as-obtained 

suspensions was determined to be 1.113, 0.556, 0.278 and 0.133 mM, respectively. 

Acquisition for T1- and T2-weighted images were carried out with 7T (300 MHz) 

Bruker BioSpec 70/30 USR spectrometer. The efficiency of the material was 

evaluated by the longitudinal (r1) or transversal (r2) relaxivity value, which could be 

calculated by the following equation: 

1

𝑇1,𝑜𝑏𝑠
=

1

𝑇1,𝑑
+ 𝑟1[Gd(III)]                           (1) 

where 1/T1,obs is the observed relaxation rate, 1/T1,d is the diamagnetic component of 

the relaxation rate, and [Gd(III)] is the concentration of Gd(III)  The PBS solution 
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without Gd-MOF was used as a blank control to confirm the enhanced contrast effect 

of the samples.  

Characterization: The morphology of the material was visualized by Scanning 

electron microscopy (SEM) and Transmission Electron Microscopy (TEM). 

Fourier-transform infrared spectra (FTIR) were recorded on a PerkinElmer Spectrum 

One spectrometer equipped with a Universal ATR sampling accessory. Powder X-ray 

Diffraction (PXRD) was recorded at room temperature on a Siemens D-5000 

diffractometer with Cu Kα radiation (λ = 1.5418 Å, 35kV, 35mA, increment=0.02o). 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) measurements were 

carried out in an Agilent ICP-MS 7700x apparatus. Size distribution was determined 

by Dynamic Light Scattering (DLS) measurements on a Zetasizer Nano ZS 3600 

machine (Malvern Instruments, U.K.). The MRI studies were performed at the joint 

nuclear magnetic resonance facility of the Universitat Autònoma de Barcelona 

(UAB).   

 

Supporting Part VI-II: Supplementary Data 

 

Figure S6-1. Optical images of the as-prepared mCB-Gd crystal (a) and after PBS buffer solution treatment for 7 

days (b). 
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Figure S6-2. Comparison of the FTIR spectra of Gd-MOF and Tb-MOF. 
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Figure S6-3. SEM images of the nano-size mCB-Gd prepared with different polymers and the corresponding DLS 

results of the water suspension. 
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Figure S6-4. Comparison of FTIR spectra (a) and XRD patterns (b) between the mCB-Gd-PVP and mCB-Gd 

crystals. 
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Figure S6-5. DLS results of the mCB-Gd-PVP suspension in PBS-BSA media before (a) and after (b) stirring at 

37 oC for 24 h. 
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Figure S6-6. Comparison of FTIR spectra for Tween-80, mCB-Gd-PVP and bilayer- mCB-Gd. 
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