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ABSTRACT 

Metal-organic frameworks (MOFs), a class of porous materials made of organic ligands 

linked by metal ions or cluster nodes, are well known for their highly ordered crystalline 

structure and chemical and structural tunability. Due to their porous nature, MOFs can 

encapsulate guest molecules inside the cavities. The tunable structures, compositions, 

porosity, and surface area make MOFs useful for various applications, such as gas storage 

and separation, chemical sensing, catalysis, optoelectronics, and drug delivery. 

In chapter 2, I present a new luminescent metal-organic framework (LMOF) 

featuring energy transfer and stimuli (Hg2+) responsive capabilities. The two fluorophoric 

ligands incorporated in the LMOF framework have complementary absorption and 

emission, which allows ligand-to-ligand energy transfer. Therefore,  upon excitation, the 

donor transfers the excitation energy to the acceptor chromophore via Fӧrster resonance 

energy transfer (FRET), and as a result, the MOF emission stemmed from the lower energy 

emitter (acceptor chromophore). In addition to this, our MOF displayed significant red-

shift and quenching of its photoluminescence in the presence of Hg2+ solution while only 

a modest fluorescence quenching but no spectral shifts in the presence of other transition 

metal ions. Moreover, the framework structure remained intact after exposure to Hg2+ and 

other transition metal ions, and its original photoluminescence spectrum could be restored 

by simple washing, making it a promising reusable Hg2+ sensor. These studies demonstrate 

the light-harvesting and toxic Hg2+ sensing capabilities of a new luminescent MOF. 

Chapter 3 focuses on the tuning of the optical and electrical bandgap of a MOF-74 

analog. The MOF-74 was constructed from an electron-deficient naphthalene diimide-
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based ligand containing two salicylic acid groups to coordinate with Zn2+ metal ion. To 

tune the bandgap of this MOF-74, an electron-rich guest (tetrathiafulvalene; TTF) guests 

are encapsulated along the wall of the framework. This arrangement of the TTF in the 

framework increases the electron delocalization via π-π stacking, resulting in the reduction 

of the bandgap of the MOF by approximately 1 eV. 

 Studies presented in chapter 4 investigate the improvement of the electrical 

conductivity of an insulating MOF by introducing conductive polymers inside the MOF 

cavities. In this study, the MOF was loaded with the monomers (EDOT and Py) of the 

respective conductive polymers (PEDOT and PPy), and polymerization was carried out in 

the presence of an oxidant (iodine). The resulting MOF-polymer composites exhibit a 

significantly higher conductivity in comparison to the pristine insulating MOF. 
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CHAPTER ONE 

INTRODUCTION 

 

1.1. Metal-organic frameworks (MOFs) 

Metal-organic frameworks (MOFs)1,2- are an emerging class of hybrid porous materials 

that blends the discrete properties of organic and inorganic materials, e.g., redox-tunability 

of organic ligands and the structural order of crystalline inorganic semiconductors. MOFs 

have been studied widely for their many different applications over the past decades. 

MOFs1-6 are constructed via the coordination of polydentate organic ligands/linkers with 

metal ions that lead to the formation of one, two, and three-dimensional frameworks. The 

metal ion clusters that are connected by the organic ligands are called secondary building 

units (SBUs),1 which, along with the ligand geometry, define the topology of the 

frameworks.  

The seemingly unlimited choice of organic linkers along with a wide variety of 

metal ions makes it possible to construct an infinite number of MOFs. In addition, the 

incorporation of different types of linkers into the same frameworks results in multivariate 

MOFs, which include different functionalities in the framework.1 This opportunity offers 

a high degree of tunability in the MOFs structure, such as porosity, surface area, chemical, 

and thermal stability, and properties. The organic ligands in the MOFs framework also 

allow for tuning of the pore's chemical nature by post-synthetic7,8 incorporation of desired 

functional groups, which further modify the chemical property and the size and shape of 

the pores. These flexibilities to tune the MOF structure make them unique from traditional 
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porous materials such as zeolite and porous carbon.1 Due to such uniqueness MOFs are 

considered potential candidates for a wide variety of applications, including- gas storage 

and separation,6 chemical sensing,9-14 catalysis,15,16 optoelectronics,17,18 bio-imaging,19,20 

and drug delivery.20 

 

Figure 1.1: Illustration of a metal-organic framework (MOF). 

1.2. Framework building units 

1.2.1. Organic linkers 

Organic ligands with functional groups such as carboxylic, pyridyl, hydroxy, etc., that can 

coordinate with the metal ions are widely used as linkers in the MOFs construction. Some 

of the examples are given in Figure 1.2. 

 

Figure 1.2: Selected examples of organic linkers.1,4,6,14 
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1.2.2. Secondary building units (SBUs) 

Secondary building units (SBUs)21,22 are integral MOFs that dictate the framework 

topology and robustness. Based on this principle, the MOF structure should be predictable, 

and the targeted topology with permanent porosity and the high surface area should be 

achievable by using the appropriate SBUs and organic linkers.  

In contrast to traditional coordination polymers, where a single metal node connects 

the linkers, the vast majority of MOFs are composed of polyatomic metal clusters in the 

framework, which typically make them structurally more robust.23 For example, in the case 

of MOF-5 that contains Zn4O(CO2)6 inorganic SBU comprise twelve Zn-O bonds, whereas, 

in a typical tetrahedral coordination polymer, this number is only four (4 M-L bonds in 

Zn(L)2(ClO4)2; L= N, Nʹ-Bis(4-pyridyl)urea).23 The stability of the polynuclear cluster of 

SBUs afford the structural robustness to the resulting MOFs22,24 

 

1.3.Synthetic Approaches 

In general, MOFs are synthesized by combining organic ligands and metal ions. Although 

the structure of the MOFs depends on the framework building units (metal clusters and 

linkers), several other factors such as temperature, pH, pressure, solvent, and reaction time 

play a significant role in the MOF synthesis.25 Over the years, several approaches 

(discussed below) have been developed to synthesize targeted MOF structures.
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1.3.1. Conventional synthesis (solvothermal) 

The most widely used synthetic approach for MOFs is solvothermal synthesis. Under 

solvothermal conditions, the organic ligands and metal salts are mixed together in a vial or 

Teflon-lined autoclave and electrically heated at temperatures ranging from 80-260 °C for 

several hours to days to obtain MOFs. Generally, alkyl formamides, alcohols, pyridine, and 

water (hydrothermal) are used in this synthetic approach.25,26 In some cases, a small amount 

of base, e.g., amines or acids such as nitric acid, is used in the MOF synthesis to facilitate 

or slow down the reaction, where appropriate.26 However, the solvents alkylformamides 

(DMF, DEF) produce amines upon decomposition at a higher temperature, favor the 

deprotonation of organic ligands, and eliminate the necessity of using an additional base. 

An enormous number of MOFs have been synthesized using this conventional synthetic 

approach due to the ease of this technique and affordability to generate crystalline materials 

in most cases.27-30   

 

1.3.2. Microwave-assisted synthesis 

This synthetic technique utilizes microwaves and mobile electric charges (e.g., polar 

solvent molecules or ions) interactions to synthesize MOFs.25,26,31 Microwave syntheses 

are considered analogous to conventional solvothermal synthesis. This technique is 

adapted to efficiently control the particle size and generate nano-sized MOF crystals at a 

significantly shorter period of time. 32-34 
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1.3.3. Electrochemical synthesis 

The BASF36 researchers first reported the electrochemical synthesis of MOF. Using this 

technique, primarily Cu-based, Zn-based, and Al-based MOFs have been synthesized on 

an industrial scale.25 In electrochemical synthesis, metal plates (Zn, Cu, etc.) are employed 

as an anode or cathode, and the organic ligands are dissolved in the solvent. This technique 

typically yields highly pure MOFs quickly due to the absence of counter anions such as 

chloride, nitrate, etc., since metal ions are used instead of metal salts in the MOF 

formation.31 Several examples of electrochemically synthesized MOFs have been reported 

in the literature.37-39  

 

1.3.4. Diffusion method 

To obtain a larger and higher-quality crystal and avoid the formation of polycrystalline 

MOF, diffusion methods are used. In a solvent-liquid diffusion, three layers of solvent with 

different densities are used- i) precipitant solvent layer, ii) product solvent layer, iii) solvent 

that separates i, and ii. Slow diffusion of the precipitant solvent layer into the other layers 

results in crystal growth at the interface that usually takes a very long time (weeks).31,35 

 

1.4. Luminescent metal-organic frameworks (LMOFs) 

Luminescent metal-organic frameworks (LMOFs) are a growing sub-class of MOFs. 

LMOFs have attracted interest from scientists due to their ability to act as chemical sensors 

and potential light-harvesting materials.14,40-48  As sensors, LMOFs offer easy detection 

through emission changes such as turn-on/turn-off emission, wavelength shift, intensity 
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change, new emission, etc. In addition, the structural diversity of LMOFs that can be 

attained by utilizing various organic ligands and metal ions, post-synthetic modifications 

made them advantageous over traditional luminescent materials.13,14 

 

 

Figure 1.4: A schematic representation of the possible origin of luminescence in LMOF. 

 

Luminescence in MOFs can originate from a variety of mechanisms (Figure 1.4) 

due to having diverse building blocks (organic linkers and metal ions) and having the 

ability to encapsulate guests in the porous frameworks. Therefore, the emission from 

LMOFs can be ligand-based, metal-centered, and can also arise from host-guest 

interactions of the immobilized guest molecules inside the pore in the framework.13 

Emission in LMOFs can occur via the spin allowed transition from singlet excited state 

(S1) to singlet ground state (S0) (fluorescence), or via non-radiative intersystem crossing 

 

Ligand-based 

Ligand-based 

Guest-induced 

Metal-based 
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from singlet excited state (S1) to triplet state (T1) followed by spin forbidden transition 

from triplet (T1) to singlet ground state (S0) (Phosphorescence).14  

 

1.4.1. Organic ligand-based emissions 

Organic ligands with π electron-rich backbones are the main contributor of luminescence 

in most LMOFs. The emissions from these linkers mostly happen due to the π → π* or n 

→ π* transition from the lowest-lying excited singlet state to the singlet ground state.13 

The framework fluorescence (intensity, lifetime, quantum yield) stemming from the linkers 

can be different from the free ligands in the solution. This difference arises from the 

immobilization of organic linkers in the MOFs that reduces the non-radiative decay of these 

linkers from the excited state and enhances the quantum yield due to the reduction of π-π 

interactions.13 The linker-based emission could stem either purely from the ligand or as a 

result of ligand-to-ligand charge transfer (LLCT), ligand-to-metal charge transfer (LMCT), 

metal-to-ligand charge transfer (MLCT).13,14 These energy transfer processes are discussed 

in section 1.4.4. 

 

1.4.2. Metal centered luminescence 

The electronic configuration of metal ions has a significant influence on the luminescence 

of MOFs.13 LMOFs that are constructed with transition metal ions mostly exhibit linker-

based emission. The most commonly known transition metal-based LMOFs contains d10 

metal ions Zn(II) and Cd(II) in their frameworks.13 A fully filled d-orbital (d10) rules out 

effective quenching that can occur from paramagnetic transition metals ions.14 LMOFs 
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containing lanthanide metal ions exhibit metal-centered emission. Although lanthanide 

emission is very weak due to forbidden f-f transitions (Laporte selection rule),  the close 

proximity of lanthanide metal ions to the highly absorbing organic ligands in the LMOFs 

allows sensitization of metal ions via antenna effect and hence enhances the emission 

intensity of lanthanides in LMOFs.13,14 Sensitization of lanthanide metal ions involves 

three steps- i) absorption of light by the organic linkers, ii) energy transfer to the lanthanide 

ions from the excited state linkers, and iii) emission from lanthanide ions.13,14 

 

1.4.3. Guest-induced luminescence 

Owing to their porous nature, MOFs can accommodate a variety of lumophores such as 

luminescent dye, lanthanide metal ions in the pores, which adds another dimension to tune 

the existing luminescent or fabricating the luminescent for a non-emissive MOF.13, 14  

The guests can interact with the host MOF in several different ways,49 such as Van der 

Waals interactions, π-π interactions, or H-bonding interactions, which may lead to the 

change of excitation energy state of the host MOF. The host-guest interactions may also 

lead to changes in emission intensity or emission wavelengths that can be utilized in 

various applications such as sensing and separations.49 

 

1.4.4. Energy transfer interactions 

 

The design of MOFs with energy/charge transfer interactions has been of great interest in 

the scientific community due to various possible applications ranging from sensing, 

photocatalysis, and optoelectronics.18,43,50-53 MOFs offer a solid platform for designing the 
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directional energy transfer (ET) pathway required for a particular application of interest 

due to- i) it allows high chromophore ordering in the framework, which reduces the exciton 

quenching, ii) high degree of photon capture and energy migration to the reaction center, 

iii) structural detail and the nature of chromophore arrangement in the highly crystalline 

MOFs can be easily deciphered by SXRD; which further act as a vital tool model ET 

pathways.45 There are several possible routes13,14,45 for ET in the MOFs such as ligand-to-

ligand charge transfer (LLCT), ligand-to-metal charge transfer (LMCT), metal-to-metal 

charge transfer MMCT, MLCT, and host-guest CT (Figure 1.5). 

 

 

Figure 1.5: A schematic representation of possible energy transfer in LMOF 

 

The ET processes in MOFs that occur between two different chromophores can further 

be described by two different mechanisms- Fӧrster resonance energy transfer (FRET) and 
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Dexter energy transfer (DET). Fӧrster resonance energy transfer (FRET) requires overlap 

of emission of the donor (D) and absorption of acceptor (A) chromophore, hence can occur 

in long-range (1-10nm).12,14 In FRET, the energy transfer between chromophores happens 

due to the Coulombic interactions in a non-radiative fashion. On the other hand, Dexter 

energy transfer (DET) occurs in the short distance that requires orbital overlap of donor 

and acceptor chromophore for electron exchange and coupling.12,14,45  

 

1.5.Electrically Conductive MOFs 

Designing electrically conductive MOFs has been a prospective area of research in the 

MOF field in recent years due to their potential for electrocatalysis, chemiresisitive 

sensing, and energy storage applications.54,55 Introducing redox-active linkers, metal ions 

in the framework, or redox-active/conductive guest encapsulation in the pores leading to 

intrinsically conducting and guest promoted conducting MOF, respectively. However, 

combining the porosity of MOFs and the electrically conductive nature is very challenging 

because the inherent porosity limits the charge transport pathways (through space).54,56 To 

date, most MOFs are made with non-redox active linkers and metal ions; therefore, the 

number of electrically conductive MOFs are not as significant as some other fields such as 

gas storage and separation, sensing, etc.54,56,57  

Of the huge number of MOFs, the majority are made by linking carboxylate linkers 

to the metal ions, which results in relatively ionic bonds in the SBUs causes large energy 

gaps and trapped valences.55,56 Therefore, even when this type of SBUs connects active 

redox linkers, it hinders through bond charge transport, and as a consequence, the material 
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provides poor conductivity. However, judicious choice of linkers and metal ions, control 

over the interaction of SBU formation, and exploiting the porosity by incorporating redox-

active guests can facilitate charge transport in the framework and lead to the material with 

considerable electrical conductivity. 

 

1.5.1. Transport mechanisms 

The charge transport in MOFs follow two general mechanisms- 

i) hopping: charge transfer occurs between nonbonded and localized charge 

carriers54 

ii)  band transport: charge carriers are delocalized. Due to the strong 

intramolecular interactions between the sites, the delocalized charge carriers 

form a continuous energy band.54 

 

1.5.2. Strategies towards conductive MOFs 

For both intrinsic and guest-promoted conductive MOFs, two common approaches have 

been followed- through-bond and through-space. 

 

1.5.3. Through-bond  

The through-bond approach focuses on constructing MOFs with a favorable spatial and 

energetic overlap of the coordinated metal ions and ligand for promoting charge 

delocalization.54,55,58-63 In this regard, sulfur and nitrogen-containing softer and more 

electropositive ligands where the coordination happens through sulfur and nitrogen have 
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been used.58,64 The better metal-ligand orbital overlap leads to small bandgap energy and 

facilitates high charge mobility, resulting in high conductivity. Kitagawa and coworkers65 

reported first conductive MOF Cu[Cu(pdt)2] (pdt=2,3-pyrazinedithiolate) that exhibited 

6x10-4 Scm-1 conductivity (through-bond). In Cu[Cu(pdt)2], Cu2+ ions are bridged pdt 

linker by two different sets of coordinating groups sulfur and nitrogen and forms a 3D 

network.65 The presence of CuI[CuIII(pdt)2] and CuII[CuII(pdt)2] states were considered to 

be responsible for high electrical conductivity.65 

 

1.5.4. Through-space 

 

The through-space charge transport occurs via the non-covalent interactions (π-π) between 

the organic linkers in the frameworks.66-68 To exhibit considerable electrical conductivity, 

the stacking between these organic linkers must be the range of effective π-π stacking 

interaction (~3.5Å). Dincă and coworkers66 reported a related study with a series of TTF-

based MOFs M2 (TTFTB) with varying the connecting metal ions (Mn2+, Co2+, Zn2+, Cd2+). 

Among these four MOFs Cd2(TTFTB) showed the highest conductivity 6.79 × 10−4 Scm-1 

in comparison to others (Mn2(TTFTB) =1 × 10−4 and Co2(TTFTB)= 5 × 10−5 Scm-1). The 

results were attributed to the decrease in S---S distance with increasing the size of the 

cations that results in a higher degree of π-π interaction in the case of Cd2(TTFTB). 

 

 

1.5.5. Guest-promoted electrical conductivity 

 

The porous nature of MOFs that are considered to be a hindrance towards intrinsically 

conductive MOF construction can be utilized for conductivity enhancement. For instance, 
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accommodating redox-active guest molecules in the pores that can increase the charge 

carrier density and mobility will improve conductivity.54,56 Many redox-active guests54,56 

such as iodine,69,70 organic molecules,71,72, and conductive polymers73,74 are the most used 

guests to enhance the conductivity. Since part of this thesis focuses on polymer guest-

induced electrical conductivity improvement, specific examples of the same are discussed 

here.  

Kitagawa and co-workers73 reported the conductivity enhancement of MIL-101(Cr) 

upon polymerization of 3,4-ethylenedioxythiophene (EDOT) in the MOF pores. This 

investigation demonstrated that the conductivity in this particular case is highly dependent 

on the loading percentage of the monomer.  The highest monomer loaded (57%) MIL-

101(Cr) showed outstanding improvement on the electrical conductivity from 10-11 Scm-1 

(pristine) to 10-3 Scm-1 (polymerized MOF). Ballav and co-workers74 investigated the 

conductivity changes upon accommodating different polymers PEDOT and PPy in the 

cavity of UiO-66. The conductivity of  UiO-66 increased drastically from 10-8 Scm-1 to 10-

2 Scm-1  and 10-4 Scm-1 for the polymerized composites UiO-66-PEDOT and UiO-66-PPy, 

respectively.74 In both studies, the increased charge transport efficiency for the presence of 

conductive polymers was considered to be the reason for the enhancement of conductivity. 
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1.6.Applications of MOFs 

1.6.1. Gas storage and separations 

H2 storage 

H2 has been considered as an alternative to fossil fuels for automobile energy supplies since 

it generates a cleaner byproduct (H2O). In addition, H2 has the highest energy per mass in 

comparison to any other fuel.75 Current techniques to store H2 under high pressure in 

cryogenic liquid H2 tanks involve issues that include -large energy consumption for H2 

liquification and maintaining the tank at low temperature, leakage problem, and safety, low 

volumetric and gravimetric densities.75-77 One of the major challenges is the low volumetric 

energy density at ambient operating conditions in the vehicle.75,78 Therefore, it is necessary 

to develop methods for storing H2 at or near ambient temperature. 

MOFs have attracted considerable interest in this regard as a potential material to 

store H2 due to their very high surface area, porosity, and tunability at the pores.5,79-82 

Although the interactions between H2 and the MOFs are typically weak Van der Waals 

interactions, the presence of open metal sites in the frameworks available for direct binding 

to H2 is crucial for high-density H2 storage.79 Yaghi and co-workers80 first reported the H2 

storage capability (uptake capacity 10 wt%, at 77 K and 100 bars) of MOF-5. Since then, 

a large number of MOFs have been reported with their H2 storage capacity. However, for 

most of the MOFs, the storage capacity was investigated at 77K and at pressure up to 100 

bar because the Van der Waals interactions are very weak and decrease with the increase 

of temperature. These studies showed that the storage capacity is proportionally dependent 

on the surface area and pore volume of the MOFs.76,79  
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CO2 Separation 
With the increasing population and energy demand, the dependency on fossil fuels 

increases day by day. As a consequence, the emission of CO2 is going higher and has 

already been a threat to global warming. Therefore, the development of materials for the 

efficient capture of CO2 is urgent. The widely used technique76,79 to remove CO2 is based 

on the use of aqueous amine solution. However, this technique suffers from high 

regeneration temperature and lack of reversibility due to the strong binding of CO2 with 

amines. Therefore, the development of reversible physiadsorbent such as MOFs for CO2 

capture is in demand.  

Due to the large quadrupole moment and polarizability of CO2
76,79, it interacts 

strongly than other gases such as N2 and CH4 with MOFs pore surfaces decorated with 

polar functional groups.76,77 Capturing CO2 selectively with the MOFs that lack polar 

functionalization or other chemical binding sites (such as the amine group) is tricky due to 

the comparable kinetic diameters of other gas molecules (CO2 = 3.30, CH4 = 3.76, and N2 

= 3.64 Å).75 In these cases, interpenetrated frameworks showed considerable efficacy 

towards selective capture of CO2 from the others by molecular sieving. For instance, MOF-

508,83 a double interpenetrated MOF, shows excellent selectivity for CO2 removal at 303 

K and 4.5 bar. It captured CO2 from binary (CO2/CH4, CO2/N2) and ternary (CO2/CH4/N2) 

gas mixture with the following adsorption capacities: 26.0, 5.5, 3.2 wt% for CO2, CH4, and 

N2, respectively.83 Incorporation of amine functionalities or other polar functional groups 

in the framework can also facilitate selective and efficient binding of CO2, e.g., the CO2 

adsorption capacity of Zn(BTZ)  is 35.6 wt%.84 
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1.6.2. Catalysis 

MOFs have attracted substantial attention from the researcher due to the several unique 

features that MOFs can offer in the field of catalysis. Among them, the high density of 

active catalytic sites in high internal surface area has been considered as one of the crucial 

for high reaction rate.85,86 Others include synthetic tunability, post-synthetic incorporation 

of active sites, shape-selective catalysis, swift transport of the reactant due to the presence 

of large pore are important factors in developing MOF-base catalysts.85,86  Although 

significant numbers of MOFs have been reported that exhibit catalytic activity for different 

reactions, the poor stability of many MOFs at high temperatures often limits their industrial 

applications.86 However, a wide number of MOFs show excellent catalytic activities for 

the reaction that occurs at moderate temperatures and do not require catalyst regeneration.86  

 

Hydrogenation of CO2 

CO2 contributes to global warming and needs to be urgently removed or converted to some 

useful chemicals such as methanol to mitigate its accumulation in the atmosphere. In this 

instance, Yaghi and co-workers87 utilize a MOF-based catalyst consisting of Cu-

nanoparticle (18 nm) encapsulated in the UiO-66 (Zr6O4(OH)4(BDC)6). This catalyst 

showed 100% selectivity for the conversion of CO2 to methanol at 175 °C, which is 8-fold 

higher than the widely used  Cu/ZnO/Al2O3 catalyst at the respective temperature.87 The 

strong interaction between Cu nanoparticles with the Zr oxide SBUs in the framework and 

the presence of Cu at its multiple oxidation states and the absence of nanoparticle 

accumulation are considered to be responsible for the higher selectivity for methanol 
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generation.87 Lin and co-workers88 reported that another Zr-based  UiO-bpy MOF 

contained Cu/ZnOx nanoparticles (<1 nm) to convert CO2 to methanol efficiently. The 

CuZn@Uio-bpy showed 100% selectivity for methanol at 200-250 °C, which is 

significantly higher than catalyst Cu/ZnO/Al2O3 (54.8%, at 250 °C).88 This result was 

attributed to the prevention of nanoparticle agglomeration and phase separation due to 

strong interactions between the Cu/ZnOx and the bpy, and Zr6 SBUs. 

 

Photocatalysis 

The incorporation of photoactive linkers/sites to MOF frameworks enables them to use in 

photocatalysis. Guo and co-workers,89 reported evolution of H2 using visible-light-driven 

photocatalysis with x%-MIL-125-(SCH3)2 MOF. This MOF obtained by linker 

replacement of H2BDC with H2BDC-(SCH3)2 in the MIL-125 significantly reduces the 

resulting MOF's bandgap from 3.8 eV to 2.6 eV. For the photocatalytic generation of H2, 

a cocatalyst (Pt) and electron donor triethanolamine (TEOA) were used in the catalytic 

system.89 This hybrid material displayed high H2 production as 3814.0 µmolg-1h-1 upon 

irradiation at 425 nm, which is an order of magnitude higher than that of the leading-edge 

Pt/MOF photocatalyst derived from aminoterephthalate.89 

 

1.6.3. Sensing applications of LMOFs 

Detection of various analytes using LMOF sensor materials depends on the interaction of 

the analytes and the MOF. The pore's size, shape, and chemical environment must be 

appropriate to accommodate analytes of interest and interact with them. In order to act as 

an efficient sensor materials LMOFs must display measurable changes in the emission 
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specific to the analyte and reversible response (required in most cases). A wide number of 

LMOFs fulfill these requirements and offer easy detection of luminescent changes; 

therefore, the potential of LMOFs for sensing various ions, explosives, and toxic chemicals 

has been well investigated by researchers.10,12-14,90 Among many of these applications, toxic 

metal ions (Hg2+ and Pb2+) and nitroaromatic explosives sensing are discussed in this 

dissertation. 

 

Hg2+-sensing 

Hg2+ is one of the toxic metal ions that can be present as a contaminant in the drinking 

water. The widespread Hg2+ contamination comes from chemical industries and mines. 

Toxicity from Hg2+, when present in the drinking water higher than the permissible limit 

of 2 ppb, can cause severe health problems ranging from kidney damage to death. 

Therefore, it is vital to remove Hg2+ from the drinking water efficiently. In this regard, 

several LMOFs containing mercury-specific functional groups have been used for efficient 

detection, and in some cases, removal.  

In a related study, Xu and coworkers9 constructed a thiol laced-Zr MOF by 

connecting 2,5-dimercapto-1,4-benzenedicarboxylic acid (H2DMBD) via Zr4+ metal ion. 

Due to the soft acid-base interaction between Hg2+ and sulfur, this MOF displayed excellent 

Hg2+ uptake capacity in aqueous solution (concentration below 0.01 ppm = 10 ppb). Wen 

and coworkers91 reported two MOFs built from the 2-NH2bdc (2-amino-1,4-

benzenedicarboxylic acid) and bibp (4,4′-bis(imidazol-1-ylmethyl)-biphenyl) (1) and tib 

(1,3,5-tris(1-imidazolyl)benzene) (2) organic linkers and Zn2+ and Cd2+ respectively. In 
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both MOFs the amino groups in the 2-NH2bdc are not coordinated to the framework 

building metal ions; therefore, they were available for Hg2+ binding. Both MOFs displayed 

excellent selectivity towards Hg2+ over the other cations tested and detectability as low as 

4.2 × 10-8 M (~2 ppb) in an aqueous solution with the latter.  

 

Pb2+ Sensing 

Liu and coworkers92 investigated the cation sensing capabilities of a lanthanide-based MOF 

constructed from Tb3+ and 3,5-dicarboxyphenol anion ligand that displayed "antenna 

sensitization"-based luminescent. This Tb-MOF exhibited very high selectivity towards 

Pb2+ over several other cations investigated and is capable of detecting (detection limit 10-

7 M) Pb2+ from extremely low concentration solution in water. The selectivity towards Pb2+ 

was attributed to the strong electrostatic interaction between Pb2+ and the phenolic oxygen 

in the framework due to the electronic structure of Pb2+. This interaction perturbed the 

efficiency of energy transfer from the linker to Tb3+ and thereby quenched the emission 

intensity. 

 

Explosive sensing 

LMOFs have attracted substantial interest from researchers for their potential as sensor 

materials in explosive detection.10,11,14 The reason behind this is LMOFs offer very fast and 

easy detectability (changes in luminescence), portability, and low cost in comparison to the 

present analytical techniques such as energy dispersive x-ray diffraction (EDXRD), plasma 

desorption mass spectrometry (PDMS), etc.10,14 for explosive detection. In this instance, Li 
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and coworkers93 reported the first LMOF Zn2(bpdc)2(bpee) (bpdc=4,4’-

biphenyldicarboxylate; bpee=1,2-bipyridylethene) that was investigated for nitroaromatic 

2,4-Dinitrotoluene (DNT), 2,3-dimethyl-2,3-dinitrobutane (DMNB) sensing from the 

vapor phase.93 This LMOF displayed very quick and high percentage quenching of 

emission intensities within 10 seconds in the presence of the DNT and DMNB. The 

microsize porous nature of the MOF and strong interaction between the framework and 

analytes that caused excited state electron transfer from the MOF to DNT and DMNB were 

considered to be the basis for the outstanding detection. 93 

Gosh and coworkers94 reported detection of TNP (2,3,5-trinitro phenol) from the 

aqueous solution using a bio-MOF-1, [Zn8(ad)4(BPDC)6O·2 Me2NH2] (ad=adenine, 

BPDC=biphenyl dicarboxylic acid). The bio-MOF-1 showed outstanding selectivity for 

TNP (detection limit 2.9 ppb) over the other nitroaromatics due to H-bonding interactions 

between TNP and the amino group from the adenine moiety in the pores. 
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1.7.Overview of this dissertation 

The second chapter presents a construction of a new luminescent MOFs, and it's Hg(II) 

sensing capability. This study also describes the utilization of two organic ligands with 

overlapping absorption-emission profiles to yield ligand-to-ligand energy transfer in the 

resulting MOF.  

The third chapter describes the construction of a MOF-74 analog with an electron 

deficient ligand and lowering its bandgap by approximately 1 eV upon complimentary 

guest (electron-rich) encapsulation. 

 The fourth chapter presents the guest-promoted electrical conductivity 

improvement of an insulating MOF. In this study, the monomer EDOT (3,4-

ethylenedioxythiophene) and Py (pyrrole) are the first loaded in the MOF cavity and in-

situ polymerized. The resulting MOF-polymer composites obtained from this study exhibit 

significantly higher electrical conductivity than the pristine MOF. 
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CHAPTER TWO 

A DUAL FUNCTIONAL BICHROMOPHORIC LUMINESCENT METAL-

ORGANIC FRAMEWORK (LMOF): INTER-LIGAND ENERGY TRANSFER 

AND Hg2+ SENSING 

 

(Permission for Copyright: Reprinted (adapted) with permission from Inorg. Chem. 2019, 

58, 12707−12715. Copyright (2019) American Chemical Society.) 

 

2.1.Introduction 

Photoinduced cascade electron transfer and energy transfer through preorganized 

chromophores and donor−acceptor arrays are key steps of light-harvesting mechanisms of 

photosynthetic plants and bacteria.1 These well-orchestrated intricate events are not only 

the primary source of food and energy supplies that propel life on earth but also offer 

scientists clues for how to design artificial light-harvesting materials that can power and 

advance human civilization in a sustainable way. The first and foremost criterion for 

efficient electron/energy transfer events is precise organization of chromophore, donor, and 

acceptor units with complementary energy levels so that the photons and/or electrons 

released by the former can be received by the latter.2 Among various supramolecular and 

polymeric materials developed to date,3−6 metal−organic frameworks (MOFs)7—a class of 

crystalline porous coordination networks composed of metal cluster nodes and organic 

linkers—present one of the most effective ways to organize these components in a highly 

ordered periodic fashion that can foster efficient energy and electron transfer processes 

when the requisite criteria are satisfied. Furthermore, tunable reticular structures, porosity, 
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and chemical and physical properties make MOFs one the most versatile materials that can 

not only capture and concentrate certain analytes selectively but also exhibit stimuli-

responsive behaviors upon specific host−guest interactions.8 As a result, although much of 

MOF research in early days largely focused on their size- and shape-selective guest 

encapsulation, separation, storage, sequestration, and delivery applications,9−15 the 

introduction of redox- and photoactive ligands,15−17 metal ions,18 and guest molecules19−21 

endowed them with fascinating optical, electronic, and chemical properties,22,23 unlocking 

their potential for photocatalysis,24,25 sensing,8,26−40 electrical41−52 and ionic 

conductivities,53−61 and light-to-electrical energy conversion.62−70 

Photoluminescence (PL) is one of the most appealing and useful properties of 

MOFs. While some frameworks display photoluminescence despite not containing 

intrinsically emissive components due to ligand rigidification,8,27 the most effective and 

tunable luminescent MOFs usually feature luminescent aromatic ligands and lanthanide 

ions that emit light upon direct or indirect sensitization involving ligand-toligand or ligand-

to-metal energy transfer events.71 Although ligand-to-ligand energy transfer events are 

most commonly found in porphyrin-based MOFs,72−78 porphyrins are rather weak 

fluorophores and very prone to photobleaching. Therefore, there remains a need for 

porphyrin-free luminescent MOFs that can support energy transfer and display stimuli-

responsive emission changes. Diversifying the composition, properties, and functions of 

light-harvesting MOFs, herein, we report synthesis, PL behavior, and energy transfer and 

Hg2+ sensing capabilities of a new pillared-paddle wheel framework Zn2(NDC)2(DPTTZ) 

featuring 2,6-naphthalele dicarboxylate (NDC) struts and N,N′-di(4 pyridyl)thiazolo-[5,4-



38 
 

d]thiazole (DPTTZ) pillars (Figure 2.1), which are excellent chromophores and 

fluorophores with complementary absorption and emission characteristics suitable for 

Förster resonance energy transfer (FRET).79,80 Although the redox and light-harvesting 

properties of electron-deficient and luminescent TTZ compounds are well documented in 

molecular environments, 81,82 they have been rarely incorporated in MOFs83−85, and their 

PL and redox properties have yet to be explored inside crystalline frameworks. The lowest-

energy absorption peak of DPTTZ overlaps quite well with the emission peak of NDC, 

which enables ligand-to ligand FRET and allows the MOF to display exclusively DPTTZ-

centric blue emission (∼410 nm) irrespective of the excitation wavelength. Control MOFs 

devoid of either NDC or DPTTZ ligand do not display such energy transfer capability. 

Furthermore, the PL spectrum of the DPTTZ-based MOF undergoes significant 

bathochromic shift and quenching in the presence of Hg2+ but not with other transition 

metal ions, making it a promising sensor for this toxic heavy metal ion. 

 

2.2.Results and discussions 

Despite having strong emissions in dilute solutions, many organic fluorophores often 

exhibit diminished fluorescence at higher concentrations, as well as in the solid-state, 

because of self-quenching. On the other hand, in crystalline MOFs, fluorescent ligands can 

be positioned periodically at certain distances such that their photoluminescence is 

preserved and even augmented. Taking advantage of this unique structural feature of 

MOFs, we synthesized a pillared paddle-wheel architecture Zn2(NDC)2(DPTTZ)·(DMF)2 

(Figure 2.1a) using NDC struts as energy donors and DPTTZ pillars as energy acceptors 
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via a simple solvothermal reaction (vide supra). SXRD analysis revealed that the resulting 

rod-shaped pale-yellow crystals possessed triclinic unit cells with P1̅ space group. The 

Zn2(COO)4 paddle wheel nodes formed by NDC struts are located in the ab-planes while 

the axially coordinated DPTTZ pillars are aligned along the c-axis. The diagonal distances 

between Zn2 nodes in a given plane are 19.04 and 17.86 Å, and the distance between the 

Zn2 nodes bridged by DPTTZ pillars is 16.92 Å, that is, the fluorescent ligands are enough 

separated to avoid self-quenching.8,70 Furthermore, the large separation and orientation of 

electron-rich NDC struts and electron-deficient DPTTZ pillars prevent π-donor/acceptor 

charge-transfer interactions, which could quench their photoluminescence. Interestingly, 

under the same solvothermal conditions, the reaction of Zn(NO3)2·6H2O, 1,4-BDC, and 

DPTTZ yielded Zn2(1,4-BDC)2(DPTTZ)2·(DMF) framework with orthorhombic unit cell 

and Iba2 space group (Figure 2.1b) instead of a typical cubic pillared-paddle wheel 

architecture. This framework is analogous to a previously reported84,85 [Zn(1,3- 

BDC)(DPTTZ)]n and featured a different type of Zn2 nodes made of two distorted 

octahedral Zn-centers, each connected to one chelating and two bridging carboxylate 

groups in the equatorial plane and two axial DPTTZ ligands. The closest distance between 

two parallel π-stacked DPTTZ ligands was around 3.6−4 Å, that is, within the range of 

π−π-interaction. The experimental PXRD patterns of both DPTTZ-based MOFs (Figure 

2.1c and d) were consistent with the corresponding simulated patterns, confirming that they 

were indeed phase-pure materials and maintained their structural integrity and crystallinity 

upon activation.  
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Figure 2.1: Single crystal structures of (a) Zn2(NDC)2(DPTTZ) and (b) Zn2(1,4-

BDC)2(DPTTZ)2 (cyan: Zn, blue: N, red: O, yellow: S, and grey: C). H atoms and 

disordered DMF molecules are omitted for clarity. The PXRD profiles of (c) 

Zn2(NDC)2(DPTTZ) and (d) Zn2(1,4-BDC)2(DPTTZ)2 (bottom simulated, top 

experimental). 

 

(a)

(c)

(b)

(d)
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The thermogravimetric and differential scanning calorimetric analyses of 

Zn2(NDC)2(DPTTZ) showed (Figure 2.2) that it lost only 5% of initial weight at 125−175 

°C possibly due to the loss of residual DMF and remained stable up to 300 °C (30% weight 

loss). The TGA-DSC profiles of Zn2(1,4- BDC)2(DPTTZ)2 framework showed gradual 

weight loss (10%) between 130−230 °C and a significant drop above 330 °C, indicating it 

also has reasonable thermal stability up to that temperature. 

 

 

 

Figure 2.2: The TGA (black) and DSC (blue) profiles of Zn2(NDC)2(DPTTZ) (left) and 

Zn2(1,4-BDC)2(DPTTZ)2 (right). 

 

Both frameworks displayed type-I CO2- sorption isotherms (Figure 2.3), from 

which their Brunauer−Emmett−Teller (BET) surface areas and pore volumes were 

estimated. The surface area and pore volume of Zn2(NDC)2(DPTTZ) are 106.8 m2/g and 

6.6 × 10−2 cm3/g, respectively, and those for Zn2(1,4-BDC)2(DPTTZ)2 are 113.4 m2/g and 
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7.8 × 10−2 cm3/g, respectively. Thus, both materials displayed comparable porosity despite 

having significant structural differences. 

 

 

 

Figure 2.3: CO2-sorption isotherms of Zn2(NDC)2(DPTTZ) (left) and Zn2(1,4-

BDC)2(DPTTZ)2 (right). 

 

The excitation and emission spectra (Figure 2.4a) of NDC and DPTTZ ligands 

revealed excellent overlap between the emission peak of the former and the excitation 

(absorption) peak of the latter, which bodes well for ligand-to-ligand FRET. Upon 

excitation of NDC at 330 or 350 nm, it displayed an emission spectrum featuring two sharp 

peaks 360 and 375 nm and a prominent shoulder at ∼400 nm, which overlapped quite well 

with the intense lowest energy excitation peak of DPTTZ at 390 nm responsible for S0 → 

S1 transition. Upon its excitation at 390 nm, DPTTZ exhibits a strong emission peak at 410 

nm. As a result, irrespective of the excitation wavelengths, a 1:1 NDC/ DPTTZ solution  
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mixture displayed (Figure 2.4b) only DPTTZ centric emission (410 nm) and none from 

NDC at a shorter wavelength, indicating that NDC struts acted as antenna chromophores. 

 

 

 

Figure 2.4: (a) Excitation (dashed lines) and emission (solid lines) spectra of free NDC 

(blue) and DPTTZ (red) ligands showing the requisite spectral overlap for FRET. (b) The 

PL spectra of 1:1 NDC/DPTTZ solution in DMF upon excitation at 350 (red) and 390 nm 

(black). (c) Excitation (dashed black line) and emission spectra of Zn2(NDC)2(DPTTZ) 

showing exclusively DPTTZ-centric emission regardless of excitation wavelengths (λEx = 

320 (blue), 350 (green), and 380 nm (red)). 
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Encouraged by complementary absorption and emission characteristics of NDC 

and DPTTZ units, we turned our attention to the PL properties of bichromophoric and 

control MOFs. Steady-state fluorescence studies of a Zn2(NDC)2(DPTTZ) suspension in 

DMF revealed that (Figure 2.4c) irrespective of the excitation wavelengths, it only 

displayed the characteristic emission of DPTTZ at 410 nm and none from NDC struts, 

suggesting that the latter acted as antenna chromophores. As a result, exclusively DPTTZ-

centric MOF emission (410 nm) was observed through both direct (380 nm) and indirect 

(320 nm) excitation. In contrast, 1,4-BDC and DPTTZ did not share overlapping emission 

with absorption spectra, which eliminated the possibility of ligand-to-ligand energy 

transfer in the control MOF (Figure 2.5a). Therefore, Zn2(1,4-BDC)2(DPTTZ)2 required 

direct excitation of DPTTZ ligands to display photoluminescence, which appeared at a 

slightly longer wavelength (435 nm) compared to that of  Zn2(NDC)2(DPTTZ) possibly 

because of π−π-interaction between the closely spaced (<3.6−4 Å apart) parallel DPTTZ 

ligands (Figure 2.5b). Likewise, another control MOF Zn2(NDC)2(BPY) devoid of energy 

accepting DPTTZ pillars only displayed a characteristic NDC emission peak at ∼380 nm. 

The drop-cast MOF films displayed slightly longer wavelength emissions compared to 

respective suspensions (Figure 2.6).  
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Figure 2.5: (a) Excitation (dashed lines) and emission (solid lines) spectra of free BDC 

(blue) and DPTTZ (red) ligands showing the lack of spectral overlap required for FRET. 

(b) The excitation (dashed black line) and emission (solid red line) spectra of Zn2(1,4-

BDC)2(DPTTZ)2. 

 

Figure 2.6: Excitation (dotted black) and emission (solid red) spectra of drop-cast films of 

(a) Zn2(NDC)2(DPTTZ). and (b) Zn2(1,4-BDC)2(DPTTZ)2. 
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The fluorescence quantum yields (ΦF) were obtained from steady-state 

fluorescence measurements. The TCSPC data (Figure 2.7) were fit into double and triple 

exponential decays to obtain fluorescence lifetimes (τF) and radiative decay rates (kF) 

(Table 2.1).  

 

 

 

Figure 2.7: Comparisons between PL decay profiles of (a) Zn2(NDC)2(DPTTZ) (red) and 

Zn2(NDC)2(BPY) (blue) and (b) Zn2(1,4-BDC)2(DPTTZ)2 and Zn2(1,4-BDC)2(BPY) 

suspensions in chlorobenzene. 

 

In general, the fluorescence lifetimes of MOFs measured in chlorobenzene 

suspensions were longer than in drop cast films, which could be attributed to 

exciton−exciton interactions leading to fluorescence quenching in the films. However, 

thin-film measurements allowed for direct and more accurate comparisons between these 

MOFs and free fluorescent ligands. The fluorescence lifetime of DPTTZ (τF = 461 ps) 

(a) (b)
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became significantly longer when it was incorporated into MOFs: 953 ps in Zn2(1,4-

BDC)2(DPTTZ)2 and 620 ps in Zn2(NDC)2(DPTTZ). The longer fluorescence lifetimes of 

the MOF-bound preorganized DPTTZ ligands can be attributed to diminished π−π-

interaction between them, which could quench the emission of aromatic fluorophores. The 

differences between fluorescence lifetimes of dilute DPTTZ solution and DPTTZ-based 

MOF suspensions were less pronounced than in films (Table 2.1), as they all experienced 

longer lifetimes (∼1 ns). Nevertheless, the fluorescence lifetimes of Zn2(NDC)2(DPTTZ) 

containing complementary energy donor and acceptor ligands was shorter than that of 

Zn2(1,4-BDC)2(DPTTZ)2 both in suspensions and thin films, suggesting that singlet 

exciton delocalization was perhaps more effective in the former and singlet energy transfer 

was less efficient in the latter due to poor emission of BDC and the lack of overlap between 

BDC and DPTTZ emission and absorption spectra, respectively. The fluorescence quantum 

yields and radiative rates of DPTTZ increased slightly when it was incorporated into 

MOFs, which could be attributed to its rigidification and coordination with Lewis acidic 

Zn(II) centers. The alkylation of pyridyl groups of DPTTZ is also known to enhance its 

fluorescence.80 
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Table 2.1: The fluorescence lifetimes (F), quantum yields (F), radiative rates (kF) of 

control and DPTTZ-based MOFs. 

 

 

F (ps) 

suspension 

F (ps) 

drop-cast 

film 

F 

suspension 

kF (s–1) 

suspension 

DPTTZ 1044 461 0.22 (380 nm 

ex.) 

2.11 x 108 

Zn2(BDC)2(DPTTZ)2 1077 953 0.27 (407 nm 

ex.) 

2.50 x 108 

Zn2(NDC)2(DPTTZ) 1006 620 0.38 (381 nm 

ex.) 

3.78 x 108 

Zn2(NDC)2(BPY) 3393 1368 ––– ––– 

Zn2(BDC)2(BPY)2 1235 470 ––– ––– 

 

 

NDC has a fairly long fluorescence lifetime and rich photophysics in the long-UV 

region,89, whereas BPY has very limited excitation and emission dynamics. Therefore, the 

photophysics of control MOF Zn2(NDC)2(BPY) was dominated by NDC struts and showed 

extended fluorescent lifetimes: 1368 ps in drop-cast films and 3393 ps in suspension 

(Figure 2.7a). In comparison, the PL decay profile (Figure 2.7a) of Zn2(NDC)2(DPTTZ) 

framework featuring complimentary energy donor and acceptor units revealed significantly 

shorter fluorescence lifetimes both in thin-films (620 ps) and suspension (1006 ps), which 

were more comparable to that of DPTTZ than NDC. The excitation spectrum of this 
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bichromophoric MOF indicated that NDC and DPTTZ ligands could be sensitized 

independently; however, its steady-state emission stemmed exclusively from the latter 

(Figure 2.4c) regardless of the excitation wavelength. Furthermore, the relative intensities 

of the DPTTZ-centric PL of the MOF upon indirect (NDC at 320 nm) and direct (DPTTZ 

at 380 nm) excitations were comparable. Together, these results indicated that 1*NDC to 

DPTTZ singlet energy transfer within this bichromophoric MOF. On the other hand, the 

PL lifetimes and decay profiles (Figure 2.7b) of Zn2(1,4-BDC)2(DPTTZ)2 were 

comparable to that of Zn2(1,4 BDC)2(BPY), indicating that there was no ligand-to-ligand 

energy transfer in either case, and the photophysics of the former was again dominated by 

DPTTZ ligands.  

 Finally, we investigated the PL changes of Zn2(NDC)2(DPTTZ) MOF in response 

to Hg2+, a toxic heavy metal ion.90−92 In the presence of a dilute Hg(OTf)2 solution with 

concentration as low as 75 μM or 15 ppm, the emission peak of Zn2(NDC)2(DPTTZ) 

suspension (0.1 mg/mL in DMF) (Figure 2.8) started to shift to a longer wavelength (450 

nm), and its intensity also diminished. These changes could be attributed to the heavy atom 

effect and possible coordination of Hg2+ with the sulfur atoms of DPTTZ ligands. This 

hypothesis was supported by the fact that in the presence of Hg2+, free DPTTZ ligand also 

displayed similar PL quenching and bathochromic shift, whereas free NDC ligand 

exhibited only fluorescence quenching but no shift (Figure 2.9). Furthermore, despite 

Hg2+-induced red-shift and partial quenching of Zn2(NDC)2(DPTTZ) MOF fluorescence, 

the longest wavelength excitation peak (390 nm) associated with DPTTZ excitation 
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remained unchanged, verifying that the new emission peak stemmed from DPTTZ−Hg2+ 

interactions.  

 

 

Figure 2.8: The PL response of Zn2(NDC)2(DPTTZ) suspension (0.1 mg/mL in DMF) to 

increasing concentration of Hg(OTf)2 (10–1000 µM).  

 

 

 

Figure 2.9: Fluorescence red-shift and quenching of free DPTTZ (left) and NDC (right) 

solutions in DMF with increasing concentrations of Hg2+. 

(a) (b) 
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While both Zn2(NDC)2(DPTTZ) MOF and free DPTTZ ligand displayed similar 

Hg2+-induced PL changes, under the same conditions (9.98 x10-5 M DPTTZ 

concentration), the PL quenching of the former was more significant (Figure 2.10), 

demonstrating that the DPTTZ-based MOF was more sensitive to Hg2+ than the free ligand. 

Upon washing the Hg2+ treated Zn2(NDC)2(DPTTZ) MOF with a copious amount of DMF, 

the new 450 nm emission peak disappeared, and the original 410 nm peak reemerged 

(Figure 2.11), demonstrating that the interaction of the MOF with Hg2+ and the 

corresponding PL changes were easily reversible. The Hg2+- induced red-shift of 

Zn2(NDC)2(DPTTZ) MOF photoluminescence was also visible in the naked eye from the 

fluorescence microscope images of corresponding drop-cast films. The pristine MOF 

crystals displayed blue emission, whereas the Hg2+-treated MOF appeared teal under the 

same irradiation (Figure 2.11, inset). 

 

 

Figure 2.10: The PL response of Zn2(NDC)2(DPTTZ) MOF and free DPTTZ ligand to 100 

μM Hg2+. 
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Figure 2.11: The PL spectra of pristine (black) and Hg2+-treated Zn2(NDC)2(DPTTZ) 

before (blue) and after (red) washing with DMF showing its reversible Hg2+ sensing 

capability. Inset: The fluorescence microscope images of pristine (left) and Hg2+-treated 

(right) Zn2(NDC)2(DPTTZ). 

 

Unlike Hg2+, however, other transition metal ions, such as Mn2+, Fe2+, Co2+, Ni2+, 

Cu2+, and Cd2+, did not cause any red-shift of Zn2(NDC)2(DPTTZ) photoluminescence, 

and only Fe2+ and Cu2+ engendered significant fluorescence quenching (Figure 2.12a). The 

free DPTTZ ligand also displayed a similar PL response to these metal ions (Figure 2.13), 

confirming that this ligand was indeed responsible for the cation-induced PL changes in 

the MOF. Thus, the Hg2+-induced PL response of the MOF was unique, which bodes well 

for its sensing application. When exposed to a mixture of different metal ions, including 

Hg2+, the MOF still displayed the characteristic Hg2+-specific PL signal (Figure 2.12a); 

that is, it was able to detect Hg2+ in the presence of other metal ions.  
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Furthermore, the PXRD profiles of Zn2(NDC)2(DPTTZ) after being exposed to 

Hg2+ and other metal ions remained unchanged (Figure 2.12b), confirming that the 

framework retained its structural integrity under these conditions. The strong similarities 

between the Hg2+-induced PL changes of Zn2(NDC)2(DPTTZ) MOF and free DPTTZ 

ligand, coupled with the reversibility of PL changes upon washing the MOF with pure 

solvents not only confirmed that the Hg2+/DPTTZ interaction was responsible for the PL 

changes but also ruled out a remote possibility of such changes being caused by metal ion 

exchange in Zn2(COO)4 paddle wheel nodes, which is a very slow process and unlikely to 

occur during the course of fairly quick (minutes) fluorescence titration experiment s.93 

Figure 2.12: (a) The PL changes of Zn2(NDC)2(DPTTZ) in response to different transition 

metal ions individually (1 mM, color-coded solid lines) and as a mixture containing Hg2+ 

(1 mM each, dotted green line). (b) The PXRD profiles of Zn2(NDC)2(DPTTZ) before and 

after being exposed to different metal ion solutions (1 mM in DMF) showing the stability 

of the framework. 

(a) (b) 
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Figure 2.13: The PL response of free DPTTZ ligand to different metal ions.  

 

 

The PL changes of Zn2(NDC)2(DPTTZ) MOF occurred at as low as 15 ppm of Hg2+ 

concentration; however, the amount of Hg2+ adsorbed by the MOF has not been determined 

by batch experiments. Nevertheless, the distinct and reversible Hg2+-induced PL response 

rendered Zn2(NDC)2(DPTTZ) MOF a promising Hg2+ sensor (in the tested organic 

solvent), although quantification of adsorbed Hg2+ remains to be done to fulfill all the 

necessary criteria of practical luminescent sensors.40 It is worth noting that, although 

several MOFs are known to display Hg2+-induced fluorescence intensity changes,32,33 

unlike Zn2(NDC)2(DPTTZ), they rarely exhibit totally new emission peaks in the presence 

of Hg2+. Therefore, the Hg2+- specific fluorescent changes of Zn2(NDC)2(DPTTZ), which 

were distinct from that caused by other transition metal ions, made it more specific to Hg2+ 

and less susceptible to interference from other cations. Furthermore, because of the distinct 

excitation wavelengths of NDC and DPTTZ ligands and the ligand-to-ligand energy 

transfer event, Zn2(NDC)2(DPTTZ) can be sensitized at a wide wavelength region 
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(275−400 nm) to access its blue photoluminescence and Hg2+ sensing capability, a scope 

that monochromophoric MOFs lack. 

 

2.3.Experimental 

2.3.1. General materials and methods 

 Starting materials, including NDC, 1,4-benzenedicarboxylic acid (1,4-BDC), 4,4′-

bipyridine (BPY), dithiooxamide, 4-pyridinecarboxaldehyde, Zn(NO3)2·6H2O, Hg(OTf)2, 

Mn(NO3 )2, Fe(ClO4)2, Co(NO3 )2, Ni(NO3)2, Cu(NO3)2, Cd(NO3)2, and solvents (DMF, 

MeCN, EtOH, CHCl3, chlorobenzene, etc.) were purchased from Sigma Aldrich, Acros 

Organic, TCI America, and VWR and used as-obtained.  

 

1H NMR 

The 1H NMR spectra were recorded on a Bruker 500 MHz NMR spectrometer.  

 

Single-crystal X-ray diffraction (SXRD) 

SXRD analyses of MOF crystals were performed on a Bruker D8 Venture dual-source 

diffractometer with Cu and Mo radiation sources and CMOS detector, and structures were 

solved and refined using Bruker SHELXTL software package.  

 

Powder X-ray diffraction (PXRD)  

PXRD analyses were done with a Rigaku Ultima IV X-ray diffractometer equipped with 

Cu Kα radiation source (λ = 1.5406 Å) and a CCD area detector.  
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BET measurement 

The porosity of MOFs was determined from CO2 sorption isotherms recorded on a 

Quantachrome Autosorb iQ Gas Sorption Analyzer. 

 

TGA-DSC 

The thermal stability of MOFs was determined from thermogravimetric analysis (TGA) 

and differential scanning calorimetry (DSC) measured with a TA Instruments SDT Q600.  

 

UV-vis and steady-state fluorescence spectroscopy 

The UV−vis absorption spectra of ligands and MOFs were recorded on a Shimadzu UV-

2600 spectrophotometer equipped with an integrated sphere (200−1400 nm) and steady-

state excitation and emission spectra with a Shimadzu RF-6000 equipped with a xenon 

lamp.  

 

TCSPC measurements 

Time-correlated single photon counting (TCSPC) measurements were conducted on a 

Jobin Yvon-Spex Fluorolog equipped with a 389 nm laser diode. The TCSPC fluorescence 

decay data were fit to double, and triple exponential decays using Igor Pro 6.3 software 

and in-house developed fitting/graphing scripts. 
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2.3.2. Synthesis and Characterization  

DPTTZ ligand 

 DPTTZ ligand was synthesized following a reported protocol.86 Briefly, a solution mixture 

of dithiooxamide (200 mg, 1.66 mmol) and 4-pyridinecarboxaldehyde (0.4 mL, 4.4 mmol) 

in anhydrous DMF (10 mL) was heated under reflux for 2.5 h. Upon cooling of the reaction 

mixture to room temperature, a yellow crystalline product precipitated out, which was 

collected by filtration, washed with H2O and MeOH, and dried under air (311 mg, 63% 

yield). The 1H NMR spectrum of the product was in good agreement with that of DPTTZ 

reported in the literature.86 

 

Zn2(NDC)2(DPTTZ)·(DMF)2 MOF 

Zn2(NDC)2(DPTTZ) MOF was synthesized under standard solvothermal reaction 

conditions used for pillared paddle wheel architectures.87,88 First, DPTTZ (6.0 mg, 0.02 

mmol) was dissolved in hot DMF (5 mL) and added to a freshly prepared solution of 

Zn(NO3)2·6H2O (11.90 mg, 0.04 mmol) and NDC (8.73 mg, 0.04 mmol) in DMF (1.5 mL) 

in a screw-capped vial. Then the resulting reaction mixture was placed inside an oven and 

heated at a constant 80 °C for 2 days to obtain pale yellow colored rod-shaped crystals 

suitable for single-crystal X-ray diffraction (SXRD) analysis. These crystals were washed 

with fresh DMF and MeOH and dried under a vacuum to obtain the bulk material (7.9 mg, 

44% yield).  
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The SXRD analysis (Appendix A) of as-synthesized crystals revealed a triclinic 

unit cell and yielded a total of 49321 reflections to a maximum θ of 26.39° (0.80 Å 

resolution), of which 4257 were independent (average redundancy 11.586, completeness = 

99.5%, Rint = 5.87%, Rsig =2.55%) and 3889 (91.36%) were greater than 2σ(F2). The final 

cell constants of a = 8.0961(13) Å, b = 10.5093(15) Å, c = 12.981(2) Å, α = 75.761(5)°, β 

= 77.486(6)°, γ = 88.858(5)°, and volume = 1044.5(3) Å3 were based on the refinement of 

the XYZ-centroids of reflections above 20 σ(I). The calculated minimum and maximum 

transmission coefficients were 0.7910 and 0.9360. The structure was solved and refined 

using space group P1̅, 1with Z = 1 for the formula unit C44H34N6O10S2Zn2. The final 

anisotropic full-matrix least-squares refinement on F2 with 335 variables converged at R1 

= 3.50% for the observed data and wR2 = 8.62% for all data. The goodness-of-fit was 

1.093. The largest peak in the final difference electron density synthesis was 0.671 e−/Å3, 

and the largest hole was −0.913 e−/Å3 with an RMS deviation of 0.082 e−/Å3. On the basis 

of the final model, the calculated density was 1.592 g/cm3, and F(000) was 512e−. 

 

Zn2(1,4-BDC)2(DPTTZ)2·(DMF) MOF 

A solvothermal reaction of Zn(NO3)2·6H2O (11.90 mg, 0.04 mmol), DPTTZ (6.0 mg, 0.02 

mmol), and BDC (6.73 mg, 0.04 mmol) in DMF (6.5 mL) under the same conditions (80 

°C, 2 d) yielded needle-shaped pale yellow crystals (6.6 mg, 62% yield) suitable for SXRD 

analysis.  

The SXRD analysis (Appendix B) revealed an orthorhombic unit cell and yielded 

a total of 23443 reflections to a maximum θ of 22.00° (0.95 Å resolution), of which 6124 
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were independent (average redundancy 3.828, completeness = 99.5%, Rint = 8.34%, Rsig 

= 7.07%) and 4833 (78.92%) were greater than 2σ(F2). The final cell constants of a = 

34.566(2) Å, b = 17.1421(8) Å, c = 17.1901(10) Å, and volume = 10185.7(10) Å3 were 

based on the refinement of the XYZ-centroids of reflections above 20 σ(I). The calculated 

minimum and maximum transmission coefficients were 0.8214 and 1.0000. The structure 

was solved and refined using space group Iba2, with Z = 8 for the formula unit 

C47H31N9O9S4Zn2.
84,85 The final anisotropic full-matrix least-squares refinement on F2 with 

641 variables converged at R1 = 4.40% for the observed data and wR2 = 8.87% for all 

data. The goodness-of-fit was 1.017. The largest peak in the final difference electron 

density synthesis was 0.921 e−/Å3, and the largest hole was −0.357 e−/Å3 with an RMS 

deviation of 0.071e−/Å3. On the basis of the final model, the calculated density was 1.467 

g/cm3, and F(000) was 4576 e−. 

 

Steady-State and Time-Resolved Fluorescence Studies 

For steady-state fluorescence analysis, DMF and chlorobenzene solutions of NDC and 

DPTTZ ligands and suspensions of Zn2(NDC)2(DPTTZ), Zn2(BDC)2(DPTTZ)2, and 

Zn2(NDC)2(BPY) MOFs were used.  

For time-correlated single-photon counting (TCSPC) measurements, drop-cast 

films of NDC, BDC, and DPTTZ ligands and MOFs were prepared on Fisherbrand Plain 

Microscope Slides from corresponding chlorobenzene solutions or suspensions (2 mg/mL, 

0.25 mL). The films were allowed to dry in open air for 0.5 h before the measurements. 
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Fluorescence Sensing Studies  

For fluorescence titration studies, stock solutions of Hg(OTf)2, Mn(NO3)2, Fe(ClO4)2, 

Co(NO3)2, Ni(NO3)2, Cu(NO3)2, and Cd(NO3)2 in DMF (6 mM) were added to MOF 

suspensions (0.1 mg/mL, 2 mL) and spectra were recorded at increasing salt concentrations 

(10−1000 μM). 

 

2.4.Conclusions 

In summary, we have constructed a new luminescent pillared paddle-wheel framework 

Zn2(NDC)2(DPTTZ), featuring NDC struts as antenna chromophores and DPTTZ pillars 

as energy acceptors and light emitters. The overlapping emission and absorption spectra of 

these two ligands enabled efficient inter-ligand energy transfer leading to exclusively 

DPTTZ-centric long-wavelength emission regardless of the excitation wavelength. Time-

resolved fluorescence measurements revealed a much shorter excited state lifetime of 

Zn2(NDC)2(DPTTZ) than a control MOF Zn2(NDC)2(BPY) devoid of the energy acceptor, 

which was consistent with the faster fluorescence decay of DPTTZ than NDC. 

Furthermore, Zn2(NDC)2(DPTTZ) was able to selectively sense Hg2+, a toxic heavy metal 

ion, at µM concentrations. In the presence of Hg2+, the characteristic DPTTZ-centric 

emission peak of this MOF underwent significant red-shift, while other transition metal 

ions merely caused modest PL quenching but no shift. The PXRD profile of the Hg2+-

treated framework remained unchanged and the original PL characteristic could be 

recovered by DMF washing, demonstrating that it could, in principle, serve as a reusable 

Hg2+ sensor. Although the limited hydrolytic stability of Zn2 pillared paddle-wheel MOFs 
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could hinder real-life application of Zn2(NDC)2(DPTTZ) as a Hg2+ sensor, this promising 

proof-of-concept demonstration inspired us to construct a Zr(IV)-based framework 

featuring dibenzoate-terminated TTZ ligands, which is expected to be water-stable at a 

wide pH range32 and could qualify as a practical Hg2+ sensor. Thus, this work presents a 

new luminescent MOF with ligand-centric emission, efficient ligand-to-ligand energy 

transfer, and selective Hg2+ sensing capabilities, which will likely trigger an upsurge of 

TTZ-based MOFs for various applications. 
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Electrical Conductivity Enhancement in Fe2(DEBDC) versus Mn2(DEBDC) (E = 

S, O). J. Am. Chem. Soc. 2015, 137, 6164−6167. 

47. Sheberla, D.; Sun, L.; Blood-Forsythe, M. A.; Er, S.; Wade, C. R.; Brozek, C. K.; 
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CHAPTER THREE 

GUEST-PROMOTED BANDGAP TUNING OF AN ELECTROACTIVE METAL-

ORGANIC FRAMEWORK 

 

(Permission for Copyright: Reprinted (adapted) with permission from ACS Appl. Mater. 

Interfaces 2017, 9, 32413−32417. Copyright (2017) American Chemical Society.) 

 

3.1.Introduction 

Narrow bandgap semiconductors with tunable electrical conductivity have been widely 

used in electronic devices worldwide. The electronics industries are currently ruled by 

crystalline inorganic semiconductors and conjugated organic polymer. Metal-organic 

frameworks (MOFs), owing to the excellent tunability in their structural and electronic 

properties, can be a potential narrow-band semiconductor if the requirements are fulfilled. 

MOFs1 possess highly ordered extended structures containing metal ions and organic 

ligands and can be predesigned for the long-range charge movement. However, the metal 

cluster nodes that connect the organic linkers to the extended framework in the MOF limit 

the charge transport (through-bond and through-space) within the framework. The reason 

behind this poor transport and charge carrier density is due to the nature of most metal 

clusters (metal-carboxylate bond) and large spatial separation between the linkers.2,3 

Therefore, MOFs exhibiting narrow bandgap are not very common.3-8 However, MOFs 

constructed from redox-active organic ligands and mixed-valence metal ions showing high 

charge mobility, carrier density, and conductivity have been reported.6, 9-12 
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Although a reasonable choice of metal ions and organic linkers can lead to higher intrinsic 

conductivity, a slight (sub-Å) increase in the inter-ligand distance can cause drastic changes 

in the conductivity.11 Therefore, post-synthetic tuning of electronic property by redox-

active guest incorporation in the porous MOF has drawn greater interest from researchers. 

In this regard, Saha and co-workers13 reported conductivity enhancement of an 

electroactive MOF by complementary guest π-systems, which facilitated the long-range 

charge transport in the framework. 

This chapter describes the utilization of the guest-promoted, as mentioned earlier, 

electronic property tuning strategy to reduce the bandgap of an electroactive MOF-74 

analog. The MOF-74 was constructed from NDI-based ligand DSNDI and zinc metal ions. 

This study used an electron-deficient NDI-based ligand since NDI units can form 

donor/acceptor charge transfer (CT) complexes with other electron-rich π-systems and 

facilitate charge delocalization.14-17 
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3.2.Results and discussions 

For this study, the DSNDI ligand was synthesized from the NDA (naphthalene 

dianhydride) and 4-aminosalicylic acid under reflux conditions.18 The MOF-74 was then 

made from the DSNDI ligand and Zn2+ via a solvothermal reaction (Figure 3.1).  

 

 

 

Figure 3.1: Synthetic route and structure of MOF-74. 

 

To confirm the structural integrity of the as-synthesized MOF-74, the powder x-ray 

diffraction (PXRD) pattern was recorded. The PXRD of the as-synthesized MOF-74 

matched with the PXRD pattern of traditional MOF-74 topology19 and calculated20 pattern 

for DSNDI-based MOF-74 analog (Figure 3.2). Additionally, the TTF-doped MOF-74 

showed the same PXRD pattern (Figure 3.2) as pristine MOF-74 confirms the structural 

retention of the MOF-74 upon TTF encapsulation. 
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Figure 3.2: PXRD of MOF-74-(Left) simulated and experimental. (Right) undoped (black) 

and TTF-doped (blue). 

 

Furthermore, the thermal stability of the pristine and TTF-doped MOF-74 was 

determined by thermogravimetric analysis (TGA). The TGA-DSC analysis revealed that 

the pristine MOF-74 and TTF-doped MOF-74 are stable up to 380 °C and 420 °C, 

respectively. Phase transition happened in the case of both samples beyond these 

temperatures (Figure 3.3). 

The presence of TTF guests in the doped MOF-74 was further confirmed by the 

energy-dispersive x-ray spectroscopy (EDX) (Figure 3.4) and elemental analysis (Table 

3.1). Both studies revealed the presence of sulfur (characteristics of TTF) in the TTF-doped 

MOF-74, whereas sulfur is absent in the pristine MOF-74. These results demonstrated the 

successful incorporation of TTF guests in the MOF-74. 
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Figure 3.3: The TGA (solid lines) and DSC (dotted lines) profiles of DSNDI-based pristine 

MOF-74 (black) and TTF-doped MOF-74 (red).  

 

Table 3.1: Elemental analysis of pristine MOF-74 and TTF-doped MOF-74. 

Elements Pristine MOF-74 

Zn2(C28H10N2O10)(H2O)5(C3H7NO)1.5 

TTF-doped MOF-74 

Zn2(C28H10N2O10)(H2O)5 .(C6H4S4)0.2 

Calculated Found Calculated Found 

C 45.13 44.72 44.06 43.29 

H 3.55 3.40 2.63 2.82 

N 5.67 6.00 3.52 3.69 

S –– –– 3.22 3.40 
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Figure 3.4: SEM-EDX data of pristine MOF-74 (top) and TTF-doped MOF-74 (bottom).  
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Diffused reflectance spectra (DRS) studies were performed to understand the 

electronic property change upon TTF encapsulation in the MOF-74. For this study, DRS 

of DSNDI ligand, TTF, MOF-74, and TTF-doped MOF-74 were recorded (Figure 3.4). 

The optical bandgap of the pristine and TTF-doped MOF-74 was calculated from the DRS 

spectra. The MOF-74 displayed DSNDI ligand-based UV-vis absorption with a λmax = 410 

nm. The bandgap of pristine MOF-74 (~2.1 eV) was calculated from the onset of this signal 

at 600 nm. On the other hand, the TTF-doped MOF-74 showed a new CT band centered at 

900 nm. The optical bandgap of the TTF-doped MOF was calculated (~1 eV) from the 

onset point of this new CT band (1250 nm). Such a dramatic drop in optical band gap was 

attributed to the intercalation of electron-rich TTF guests between electron-deficient 

DSNDI ligands leading to the formation of π- donor/acceptor stacks. This reduction of the 

optical band gap is attributed to the π-donor/acceptor interaction between the DSNDI 

linkers in the MOF-74 and intercalated TTF guests. 

 

Figure 3.5: UV−vis−NIR spectra of DSNDI ligand (black), TTF guest (green), DSNDI-

based MOF-74 (blue), and TTF-doped DSNDI-based MOF-74 (red). 
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3.3.Experimental  

3.3.1. General materials and methods 

All chemicals, including Zn(NO3)2.6H2O, 1,4,5,8-naphthalenetetracarboxylic dianhydride 

(NDA), 4-aminosalicylic acid, and solvents (DMF, EtOH, MeOH, DMSO-d6), were 

purchased from Sigma-Aldrich, Acros Organic, TCI America, and Cambridge Isotope 

Laboratory, and used as obtained. 

 

1H NMR 

The 1H spectrum was recorded on a Bruker 400 MHz NMR spectrometer.  

 

Powder x-ray diffraction (PXRD) 

PXRD analyses of MOF-74 and TTF-doped MOF-74 were performed in a Rigaku Ultima 

IV X-ray diffractometer equipped with a Cu Kα radiation source (λ = 1.5406 Å) and a CCD 

area detector.   

 

Diffuse reflectance spectroscopy (DRS) 

The UV/Vis/NIR spectra of the ligand, MOF-74,  TTF, and TTF-doped MOF-74 were 

recorded with Shimadzu UV-2600 spectrophotometers equipped with integrated spheres 

for diffuse reflectance measurements (200–1400 nm range). The optical band gaps of the 

materials were calculated from the onset of their longest wavelength absorption bands 

using the following equation: Eg = 1240 / λ eV.21,22 
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TGA-DSC 

Thermogravimetric analysis (TGA) and differential scanning calorimetric (DSC) analysis 

were conducted under a N2 atmosphere using a TA Instrument SDT Q600 instrument. 

 

SEM-EDX 

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) of 

the samples are performed on a Hitachi Variable Pressure SEM S3400 instrument.  

 

Elemental analysis 

Elemental (CHNS) analyses of pristine MOF-74 and TTF-doped MOF-74 were recorded 

conducted by Atlantic Microlab Inc. 

 

3.3.2. Synthesis   

DSNDI ligand 

DSNDI ligand was synthesized by refluxing NDA (2.68 g, 10 mmol), 4-aminosalicylic 

acid (4.6 g, 30 mmol), and Me3SiCl (6.4 mL, 50 mmol) in DMF (12 mL) for 14 h.23 After 

allowing the mixture to cool to room temperature, the solid precipitate was filtered and 

washed first with EtOAc, then with an aqueous NaOH solution (1 M), and finally with H2O 

and MeOH to obtain a yellow solid (0.27 g, yield = 5 %). 1H NMR (400 MHz, DMSO-d6, 

25 °C): δ = 8.72 (s, 4H), δ = 7.88–7.86 (d, 2H), δ = 6.94 (s, 2H), δ = 6.85–6.83.06 (m, 2H) 

ppm. MALDI-TOF-MS: m/z: [M]–
observed = 537.59, [M]–

calcd = 538.42. 
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DSNDI-based MOF-74 

Zn(NO3)2・6H2O (21 mg, 0.07 mmol) and DSNDI ligand (17 mg, 0.03 mmol) in a 

DMF/EtOH/H2O (3: 0.5: 0.5 mL) solvent mixture was sonicated, and then the reaction 

mixture was heated at constant 90 °C for 24 h. Within an hour, the reaction mixture became 

transparent as all the precursors dissolved completely, and after overnight heating, the 

bright yellow-colored microcrystalline powder was formed. After allowing the reaction 

mixture to cool down gradually to room temperature, and washed with fresh DMF and 

MeOH.  

 

TTF-doped MOF-74  

The activated MOF-74 (15 mg) was immersed in a TTF / MeOH solution (20 mM, 3 mL) 

and kept in the dark for 2 days. After decanting the solvent, the solid was washed with 

MeOH to remove excess TTF molecules that were not entrapped inside the MOF and dried 

under vacuum for 16 h. 

 

3.4.Conclusions 

In summary, an electroactive MOF-74 was constructed by connecting the electron-

deficient ligand (DSNDI) with the Zn2+ ion in the extended framework featuring a 

hexagonal channel. Further, the bandgap of this MOF-74 was suppressed by 1 eV upon 

encapsulating complementary electron-rich TTF guests in the MOF-74. This study 

demonstrated the utilization of π-donor/acceptor interactions between the guest and MOF 
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to tune the electronic property of the latter, which can be advantageous to develop light-

harvesting, and semiconducting MOFs. 

 

For the computational study to calculate electronic bandgap, we collaborated with Wei 

Zhou, and the detail of the computational and electrochemical studies can be found in ACS 

Appl. Mater. Interfaces 2017, 9, 32413−32417 
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CHAPTER FOUR 

IMPROVEMENT OF ELECTRICAL CONDUCTIVITY OF A MICROPOROUS 

MOF BY IN-SITU POLYMERIZATION OF CONDUCTING POLYMERS IN THE 

MOF PORES 

 

4.1.Introduction 

To date, many impressive properties of metal–organic frameworks (MOFs), including high 

surface area1-3 and porosity,1,4,5 thermal stability,6,7 chemical and structural tunability,1,8,9   

have been widely exploited for gas storage and separation,5,10-14 catalysis,15,16 and 

sensing.17-21 However, electrically conducting MOFs are still relatively less explored22-25 

despite their potential in the field of electrocatalysis,25-29 energy storage,30,31, and 

chemiresistive sensing.32-35 Most of the reported MOFs are poor electrical conductors as 

they were made up of metal-based SBUs and organic linkers that lack the presence of 

efficient charge carriers (electrons/holes) for conductivity.22-25 Inspired by their 

aforementioned potential applications, researchers have invested significant effort to build 

electrically conducting MOFs in recent years through a number of different strategies. The 

first and foremost criterion for developing electrically conductive MOFs is to incorporate 

redox-active ligands and/or mixed-valence metal ions in the MOF frameworks that present 

accessible charge carriers (electrons/ holes) for efficient charge movement inside the 

framework that results in conductivity.22-24,36,37 However, the large separation between the 

redox-active ligands in the MOF frameworks significantly hinders long-range charge 

transfer and lower electrical conductivity.23 To date, the highest reported bulk electrical 
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conductivity was shown by MOF Ni3(HTTP)2 (HTTP = 2,3,6,7,10,11-

hexaminotriphenylene) (ca. 50 S/cm) is developed by Dinca and co-workers.38 

Another approach towards conductive MOF is to incorporate electroactive guests 

inside the porous MOFs that can promote conductivity of the MOFs.22,23,25 However, in 

most cases, the guest-promoted conductivity causes a significant loss of the porosity of the 

frameworks. For instance, Allendorf and co-workers39 reported a guest-induced 

improvement of HKUST-1 (Cu3(BTC)2 MOF with σ ~10-8 S/cm to 10-2 S/cm at room 

temperature upon doping of TCNQ (7,7,8,8-tetracyanoquinododimethane) in the pores of 

MOF with a significant reduction of the porosity. 

Several investigations on MOF/polymer composites have been reported in an effort 

to improve the conductivity of MOFs with encapsulated guests while maintaining 

significant porosity and surface area of the frameworks.35,40,41 For instance, Kitagawa and 

co-workers35 reported an in-situ polymerization of EDOT (3,4-ethylenedioxythiophene) 

into conductive PEDOT (poly3,4-ethylenedioxythiophene) inside the MIL-101 (Cr), which 

led to an enhanced conductivity compared to pristine MOF (σ ~10-11 S/cm vs.  ~10-3 S/cm) 

while also partially preserving the BET surface area ( ~3100 m2/g vs. ~803 m2/g). Ballav 

and co-workers42 demonstrated a similar study of conductivity enhancement of UiO-66 

upon in-situ formation of PEDOT and PPy (polypyrrole) conductive polymers inside its 

pores that showed significantly higher conductivity (σ ~10-6 S/cm vs. 10-4 S/cm) and (σ 

~10-6 S/cm vs. ~10-2 S/cm) for UiO-66-PEDOT and UiO-66-PPy MOF/polymer 

composites, respectively.  
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In our study, an investigation of enhancement of electrical conductivity of an insulating 

3D microporous MOF Zn(NDI-H)43,44 (1) was done by incorporating in-situ polymerized 

PEDOT and PPy inside the pore of 1. The pristine 1 exhibited the electrical conductivity σ 

~10-14 S/cm,44 whereas the composites 1-PEDOT and 1-PPy showed significantly higher 

electrical conductivity σ = 1.75x10-7 S/cm and σ = 2.47x10-5 S/cm respectively. 

 

4.2.Results and Discussions 

The Zn(NDI-H) (1) was synthesized by following a protocol reported by Dinca and co-

workers.43 The simulated structure of 1 reported in the literature revealed that the extended 

three-dimensional framework of 1 consists of tetrahedrally coordinated Zn2+ ions bridged 

by pyrazolate group of the ligand ((Figure 4.1a). The framework of 1 possesses an 

approximately 16 Å wide, one-dimensional pore channel along the c-axis.43 The 

Brunauer−Emmett−Teller (BET) surface area of activated 1 was estimated as 1460 m2/g 

from N2 sorption analysis.43 The Powder X-ray Diffraction (PXRD) (Figure 4.1b) of as-

synthesized 1 matched well with the reported MOF structure, indicating the same structural 

integrity of 1. 
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Figure 4.1: a) Simulated structure of 1 (adapted with permission from ref. 43. Copyright 

2013, Royal Society of Chemistry). Carbon- Grey, Oxygen- Red, Nitrogen- Blue, and Zinc- 

Pink. b) PXRD of reported (adapted with permission from ref. 43. Copyright 2013, Royal 

Society of Chemistry) and as-synthesized 1. 

 

Towards our goal to construct guest-promoted electrically conductive MOF, we 

have selected conducting poly(3,4-ethylenedioxythiophene) (PEDOT) and polypyrrole 

(PPy) organic polymers to incorporate as a guest inside the cavity of 1. The channel size 

of 1 is sufficiently large to accommodate EDOT or Py monomer inside the pore for the in-

situ polymerization of these monomers to PEDOT and PPy, respectively. The PEDOT and 

PPy incorporation into the MOF cavity was carried out in two steps: a) loading of 
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respective monomers 3,4-ethylenedioxythiophene (EDOT) and pyrrole (Py) into the cavity 

of 1, which are referred to as 1-EDOT and 1-Py. b) oxidative polymerization of the 

monomers inside the MOF cavity. The 1-EDOT was exposed to I2 vapor at 90C and 1-

Py to I2 solution (in hexane) at room temperature, respectively, which are referred to as 1-

PEDOT and 1-PPy.  

The monomer EDOT and Py loading in 1 was estimated as approximately 12% 

(Figure 4.2a) and 8% (Figure 4.2b) from the thermogravimetric analysis (TGA).35 In the 

TGA profile of 1-EDOT and 1-Py, the first weight loss (A) in the TGA of 1-EDOT and 

1-PPy corresponds to the loss of loosely bound solvent and monomer EDOT and Py, 

respectively. The second weight loss (B) is attributed to the loss of adsorbed EDOT and Py 

in the pores of 1. The TGA analysis of pristine 1 showed that it is stable up to 450 C and 

the immediate weight loss up to 50 C, corresponding to the solvent molecules (Figure 

4.2c). The continuous weight loss of 1-PEDOT and 1-Py composite starting at 

approximately 350 °C and 450 °C can be attributed to a gradual decomposition of the 

polymer  (Figure 4.2c ).  
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Figure 4.2: TGA profile of- a) 1-EDOT. b) 1-Py. c) 1, 1-PEDOT, 1-PPy.  

 

Furthermore, the PXRD data were recorded to confirm the retention of the structure 

of 1 after monomer loading and in-situ polymerization. The PXRD of both monomer-

loaded 1-EDOT, 1-Py, and polymerized 1-PEDOT and 1-PPy matched well with the 

PXRD of the pristine 1 (Figure 4.3), indicating the retention of the MOF structure after 

monomer loading and polymerization. 
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Figure 4.3: PXRD pattern of as-synthesized 1, monomer loaded (1-EDOT, 1-Py), and 

MOF-polymer composites (1-PEDOT, 1-PPy) 

 

Moreover, to confirm PEDOT and PPy formation inside the MOF, PEDOT and 

PPy from the respective MOF-polymer composites were extracted, and FTIR spectrum was 

recorded for both bulk polymers and the extracted polymers. The IR vibrational bands of 

the extracted PEDOT and PPy from 1-PEDOT and 1-PPy matched with the characteristic 

IR signals of PEDOT (Figure 4.4a) and Py (Figure 4.4b), respectively, and confirm the 

incorporation of polymers inside the MOF pore.42,45 For the PEDOT, the signals at 

approximately 1518 cm-1 and 1352 cm-1 corresponded to the stretching vibration of C=C 

and C-C bonds, respectively. Other characteristic signals approximately at 1211 cm-1, 1068 

cm-1, and 984 cm-1, 840 cm-1 were attributed to the vibrational stretching of C-O-C and C-

S bonds, respectively (Figure 4.4a).45 
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Figure 4.4: FTIR spectra of -a) bulk PEDOT (Black) and extracted PEDOT (Red), b) 

bulk PPy (black), and extracted PPy (blue). 

 

The signals that appeared for PPy (Figure 4.4b) at approximately 779 and 891 cm-

1 are due to C-H out of plane deformation, 1045 cm-1 for C-N or N-H in-plane deformation, 

1270 cm-1 for C-H or C-N in-plane deformation. Other characteristic signals at 

approximately 1454 cm-1 and 1554 cm-1 are for C-N stretching C-C stretching vibrations 

of the pyrrole ring, respectively.46 

The elemental mapping from energy dispersive X-ray (EDX) coupled with STEM 

revealed that pristine 1 lacked sulfur (S) (characteristics of PEDOT polymer) and iodine 

(I) dopant (Figure 4.5a-b and 4.6a) whereas, sulfur and iodine are present in the 1-

PEDOT composite (Figure 4.5c-f and 4.6b). The STEM-EDX studies also confirm the 

homogeneous distribution of the PEDOT polymer inside the 1 (Figure 4.5c-f), suggesting 
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the successful incorporation of PEDOT in the pore of 1. Importantly, EDX elemental 

mapping of monomer composite 1-EDOT exhibited the presence of sulfur which confirms 

the incorporation of EDOT in the pore of 1 (Appendix C). 

 

 

Figure 4.5: Elemental mapping of 1 (a-b) and 1-PEDOT (c-f).

1 µm 
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Figure 4.6: EDX spectra of (a) 1. (b) 1-PEDOT.
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Finally, the electrical conductivity (σ) of pristine 1, 1-PEDOT, and 1-PPy was measured 

by a two-probe direct current-voltage (I-V) technique using a pressed pellet (Figure 4.7). 

The electrical conductivity pristine 1 is reported as approximately σ < 10-14 S/cm.44 For the 

control experiment, pristine 1 was exposed to iodine  (I2) at 90 °C for 48h hours and washed 

with solvents to remove excess iodine that is not trapped in the MOF. The iodine doped 1 

(1- I2-doped) exhibited similar conductivity as pristine 1 (Table 4.1). Gratifyingly, both 1-

PEDOT (σ ~ 1.75x10-7 S/cm) and 1-PPy (σ ~ 2.47x10-5 S/cm) displayed much higher 

conductivity compared to pristine 1 and 1- I2-doped  (σ < 10-14). This enhancement of 

electrical conductivity in the composite 1-PEDOT and 1-PPy can be attributed to the better 

charge transport/conduction through the PEDOT and PPy polymer chains inside the pore 

of 1. 

 

 

Figure 4.7: Current-Voltage (I-V) plots.  

 

 



 

101 
 

Table 4.1: Electrical conductivity of pristine 1, control samples and 1-PEDOT and 1-

PPy. 

 

Samples 

Conductivity σ (S/cm) 

Pressed pellet 

 

Pristine 1 < 10-14  

1-I2-doped < 10-14  

Control experiment Bulk PEDOT 1.95 x10-8 

Bulk PPy 1.214 x10-5 

1-PEDOT 1.75x10-7   

MOF-polymer composites 1-PPy 2.47x10-5 

 

 

 

 

Figure 4.8: Arrhenius plot of (a) 1-PEDOT. (b) 1-PPy 
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The temperature-dependent electrical conductivity measurement of  1-PEDOT and 

1-PPy reflected the semiconducting behavior of these composites. As expected, the 

electrical conductivity of 1-PEDOT and 1-PPy increased with the increase in the 

temperature and showed a linear fit in the Arrhenius plot (Figure 4.8). The thermal 

activation energy (Ea) for 1-PEDOT and 1-PPy is calculated as 0.154 eV and 0.098 eV, 

respectively, from the Arrhenius plot. The higher conductivity of 1-PEDOT and 1-PPy 

than pristine 1 and lower thermal activation energy can be attributed to the formation of 

PEDOT and PPy in the MOF cavity.  

 

4.3.Experimental 

4.3.1. General materials and methods 

1,4,5,8-Naphthalenetetracarboxylic dianhydride (NDA), 3,5-dimethyl-1H-pyrazol-4-

amine, EDOT, Py, Iodine crystals, DMF, diethyl ether, and other solvents were purchased 

from TCI America, ChemBridge, Acros Organic, Alfa Aesar, Fischer chemicals, and VWR 

chemicals and used as-obtained. 

  

1H NMR 

The proton NMR spectrum was recorded on a Bruker 500 MHz NMR spectrometer.  

 

Powder X-ray diffraction (PXRD) 

 PXRD analyses were performed in a Rigaku Ultima IV X-ray diffractometer equipped 

with a Cu Kα radiation source (λ = 1.5406 Å) and a CCD area detector.   
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Thermogravimetric analysis (TGA)  

TGA was performed in a TA Instruments SDT Q600 at a heating rate of 5 °C under N2 

were performed to determine the thermal stability of pristine MOF and MOF/polymer 

composites.  

 

FTIR  

The FT-IR spectra of the MOF, MOF/polymer composites, and polymers (extracted and 

bulk) were recorded on a Shimadzu IRAffinity-1S spectrometer. 

I-V measurement 

Using a two-probe technique, the current-voltage (I-V) measurements were performed on 

pressed pellets of the pristine MOF and MOF/polymer composites at 293K. For 

constructing the pellets, a two-probe device with two precision-cut stainless-steel rods with 

flat round tips (radius = 0.135 cm) and a Teflon tube was used. At first, a thin layer of silver 

was painted on each rod's tip for better electrical contact between the electrodes. Then the 

materials (approximately 2.5 mg) for this measurement were placed between the two rods 

in a Teflon tube followed by pressing under approximately 200MPa pressure for about a 

minute in a digital Parr Pellet Press. The conductivity was calculated using the slope 

obtained from the I-V curve using the following equation σ = L/RA.47 

L = thickness of the pellet = total length of the device with pressed material – length of the 

device without the material (measured by using a Neiko Electronic Digital Caliper) 

R = resistance of the pellet showed in I-V plot, and 

A = area of the pellet (=0.057 cm2).  



 

104 
 

Temperature-dependent I-V measurements were also carried out using this same two-probe 

technique. 

 

STEM-EDX  

Scanning Transmission Electron Microscopy (STEM) elemental mapping was recorded in 

SU9000 coupled with the energy dispersive x-ray (EDX). 

 

4.3.2. Synthesis 

Synthesis of NDI-H 

 1,4,5,8-Naphthalenetetracarboxylic dianhydride (NDA) (300 g, 1.12 mmol) and 3,5-

dimethyl-1H-pyrazol-4-amine (274.29 mg, 2.382 mmol) was refluxed in anhydrous DMF 

(15 mL) under N2 atmosphere for 8hrs.43 Diethyl ether was added to the dark brown mixture 

obtained from the reaction, and the precipitated solid was filtered, followed by 

recrystallization from DMF/diethyl ether to get NDI-H ligand. The NMR of the obtained 

product matched well with the reported NMR.  

 

Synthesis of Zn(NDI-H) (1) 

1 was synthesized by following a reported protocol.43 H2NDI-H (40 mg, 0.088 mmol) and 

Zn(NO3)2 .6H2O (28.4 mg, 0.096 mmol) were dissolved in 7 mL DMF, and the vial 

containing the reaction mixture was kept in an oven at 130 °C for 24h. The resulting MOF 

was then washed with fresh DMF, MeOH, and diethyl ether at room temperature, 
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respectively. Then the obtained MOF was activated at 120 °C under vacuum for 24h and 

used for polymerization. 

 

Synthesis of 1-PEDOT 

The activated pristine 1 was exposed to monomer EDOT (1µl for 10 mg of 1) diluted in 

diethyl ether (1.5 ml) for approximately 48h. The excess monomer was then removed under 

reduced pressure to obtain 1-EDOT. Oxidative polymerization of 1-EDOT was then 

performed by exposing it to iodine (I2) at 90 °C for 48h.35,42 The obtained polymerized 1-

PEDOT samples were then washed consecutively with hexane, MeOH, H2O, and acetone 

to remove excess iodine and dried overnight under vacuum. 

 

Synthesis of 1-PPy 

The activated pristine 1 (75 mg) was exposed to pure pyrrole (Py) (1.5 mL) under N2 for 

48h.42 1-Py was obtained by removing excess Py under reduced pressure. Oxidant I2 

solution (0.05M, in hexane)48 was added to the 1-Py and the mixture was kept at room 

temperature for 24h followed by thorough washing with hexane, methanol, and acetone to 

obtain 1-PPy composite.  

 

Synthesis of Bulk PEDOT 

Bulk PEDOT was synthesized from solution polymerization by following a reported 

protocol.42 I2 (1.12g, 4.4 mmol) was dissolved in toluene (15 mL), and then the solution 
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was added to EDOT (0.25 g, 1.75 mmol) followed by heating at 90 °C for 48h. The 

obtained black mass was then washed thoroughly with hexane and acetone. 

 

Synthesis of Bulk PPy 

To synthesize bulk PPy, FeCl3 (0.9 g) was dissolved in water and added slowly to the 166 

µl Py (molar ratio of FeCl3: Py = 2.30: 1) at room temperature for 24 hr under constant 

stirring.49 The resulting polymer was then washed thoroughly with water and methanol.  

 

1-I2-doped 

The activated pristine 1 was exposed to iodine (I2) at 90 °C for 48h. The obtained sample 

was then washed consecutively with hexane, MeOH, H2O, and acetone to remove excess 

iodine and dried overnight under vacuum and used for I-V measurement as a control. 

 

Extraction of Polymers 

1-PEDOT and 1-PPy composites were immersed in an aqueous NaOH (pH ~14) solution 

for 48h, followed by thorough washing with water and methanol.42 PEDOT and PPy 

extracted from the composites were dried under vacuum and used for FTIR analysis. 

 

4.4. Conclusions 

In summary, we have demonstrated that the conductivity of an insulating MOF increases 

upon in-situ polymerization of PEDOT and PPy inside the MOF cavity. In comparison to 

the pristine 1, the MOF-polymer composites 1-PEDOT and 1-PPy exhibited significantly 
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higher electrical conductivity σ ~ 1.75x10-7 S/cm and σ ~ 2.47x10-5 S/cm, respectively. 

These results demonstrate guest promoted electrical conductivity enhancement in the 

porous MOF. The BET surface area measurements are needed to be done to investigate 

further the change of porosity and degree of retention of porosity in the MOF-polymer 

composites. If the BET analysis shows significant retention of porosity, then the 

chemiresistive sensing of the MOF-polymer composites would be investigated. 
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APPENDIX A 

SINGLE CRYSTAL X-RAY DATA FOR Zn2(NDC)2(DPTTZ)·(DMF)2 

Table A.1. Sample and crystal data for Zn2(NDC)2(DPTTZ)·(DMF)2 

Chemical formula C44H34N6O10S2Zn2 

Formula weight 1001.63 g/mol 

Temperature 140(2) K 

Wavelength 0.71073 Å 

Crystal size 0.051 x 0.132 x 0.187 mm 

Crystal system triclinic 

Space group P -1 

Unit cell dimensions a = 8.0961(13) Å 

 b = 10.5093(15) Å α = 75.761(5)° 

 c = 12.981(2) Å β = 77.486(6)° 

Volume 1044.5(3) Å3 γ = 88.858(5)° 

Z 1  

Density (calculated) 1.592 g/cm3 

Absorption coefficient 1.317 mm-1 

F(000) 512 
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Table A.2. Data collection and structure refinement for 

Zn2(NDC)2(DPTTZ)·(DMF)2 

Theta range for data 

collection 
2.58 to 26.39° 

Index ranges -10<=h<=10, -13<=k<=13, -16<=l<=16 

Reflections collected 49321 

Independent 

reflections 
4257 [R(int) = 0.0587] 

Max. and min. 

transmission 
0.9360 and 0.7910 

Structure solution 

technique 
direct methods 

Structure solution 

program 
XT, VERSION 2014/4 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2014/7 (Sheldrick, 2014) 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / 

parameters 
4257 / 34 / 335 

Goodness-of-fit on F2 1.093 

Δ/σmax 0.001 

Final R indices 3889 data; I>2σ(I) 
R1 = 0.0350, wR2 = 

0.0838 

 all data 
R1 = 0.0406, wR2 = 

0.0862 

Weighting scheme 
w=1/[σ2(Fo

2)+(0.0318P)2+2.0747P] 

where P=(Fo
2+2Fc

2)/3 
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Largest diff. peak and 

hole 
0.671 and -0.913 eÅ-3 

R.M.S. deviation from 

mean 
0.082 eÅ-3 

 

Table A.3. Atomic coordinates and equivalent isotropic atomic 

displacement parameters (Å2) for Zn2(NDC)2(DPTTZ)·(DMF)2 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.  

 

 x/a y/b z/c U(eq) 

Zn1 0.84272(3) 0.91783(3) 0.54592(2) 0.00903(9) 

S1 0.74958(10) 0.54570(9) 0.02038(8) 0.0402(2) 

O1 0.8200(2) 0.90637(18) 0.39430(14) 0.0191(4) 

O2 0.0563(2) 0.03303(19) 0.33439(15) 0.0218(4) 

O3 0.0172(2) 0.77645(17) 0.54189(16) 0.0182(4) 

O4 0.2569(2) 0.90071(16) 0.48068(15) 0.0157(4) 

N1 0.6416(3) 0.8105(2) 0.65052(17) 0.0144(4) 

N2 0.0651(4) 0.6352(3) 0.8820(2) 0.0362(7) 

C1 0.9395(3) 0.9674(3) 0.3201(2) 0.0162(5) 

C2 0.9422(4) 0.9633(3) 0.2047(2) 0.0201(6) 

C3 0.8338(4) 0.8741(3) 0.1836(2) 0.0298(7) 

C4 0.8363(4) 0.8703(4) 0.0786(2) 0.0341(8) 

C5 0.0544(4) 0.0451(3) 0.0106(2) 0.0231(6) 

C6 0.0500(4) 0.0462(3) 0.1198(2) 0.0231(6) 
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 x/a y/b z/c U(eq) 

C7 0.1761(3) 0.7917(2) 0.5129(2) 0.0135(5) 

C8 0.2762(3) 0.6694(2) 0.5155(2) 0.0146(5) 

C9 0.1896(3) 0.5448(3) 0.5489(2) 0.0199(6) 

C10 0.2770(3) 0.4325(3) 0.5481(2) 0.0191(6) 

C11 0.5435(3) 0.5624(2) 0.4838(2) 0.0142(5) 

C12 0.4493(3) 0.6769(2) 0.4838(2) 0.0144(5) 

C13 0.6620(4) 0.6906(3) 0.7118(3) 0.0304(7) 

C14 0.5307(4) 0.6159(3) 0.7862(3) 0.0352(8) 

C15 0.3700(4) 0.6658(3) 0.7994(2) 0.0229(6) 

C16 0.3478(4) 0.7888(3) 0.7359(2) 0.0233(6) 

C17 0.4860(3) 0.8578(3) 0.6633(2) 0.0204(6) 

C18 0.2235(4) 0.5950(3) 0.8792(2) 0.0255(6) 

C19 0.9639(4) 0.5507(3) 0.9695(3) 0.0307(7) 

N3 0.3575(13) 0.8058(11) 0.1576(8) 0.049(2) 

C20 0.4061(15) 0.9131(14) 0.2005(11) 0.060(3) 

C21 0.255(2) 0.6960(14) 0.2340(14) 0.074(4) 

C22 0.4156(19) 0.8066(16) 0.0531(11) 0.073(3) 

O5 0.3912(16) 0.7109(13) 0.0223(9) 0.110(4) 

N3B 0.2733(11) 0.7460(9) 0.1763(6) 0.0519(19) 

C21B 0.1461(14) 0.6594(10) 0.2549(9) 0.079(3) 

C20B 0.3868(13) 0.8173(15) 0.2136(10) 0.082(3) 

C22B 0.2861(13) 0.7624(10) 0.0703(7) 0.073(3) 

O5B 0.3947(13) 0.8294(11) 0.9983(7) 0.108(3) 
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Table A.4. Bond lengths (Å) for Zn2(NDC)2(DPTTZ)·(DMF)2 

Zn1-N1 2.032(2) Zn1-O3 2.0317(18) 

Zn1-O4 2.0353(17) Zn1-O1 2.0486(18) 

Zn1-O2 2.0764(19) Zn1-Zn1 2.9558(7) 

S1-C19 1.715(3) S1-C18 1.760(3) 

O1-C1 1.262(3) O2-C1 1.253(3) 

O2-Zn1 2.0764(19) O3-C7 1.262(3) 

O4-C7 1.262(3) O4-Zn1 2.0353(17) 

N1-C17 1.337(3) N1-C13 1.343(4) 

N2-C18 1.337(4) N2-C19 1.371(4) 

C1-C2 1.505(3) C2-C6 1.370(4) 

C2-C3 1.410(4) C3-C4 1.369(4) 

C3-H3 0.95 C4-C5 1.413(4) 

C4-H4 0.95 C5-C4 1.413(4) 

C5-C6 1.413(4) C5-C5 1.420(6) 

C6-H6 0.95 C7-C8 1.503(3) 

C8-C12 1.370(4) C8-C9 1.421(4) 

C9-C10 1.366(4) C9-H9 0.95 

C10-C11 1.420(4) C10-H10 0.95 

C11-C12 1.412(3) C11-C10 1.420(4) 

C11-C11 1.424(5) C12-H12 0.95 

C13-C14 1.376(4) C13-H13 0.95 

C14-C15 1.385(4) C14-H14 0.95 
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C15-C16 1.383(4) C15-C18 1.469(4) 

C16-C17 1.380(4) C16-H16 0.95 

C17-H17 0.95 C18-S1 1.760(3) 

C19-C19 1.365(6) N3-C22 1.335(13) 

N3-C21 1.456(18) N3-C20 1.469(15) 

C20-

H20A 
0.98 

C20-

H20B 
0.98 

C20-

H20C 
0.98 

C21-

H21A 
0.98 

C21-

H21B 
0.98 

C21-

H21C 
0.98 

C22-O5 1.205(14) C22-H22 0.95 

N3B-

C22B 
1.324(10) 

N3B-

C20B 
1.428(14) 

N3B-

C21B 
1.434(13) 

C21B-

H21D 
0.98 

C21B-

H21E 
0.98 

C21B-

H21F 
0.98 

C20B-

H20D 
0.98 

C20B-

H20E 
0.98 

C20B-

H20F 
0.98 

C22B-

O5B 
1.220(12) 

C22B-

H22B 
0.95   
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Table A.5. Bond angles (°) for Zn2(NDC)2(DPTTZ)·(DMF)2 

N1-Zn1-O3 100.14(8) N1-Zn1-O4 100.20(8) 

O3-Zn1-O4 159.46(7) N1-Zn1-O1 105.08(8) 

O3-Zn1-O1 88.01(8) O4-Zn1-O1 89.47(7) 

N1-Zn1-O2 95.51(8) O3-Zn1-O2 87.44(8) 

O4-Zn1-O2 87.78(8) O1-Zn1-O2 159.39(8) 

N1-Zn1-Zn1 163.18(6) O3-Zn1-Zn1 79.58(5) 

O4-Zn1-Zn1 80.13(5) O1-Zn1-Zn1 91.73(6) 

O2-Zn1-Zn1 67.68(6) C19-S1-C18 87.99(14) 

C1-O1-Zn1 112.26(16) C1-O2-Zn1 142.98(18) 

C7-O3-Zn1 127.81(16) C7-O4-Zn1 126.81(16) 

C17-N1-C13 117.7(2) C17-N1-Zn1 121.49(18) 

C13-N1-Zn1 120.79(19) C18-N2-C19 106.5(3) 

O2-C1-O1 125.2(2) O2-C1-C2 116.8(2) 

O1-C1-C2 118.0(2) C6-C2-C3 119.8(3) 

C6-C2-C1 120.1(2) C3-C2-C1 120.1(3) 

C4-C3-C2 120.1(3) C4-C3-H3 119.9 

C2-C3-H3 119.9 C3-C4-C5 121.4(3) 

C3-C4-H4 119.3 C5-C4-H4 119.3 

C4-C5-C6 122.6(3) C4-C5-C5 118.5(3) 

C6-C5-C5 118.9(3) C2-C6-C5 121.3(3) 

C2-C6-H6 119.3 C5-C6-H6 119.3 

O4-C7-O3 125.4(2) O4-C7-C8 117.7(2) 
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O3-C7-C8 116.9(2) C12-C8-C9 119.8(2) 

C12-C8-C7 120.8(2) C9-C8-C7 119.4(2) 

C10-C9-C8 120.6(2) C10-C9-H9 119.7 

C8-C9-H9 119.7 C9-C10-C11 120.6(2) 

C9-C10-H10 119.7 C11-C10-H10 119.7 

C12-C11-C10 122.0(2) C12-C11-C11 119.2(3) 

C10-C11-C11 118.8(3) C8-C12-C11 121.0(2) 

C8-C12-H12 119.5 C11-C12-H12 119.5 

N1-C13-C14 123.0(3) N1-C13-H13 118.5 

C14-C13-H13 118.5 C13-C14-C15 119.0(3) 

C13-C14-H14 120.5 C15-C14-H14 120.5 

C16-C15-C14 118.3(3) C16-C15-C18 118.8(3) 

C14-C15-C18 122.9(3) C17-C16-C15 119.2(3) 

C17-C16-H16 120.4 C15-C16-H16 120.4 

N1-C17-C16 122.8(3) N1-C17-H17 118.6 

C16-C17-H17 118.6 N2-C18-C15 122.6(3) 

N2-C18-S1 116.6(2) C15-C18-S1 120.8(2) 

C19-C19-N2 119.0(4) C19-C19-S1 109.9(3) 

N2-C19-S1 131.1(2) C22-N3-C21 121.8(13) 

C22-N3-C20 120.2(12) C21-N3-C20 117.9(11) 

N3-C20-H20A 109.5 N3-C20-H20B 109.5 

H20A-C20-

H20B 
109.5 N3-C20-H20C 109.5 

H20A-C20-

H20C 
109.5 

H20B-C20-

H20C 
109.5 
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N3-C21-H21A 109.5 N3-C21-H21B 109.5 

H21A-C21-

H21B 
109.5 N3-C21-H21C 109.5 

H21A-C21-

H21C 
109.5 

H21B-C21-

H21C 
109.5 

O5-C22-N3 119.2(16) O5-C22-H22 120.4 

N3-C22-H22 120.4 
C22B-N3B-

C20B 
119.6(10) 

C22B-N3B-

C21B 
121.5(9) 

C20B-N3B-

C21B 
118.9(9) 

N3B-C21B-

H21D 
109.5 

N3B-C21B-

H21E 
109.5 

H21D-C21B-

H21E 
109.5 

N3B-C21B-

H21F 
109.5 

H21D-C21B-

H21F 
109.5 

H21E-C21B-

H21F 
109.5 

N3B-C20B-

H20D 
109.5 

N3B-C20B-

H20E 
109.5 

H20D-C20B-

H20E 
109.5 

N3B-C20B-

H20F 
109.5 

H20D-C20B-

H20F 
109.5 

H20E-C20B-

H20F 
109.5 

O5B-C22B-

N3B 
125.7(11) 

O5B-C22B-

H22B 
117.1 

N3B-C22B-

H22B 
117.1   
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TableA.6. Anisotropic atomic displacement parameters (Å2) for 

Zn2(NDC)2(DPTTZ)·(DMF)2 

The anisotropic atomic displacement factor exponent takes the form: -2π2[ h2 a*2 

U11 + ... + 2 h k a* b* U12 ]  

 U11 U22 U33 U23 U13 U12 

Zn1 0.00820(15) 0.00842(14) 0.00926(14) 
-

0.00165(10) 
0.00004(10) 0.00054(10) 

S1 0.0199(4) 0.0370(5) 0.0450(5) 0.0147(4) 0.0044(3) -0.0002(3) 

O1 0.0248(10) 0.0210(10) 0.0116(9) -0.0057(7) -0.0024(8) 0.0002(8) 

O2 0.0247(11) 0.0286(11) 0.0146(9) -0.0072(8) -0.0073(8) -0.0006(8) 

O3 0.0113(9) 0.0131(9) 0.0284(10) -0.0040(8) -0.0020(8) 0.0038(7) 

O4 0.0141(9) 0.0101(8) 0.0227(10) -0.0041(7) -0.0037(7) 0.0030(7) 

N1 0.0133(11) 0.0143(10) 0.0136(10) -0.0019(8) -0.0001(8) -0.0022(8) 

N2 0.0302(15) 0.0264(14) 0.0336(15) 0.0084(11) 0.0149(12) -0.0061(11) 

C1 0.0201(14) 0.0179(13) 0.0132(12) -0.0069(10) -0.0064(10) 0.0077(10) 

C2 0.0205(14) 0.0282(15) 0.0139(13) -0.0091(11) -0.0045(11) 0.0016(11) 

C3 0.0305(17) 0.0415(18) 0.0159(14) -0.0069(13) -0.0004(12) -0.0148(14) 

C4 0.0353(18) 0.050(2) 0.0182(15) -0.0113(14) -0.0020(13) -0.0216(15) 

C5 0.0213(14) 0.0333(16) 0.0158(13) -0.0088(12) -0.0028(11) -0.0040(12) 

C6 0.0235(15) 0.0321(16) 0.0164(13) -0.0097(12) -0.0052(11) -0.0038(12) 

C7 0.0148(13) 0.0120(12) 0.0143(12) -0.0036(9) -0.0044(10) 0.0031(10) 

C8 0.0136(12) 0.0118(12) 0.0184(13) -0.0043(10) -0.0033(10) 0.0034(10) 

C9 0.0100(12) 0.0153(13) 0.0318(15) -0.0037(11) -0.0011(11) 0.0011(10) 

C10 0.0139(13) 0.0111(12) 0.0308(15) -0.0047(11) -0.0020(11) -0.0004(10) 

C11 0.0125(12) 0.0110(12) 0.0183(13) -0.0033(10) -0.0024(10) 0.0018(10) 
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 U11 U22 U33 U23 U13 U12 

C12 0.0144(13) 0.0094(11) 0.0198(13) -0.0041(10) -0.0043(10) 0.0020(9) 

C13 0.0177(15) 0.0235(15) 0.0375(18) 0.0070(13) 0.0038(13) 0.0040(12) 

C14 0.0218(16) 0.0237(16) 0.044(2) 0.0128(14) 0.0034(14) 0.0030(12) 

C15 0.0183(14) 0.0223(14) 0.0228(14) 0.0008(11) -0.0001(11) -0.0028(11) 

C16 0.0154(14) 0.0245(15) 0.0256(15) -0.0016(12) -0.0002(11) 0.0030(11) 

C17 0.0180(14) 0.0187(13) 0.0198(13) 0.0011(11) -0.0005(11) 0.0001(11) 

C18 0.0165(14) 0.0240(15) 0.0276(15) 0.0039(12) 0.0014(12) -0.0003(11) 

C19 0.0192(15) 0.0297(16) 0.0340(17) 0.0038(13) 0.0008(13) 0.0004(12) 

N3 0.045(5) 0.072(6) 0.041(4) -0.031(5) -0.014(4) 0.021(4) 

C20 0.041(5) 0.092(8) 0.062(6) -0.045(7) -0.012(4) 0.017(6) 

C21 0.078(8) 0.064(8) 0.074(8) -0.015(6) -0.010(8) 0.012(7) 

C22 0.078(6) 0.094(7) 0.059(5) -0.044(5) -0.017(6) 0.033(6) 

O5 0.134(7) 0.140(8) 0.070(6) -0.050(6) -0.029(5) 0.041(8) 

N3B 0.042(4) 0.071(6) 0.043(4) -0.015(4) -0.010(4) 0.014(3) 

C21B 0.070(6) 0.066(6) 0.080(6) 0.016(5) -0.009(6) 0.005(5) 

C20B 0.051(5) 0.133(9) 0.058(5) -0.026(8) -0.001(4) -0.009(7) 

C22B 0.082(6) 0.094(7) 0.056(5) -0.041(5) -0.020(5) 0.030(5) 

O5B 0.128(6) 0.141(7) 0.045(4) -0.011(5) -0.010(4) 0.026(6) 
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Table A.7. Hydrogen atomic coordinates 

and isotropic atomic displacement 

parameters (Å2) for 

Zn2(NDC)2(DPTTZ)·(DMF)2 

 x/a y/b z/c U(eq) 

H3 0.7588 0.8165 0.2423 0.036 

H4 0.7630 0.8095 0.0655 0.041 

H6 1.1233 1.1056 0.1346 0.028 

H9 1.0697 0.5397 0.5719 0.024 

H10 1.2172 0.3500 0.5692 0.023 

H12 1.5067 0.7604 0.4615 0.017 

H13 0.7719 0.6559 0.7035 0.036 

H14 0.5500 0.5312 0.8278 0.042 

H16 0.2389 0.8253 0.7422 0.028 

H17 0.4697 0.9426 0.6205 0.025 

H20A 0.3526 0.8972 1.2780 0.09 

H20B 0.5294 0.9173 1.1912 0.09 

H20C 0.3686 0.9965 1.1608 0.09 

H21A 0.2252 0.7139 1.3062 0.11 

H21B 0.1518 0.6844 1.2091 0.11 

H21C 0.3200 0.6158 1.2380 0.11 

H22 0.4756 0.8817 1.0035 0.088 

H21D 0.1570 0.6604 1.3285 0.119 

H21E 0.0337 0.6886 1.2448 0.119 

H21F 0.1608 0.5700 1.2453 0.119 

H20D 0.3608 0.7942 1.2934 0.122 
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 x/a y/b z/c U(eq) 

H20E 0.5035 0.7948 1.1865 0.122 

H20F 0.3739 0.9117 1.1865 0.122 

H22B 0.2035 0.7182 1.0486 0.087 
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APPENDIX B 

SINGLE CRYSTAL X-RAY DATA FOR Zn2(1,4-BDC)2(DPTTZ)2·(DMF) 

 

Table B.1. Sample and crystal  data for Zn2(1,4-BDC)2(DPTTZ)2·(DMF) 

Chemical formula C47H31N9O9S4Zn2 

Formula weight 1124.79 g/mol 

Temperature 140(2) K 

Wavelength 0.71073 Å 

Crystal size 0.028 x 0.031 x 0.299 mm 

Crystal system orthorhombic 

Space group I b a 2 

Unit cell dimensions a = 34.566(2) Å 

 b = 17.1421(8) Å α = 90° 

 c = 17.1901(10) Å β = 90° 

Volume 10185.7(10) Å3 γ = 90° 

Z 8  

Density (calculated) 1.467 g/cm3 

Absorption coefficient 1.168 mm-1 

F(000) 4576 
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Table B.2. Data collection and structure refinement for Zn2(1,4-BDC)2(DPTTZ)2·(DMF) 

Theta range for data 

collection 
2.38 to 22.00° 

Index ranges -36<=h<=36, -18<=k<=17, -17<=l<=18 

Reflections collected 23443 

Independent 

reflections 
6124 [R(int) = 0.0834] 

Max. and min. 

transmission 
1.0000 and 0.8214 

Structure solution 

technique 
direct methods 

Structure solution 

program 
SHELXT-2014 (Sheldrick 2014) 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2014 (Sheldrick 2014) 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / 

parameters 
6124 / 1 / 641 

Goodness-of-fit on F2 1.017 

Δ/σmax 0.002 

Final R indices 4833 data; I>2σ(I) 
R1 = 0.0440, wR2 = 

0.0816 

 all data 
R1 = 0.0675, wR2 = 

0.0887 

Weighting scheme 
w=1/[σ2(Fo

2)+(0.0353P)2+8.3300P] 

where P=(Fo
2+2Fc

2)/3 
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Absolute structure 

parameter 
0.4(0) 

Largest diff. peak and 

hole 
0.921 and -0.357 eÅ-3 

R.M.S. deviation from 

mean 
0.071 eÅ-3 

 

Table B.3. Atomic coordinates and equivalent isotropic atomic displacement 

parameters (Å2) for Zn2(1,4-BDC)2(DPTTZ)2·(DMF) 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.  

 

 x/a y/b z/c U(eq) 

Zn1 0.59615(3) 0.61664(6) 0.58690(7) 0.0211(3) 

Zn2 0.66280(3) 0.68371(6) 0.41134(7) 0.0221(3) 

S1 0.56215(10) 0.04308(15) 0.5236(2) 0.0464(10) 

S2 0.62673(9) 0.19315(14) 0.65611(18) 0.0375(8) 

S3 0.62509(9) 0.26103(14) 0.3589(2) 0.0400(8) 

S4 0.69265(9) 0.10919(14) 0.48317(18) 0.0375(8) 

O1 0.65270(19) 0.6211(3) 0.6176(4) 0.0268(18) 

O2 0.6817(2) 0.6862(4) 0.5211(4) 0.0322(19) 

O3 0.7814(2) 0.7969(4) 0.8705(4) 0.0342(19) 

O4 0.8245(2) 0.8085(4) 0.7769(5) 0.039(2) 

O5 0.5769(2) 0.6130(4) 0.4760(4) 0.037(2) 

O6 0.6067(2) 0.6853(4) 0.3857(4) 0.032(2) 

O7 0.4184(3) 0.6111(4) 0.2215(5) 0.040(2) 
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 x/a y/b z/c U(eq) 

O8 0.4602(2) 0.6159(4) 0.1283(5) 0.042(2) 

N1 0.5932(2) 0.7434(4) 0.5908(7) 0.026(2) 

N2 0.6133(3) 0.0325(4) 0.6340(5) 0.033(2) 

N3 0.5757(3) 0.2039(4) 0.5448(5) 0.035(3) 

N4 0.5993(2) 0.4927(4) 0.5834(6) 0.026(2) 

N5 0.6646(2) 0.5590(4) 0.4092(6) 0.020(2) 

N6 0.6812(3) 0.2708(4) 0.4609(5) 0.029(2) 

N7 0.6356(3) 0.1008(4) 0.3815(5) 0.035(3) 

N8 0.6591(3) 0.8109(4) 0.4175(7) 0.030(2) 

C1 0.6791(3) 0.6627(5) 0.5890(7) 0.024(2) 

C2 0.7098(3) 0.6906(5) 0.6424(6) 0.022(3) 

C3 0.7412(3) 0.7286(5) 0.6146(6) 0.031(3) 

C4 0.7684(3) 0.7603(5) 0.6646(6) 0.026(3) 

C5 0.7632(3) 0.7567(5) 0.7435(6) 0.023(3) 

C6 0.7317(3) 0.7174(6) 0.7726(6) 0.032(3) 

C7 0.7051(3) 0.6848(5) 0.7223(6) 0.035(3) 

C8 0.7915(4) 0.7909(6) 0.8003(7) 0.033(3) 

C9 0.5787(3) 0.6463(5) 0.4109(7) 0.020(2) 

C10 0.5457(3) 0.6371(5) 0.3587(6) 0.031(3) 

C11 0.5102(3) 0.6092(6) 0.3842(7) 0.036(3) 

C12 0.4793(3) 0.6028(6) 0.3319(7) 0.041(3) 

C13 0.4840(3) 0.6192(6) 0.2541(6) 0.030(3) 

C14 0.5197(4) 0.6458(7) 0.2277(7) 0.055(4) 

C15 0.5506(4) 0.6549(7) 0.2803(7) 0.049(4) 
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 x/a y/b z/c U(eq) 

C16 0.4525(4) 0.6141(6) 0.2000(7) 0.030(3) 

C17 0.6152(3) 0.7857(5) 0.6388(7) 0.033(3) 

C18 0.6149(3) 0.8665(5) 0.6395(7) 0.036(3) 

C19 0.5915(3) 0.9063(5) 0.5905(8) 0.027(3) 

C20 0.5676(3) 0.8616(5) 0.5408(6) 0.038(3) 

C21 0.5695(3) 0.7820(6) 0.5445(6) 0.034(3) 

C22 0.5915(3) 0.9905(5) 0.5880(8) 0.030(3) 

C23 0.6071(3) 0.1088(5) 0.6179(6) 0.027(3) 

C24 0.5818(4) 0.1264(5) 0.5607(6) 0.031(3) 

C25 0.5979(3) 0.2450(5) 0.5907(8) 0.027(3) 

C26 0.5995(3) 0.3305(5) 0.5874(7) 0.024(2) 

C27 0.6238(3) 0.3727(5) 0.6362(6) 0.027(3) 

C28 0.6224(3) 0.4538(5) 0.6320(6) 0.026(3) 

C29 0.5766(4) 0.4506(6) 0.5384(7) 0.037(3) 

C30 0.5759(3) 0.3698(5) 0.5391(7) 0.037(3) 

C31 0.6858(3) 0.5175(5) 0.4576(6) 0.025(3) 

C32 0.6850(3) 0.4377(5) 0.4629(6) 0.026(3) 

C33 0.6604(3) 0.3977(5) 0.4134(7) 0.020(2) 

C34 0.6378(3) 0.4398(5) 0.3591(6) 0.024(3) 

C35 0.6416(3) 0.5191(5) 0.3604(6) 0.028(3) 

C36 0.6582(3) 0.3117(5) 0.4156(8) 0.027(3) 

C37 0.6438(3) 0.1760(5) 0.3951(7) 0.033(3) 

C38 0.6730(4) 0.1938(5) 0.4478(7) 0.034(3) 

C39 0.6598(3) 0.0587(5) 0.4249(6) 0.024(3) 
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 x/a y/b z/c U(eq) 

C40 0.6602(3) 0.9727(5) 0.4234(7) 0.028(3) 

C41 0.6870(3) 0.9304(6) 0.4639(6) 0.037(3) 

C42 0.6854(3) 0.8499(6) 0.4596(6) 0.035(3) 

C43 0.6327(3) 0.8534(6) 0.3799(7) 0.039(3) 

C44 0.6323(3) 0.9322(5) 0.3807(6) 0.037(3) 

O9 0.7522(3) 0.9864(5) 0.5890(6) 0.066(3) 

C45 0.7534(4) 0.9909(9) 0.7969(8) 0.076(5) 

C46 0.7028(5) 0.021(2) 0.7119(11) 0.29(2) 

C47 0.7612(4) 0.9835(7) 0.6566(11) 0.059(4) 

N9 0.7404(3) 0.9925(6) 0.7183(6) 0.051(3) 

 

Table B.4. Bond lengths (Å) for Zn2(1,4-BDC)2(DPTTZ)2·(DMF) 

Zn1-O5 2.021(7) Zn1-O1 2.026(7) 

Zn1-O8 2.075(8) Zn1-N4 2.129(7) 

Zn1-N1 2.177(7) Zn1-O7 2.370(8) 

Zn1-C16 2.571(11) Zn2-O6 1.988(7) 

Zn2-O2 1.997(7) Zn2-O3 2.078(7) 

Zn2-N5 2.140(7) Zn2-N8 2.187(7) 

Zn2-O4 2.355(8) Zn2-C8 2.515(12) 

S1-C24 1.705(10) S1-C22 1.753(12) 

S2-C23 1.728(10) S2-C25 1.747(11) 

S3-C37 1.712(9) S3-C36 1.736(11) 

S4-C38 1.714(10) S4-C39 1.745(11) 
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O1-C1 1.259(11) O2-C1 1.238(12) 

O3-C8 1.262(13) O3-Zn2 2.078(7) 

O4-C8 1.247(13) O4-Zn2 2.355(8) 

O5-C9 1.257(12) O6-C9 1.254(11) 

O7-C16 1.237(13) O7-Zn1 2.370(8) 

O8-C16 1.261(12) O8-Zn1 2.075(8) 

N1-C21 1.318(13) N1-C17 1.336(13) 

N2-C22 1.308(13) N2-C23 1.354(12) 

N3-C25 1.306(13) N3-C24 1.373(11) 

N4-C29 1.317(13) N4-C28 1.334(12) 

N4-Zn1 2.129(7) N5-C31 1.317(12) 

N5-C35 1.342(12) N6-C36 1.316(13) 

N6-C38 1.368(12) N7-C39 1.333(12) 

N7-C37 1.339(12) N8-C43 1.334(13) 

N8-C42 1.340(13) N8-Zn2 2.187(7) 

C1-C2 1.480(14) C2-C3 1.355(13) 

C2-C7 1.386(13) C3-C4 1.386(13) 

C3-H3 0.95 C4-C5 1.369(14) 

C4-H4 0.95 C5-C6 1.374(13) 

C5-C8 1.503(15) C6-C7 1.380(13) 

C6-H6 0.95 C7-H7 0.95 

C8-Zn2 2.515(12) C9-C10 1.462(14) 

C10-C11 1.388(14) C10-C15 1.391(14) 

C11-C12 1.399(14) C11-H11 0.95 

C12-C13 1.377(15) C12-H12 0.95 
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C13-C14 1.390(15) C13-C16 1.435(14) 

C14-C15 1.407(15) C14-H14 0.95 

C15-H15 0.95 C16-Zn1 2.571(11) 

C17-C18 1.385(13) C17-H17 0.95 

C18-C19 1.353(15) C18-H18 0.95 

C19-C20 1.412(16) C19-C22 1.443(12) 

C20-C21 1.368(13) C20-H20 0.95 

C21-H21 0.95 C23-C24 1.350(13) 

C25-C26 1.468(12) C26-C30 1.344(14) 

C26-C27 1.390(14) C27-C28 1.392(12) 

C27-H27 0.95 C28-H28 0.95 

C29-C30 1.384(13) C29-H29 0.95 

C30-H30 0.95 C31-C32 1.372(13) 

C31-H31 0.95 C32-C33 1.383(14) 

C32-H32 0.95 C33-C34 1.416(14) 

C33-C36 1.476(12) C34-C35 1.366(12) 

C34-H34 0.95 C35-H35 0.95 

C37-C38 1.389(14) C39-C40 1.474(13) 

C40-C41 1.368(14) C40-C44 1.397(13) 

C41-C42 1.384(13) C41-H41 0.95 

C42-H42 0.95 C43-C44 1.352(13) 

C43-H43 0.95 C44-H44 0.95 

O9-C47 1.205(16) C45-N9 1.425(14) 

C45-H45A 0.98 C45-H45B 0.98 

C45-H45C 0.98 C46-N9 1.393(19) 
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C46-H46A 0.98 C46-H46B 0.98 

C46-H46C 0.98 C47-N9 1.292(16) 

C47-H47 0.95   

 

Table B.5. Bond angles (°) for Zn2(1,4-BDC)2(DPTTZ)2·(DMF) 

O5-Zn1-O1 124.4(3) O5-Zn1-O8 90.9(3) 

O1-Zn1-O8 144.8(3) O5-Zn1-N4 87.7(3) 

O1-Zn1-N4 89.7(3) O8-Zn1-N4 93.0(3) 

O5-Zn1-N1 92.5(3) O1-Zn1-N1 90.0(3) 

O8-Zn1-N1 87.2(3) N4-Zn1-N1 179.7(4) 

O5-Zn1-O7 148.3(3) O1-Zn1-O7 87.2(3) 

O8-Zn1-O7 57.7(3) N4-Zn1-O7 89.9(3) 

N1-Zn1-O7 90.0(3) O5-Zn1-C16 119.9(4) 

O1-Zn1-C16 115.7(4) O8-Zn1-C16 29.1(3) 

N4-Zn1-C16 92.2(3) N1-Zn1-C16 87.9(3) 

O7-Zn1-C16 28.6(3) O6-Zn2-O2 121.8(3) 

O6-Zn2-O3 145.8(3) O2-Zn2-O3 90.7(3) 

O6-Zn2-N5 92.2(3) O2-Zn2-N5 91.6(3) 

O3-Zn2-N5 97.2(3) O6-Zn2-N8 86.5(3) 

O2-Zn2-N8 87.2(3) O3-Zn2-N8 84.9(3) 

N5-Zn2-N8 177.6(4) O6-Zn2-O4 87.9(3) 

O2-Zn2-O4 149.9(3) O3-Zn2-O4 59.2(3) 

N5-Zn2-O4 91.9(3) N8-Zn2-O4 90.1(4) 

O6-Zn2-C8 116.2(4) O2-Zn2-C8 120.6(4) 
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O3-Zn2-C8 30.0(3) N5-Zn2-C8 98.1(3) 

N8-Zn2-C8 84.3(3) O4-Zn2-C8 29.4(3) 

C24-S1-C22 87.9(5) C23-S2-C25 87.5(5) 

C37-S3-C36 88.4(5) C38-S4-C39 87.6(5) 

C1-O1-Zn1 128.3(7) C1-O2-Zn2 149.5(7) 

C8-O3-Zn2 94.5(7) C8-O4-Zn2 82.4(7) 

C9-O5-Zn1 144.0(7) C9-O6-Zn2 131.9(6) 

C16-O7-Zn1 84.7(7) C16-O8-Zn1 97.9(7) 

C21-N1-C17 117.0(8) C21-N1-Zn1 120.8(8) 

C17-N1-Zn1 122.2(7) C22-N2-C23 108.4(9) 

C25-N3-C24 108.2(9) C29-N4-C28 116.8(8) 

C29-N4-Zn1 122.2(7) C28-N4-Zn1 120.7(7) 

C31-N5-C35 116.7(8) C31-N5-Zn2 123.0(7) 

C35-N5-Zn2 120.1(7) C36-N6-C38 107.0(9) 

C39-N7-C37 106.9(9) C43-N8-C42 117.0(8) 

C43-N8-Zn2 124.1(7) C42-N8-Zn2 118.9(7) 

O2-C1-O1 127.1(10) O2-C1-C2 115.4(9) 

O1-C1-C2 117.4(10) C3-C2-C7 118.5(10) 

C3-C2-C1 120.6(10) C7-C2-C1 120.5(10) 

C2-C3-C4 120.9(10) C2-C3-H3 119.6 

C4-C3-H3 119.6 C5-C4-C3 120.5(10) 

C5-C4-H4 119.8 C3-C4-H4 119.8 

C4-C5-C6 119.2(10) C4-C5-C8 122.6(11) 

C6-C5-C8 118.1(10) C5-C6-C7 119.8(10) 

C5-C6-H6 120.1 C7-C6-H6 120.1 



 

138 

 

C6-C7-C2 121.0(10) C6-C7-H7 119.5 

C2-C7-H7 119.5 O4-C8-O3 122.8(11) 

O4-C8-C5 118.8(11) O3-C8-C5 118.2(11) 

O4-C8-Zn2 68.2(6) O3-C8-Zn2 55.5(6) 

C5-C8-Zn2 165.9(8) O6-C9-O5 126.0(10) 

O6-C9-C10 116.6(10) O5-C9-C10 117.3(10) 

C11-C10-C15 119.3(11) C11-C10-C9 122.2(11) 

C15-C10-C9 118.4(11) C10-C11-C12 119.9(11) 

C10-C11-H11 120.1 C12-C11-H11 120.1 

C13-C12-C11 121.2(11) C13-C12-H12 119.4 

C11-C12-H12 119.4 C12-C13-C14 119.2(11) 

C12-C13-C16 121.8(12) C14-C13-C16 118.8(10) 

C13-C14-C15 120.0(11) C13-C14-H14 120.0 

C15-C14-H14 120.0 C10-C15-C14 120.3(11) 

C10-C15-H15 119.8 C14-C15-H15 119.8 

O7-C16-O8 119.7(11) O7-C16-C13 122.2(11) 

O8-C16-C13 118.1(11) O7-C16-Zn1 66.6(6) 

O8-C16-Zn1 53.1(6) C13-C16-Zn1 170.2(9) 

N1-C17-C18 122.9(11) N1-C17-H17 118.6 

C18-C17-H17 118.6 C19-C18-C17 120.3(11) 

C19-C18-H18 119.8 C17-C18-H18 119.8 

C18-C19-C20 116.8(8) C18-C19-C22 121.4(11) 

C20-C19-C22 121.8(11) C21-C20-C19 119.1(10) 

C21-C20-H20 120.5 C19-C20-H20 120.5 

N1-C21-C20 123.9(10) N1-C21-H21 118.1 
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C20-C21-H21 118.1 N2-C22-C19 122.3(11) 

N2-C22-S1 115.6(7) C19-C22-S1 122.1(10) 

C24-C23-N2 118.0(9) C24-C23-S2 110.1(7) 

N2-C23-S2 131.9(9) C23-C24-N3 117.5(9) 

C23-C24-S1 110.0(7) N3-C24-S1 132.5(9) 

N3-C25-C26 122.5(10) N3-C25-S2 116.7(6) 

C26-C25-S2 120.8(9) C30-C26-C27 118.5(8) 

C30-C26-C25 120.1(10) C27-C26-C25 121.3(10) 

C26-C27-C28 117.9(10) C26-C27-H27 121.0 

C28-C27-H27 121.0 N4-C28-C27 123.4(10) 

N4-C28-H28 118.3 C27-C28-H28 118.3 

N4-C29-C30 123.6(10) N4-C29-H29 118.2 

C30-C29-H29 118.2 C26-C30-C29 119.7(10) 

C26-C30-H30 120.1 C29-C30-H30 120.1 

N5-C31-C32 124.7(10) N5-C31-H31 117.7 

C32-C31-H31 117.7 C31-C32-C33 117.8(10) 

C31-C32-H32 121.1 C33-C32-H32 121.1 

C32-C33-C34 119.5(8) C32-C33-C36 120.7(10) 

C34-C33-C36 119.8(10) C35-C34-C33 116.3(9) 

C35-C34-H34 121.8 C33-C34-H34 121.8 

N5-C35-C34 125.0(10) N5-C35-H35 117.5 

C34-C35-H35 117.5 N6-C36-C33 121.1(10) 

N6-C36-S3 117.6(7) C33-C36-S3 121.3(9) 

N7-C37-C38 118.7(9) N7-C37-S3 132.5(10) 

C38-C37-S3 108.9(7) N6-C38-C37 118.1(9) 
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N6-C38-S4 132.5(10) C37-C38-S4 109.4(7) 

N7-C39-C40 122.6(9) N7-C39-S4 117.4(6) 

C40-C39-S4 120.0(9) C41-C40-C44 118.2(9) 

C41-C40-C39 121.8(10) C44-C40-C39 120.0(10) 

C40-C41-C42 118.3(10) C40-C41-H41 120.9 

C42-C41-H41 120.9 N8-C42-C41 123.6(11) 

N8-C42-H42 118.2 C41-C42-H42 118.2 

N8-C43-C44 123.3(11) N8-C43-H43 118.4 

C44-C43-H43 118.4 C43-C44-C40 119.6(10) 

C43-C44-H44 120.2 C40-C44-H44 120.2 

N9-C45-H45A 109.5 N9-C45-H45B 109.5 

H45A-C45-

H45B 
109.5 N9-C45-H45C 109.5 

H45A-C45-

H45C 
109.5 

H45B-C45-

H45C 
109.5 

N9-C46-H46A 109.5 N9-C46-H46B 109.5 

H46A-C46-

H46B 
109.5 N9-C46-H46C 109.5 

H46A-C46-

H46C 
109.5 

H46B-C46-

H46C 
109.5 

O9-C47-N9 130.0(14) O9-C47-H47 115.0 

N9-C47-H47 115.0 C47-N9-C46 119.9(13) 

C47-N9-C45 126.9(12) C46-N9-C45 112.0(12) 
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Table B.6. Anisotropic atomic displacement parameters (Å2) for Zn2(1,4- 

BDC)2(DPTTZ)2·(DMF) 

The anisotropic atomic displacement factor exponent takes the form: -2π2[ h2 a*2 U11 + ... 

+ 2 h k a* b* U12 ]  

 U11 U22 U33 U23 U13 U12 

Zn1 0.0268(8) 0.0112(5) 0.0253(7) 0.0011(6) -0.0023(7) -0.0013(5) 

Zn2 0.0278(8) 0.0109(5) 0.0276(7) -0.0001(6) 0.0010(7) -0.0032(5) 

S1 0.071(3) 0.0125(14) 0.056(2) 
-

0.0010(14) 
-0.023(2) 

-

0.0013(15) 

S2 0.048(2) 0.0142(14) 0.050(2) 0.0009(15) 
-

0.0106(16) 

-

0.0010(13) 

S3 0.052(2) 0.0136(14) 0.054(2) 0.0018(14) 
-

0.0125(18) 

-

0.0026(14) 

S4 0.056(2) 0.0117(14) 0.0453(19) 
-

0.0006(14) 

-

0.0087(17) 
0.0008(13) 

O1 0.019(4) 0.021(4) 0.040(5) 0.002(3) -0.004(4) -0.008(3) 

O2 0.055(6) 0.022(4) 0.019(5) -0.003(4) -0.001(4) -0.006(4) 

O3 0.040(5) 0.033(4) 0.030(5) -0.006(4) -0.006(4) -0.002(3) 

O4 0.031(6) 0.034(4) 0.051(6) -0.007(4) -0.003(5) -0.003(4) 

O5 0.057(6) 0.022(4) 0.032(5) 0.004(4) -0.006(4) 0.001(4) 

O6 0.031(5) 0.020(4) 0.046(5) 0.008(3) 0.001(4) -0.002(3) 

O7 0.031(6) 0.044(5) 0.045(5) 0.003(4) -0.009(5) -0.007(4) 

O8 0.053(6) 0.033(4) 0.041(6) -0.003(4) -0.007(5) -0.006(4) 

N1 0.028(6) 0.020(4) 0.030(6) 0.000(6) 0.003(5) -0.001(4) 

N2 0.043(7) 0.009(5) 0.047(7) 0.003(4) 0.001(5) -0.001(4) 

N3 0.062(8) 0.009(5) 0.033(6) 0.010(4) -0.015(5) 0.007(4) 

N4 0.028(6) 0.015(4) 0.035(5) -0.003(6) -0.012(5) 0.002(4) 
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 U11 U22 U33 U23 U13 U12 

N5 0.024(6) 0.022(4) 0.014(5) -0.006(5) 0.003(5) 0.000(4) 

N6 0.042(7) 0.013(5) 0.032(6) 0.000(4) 0.004(5) -0.002(4) 

N7 0.044(7) 0.009(5) 0.052(7) -0.004(4) -0.009(5) -0.001(4) 

N8 0.039(6) 0.013(4) 0.038(6) -0.008(5) -0.008(5) -0.003(4) 

C1 0.020(7) 0.010(5) 0.042(8) -0.001(6) 0.006(6) -0.003(5) 

C2 0.022(7) 0.016(5) 0.029(7) 0.003(5) -0.003(6) -0.007(5) 

C3 0.051(9) 0.030(6) 0.013(6) -0.003(5) -0.005(6) 0.000(6) 

C4 0.024(7) 0.026(6) 0.029(7) 0.005(5) 0.001(6) -0.008(5) 

C5 0.022(7) 0.032(6) 0.016(6) -0.004(5) -0.005(5) -0.005(5) 

C6 0.031(8) 0.045(7) 0.020(7) 0.000(6) -0.003(6) -0.010(6) 

C7 0.043(8) 0.026(6) 0.034(8) -0.001(5) 0.006(6) -0.009(5) 

C8 0.042(9) 0.020(6) 0.039(9) -0.003(6) -0.003(7) 0.006(6) 

C9 0.022(7) 0.013(5) 0.024(6) -0.009(6) -0.006(6) 0.014(5) 

C10 0.029(8) 0.028(6) 0.036(8) -0.003(5) 0.000(6) 0.006(5) 

C11 0.025(8) 0.048(7) 0.035(8) 0.011(6) -0.005(6) -0.003(6) 

C12 0.023(8) 0.042(7) 0.056(9) 0.001(6) 0.004(7) -0.005(6) 

C13 0.030(8) 0.037(6) 0.024(7) 0.003(5) -0.010(6) 0.006(6) 

C14 0.040(10) 0.097(11) 0.030(8) 0.006(7) -0.001(7) -0.006(8) 

C15 0.035(9) 0.076(9) 0.035(9) 0.010(7) -0.005(7) -0.016(7) 

C16 0.033(9) 0.028(6) 0.030(8) 0.003(6) -0.005(7) -0.005(6) 

C17 0.052(9) 0.009(6) 0.039(8) -0.005(5) -0.007(7) 0.004(5) 

C18 0.036(8) 0.020(6) 0.053(9) -0.012(6) -0.007(7) -0.003(5) 

C19 0.039(7) 0.011(5) 0.030(6) 0.011(6) -0.002(6) 0.004(5) 

C20 0.073(11) 0.010(6) 0.031(7) -0.002(5) -0.016(7) 0.014(6) 
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 U11 U22 U33 U23 U13 U12 

C21 0.042(9) 0.025(6) 0.035(8) 0.004(5) -0.017(6) -0.004(6) 

C22 0.041(8) 0.012(5) 0.038(7) -0.003(6) 0.010(7) 0.000(5) 

C23 0.034(8) 0.017(6) 0.030(7) -0.004(5) 0.002(6) -0.001(5) 

C24 0.047(9) 0.006(6) 0.040(9) 0.002(5) -0.002(7) -0.007(5) 

C25 0.037(7) 0.013(5) 0.030(7) 0.003(6) -0.005(6) 0.002(5) 

C26 0.032(7) 0.016(5) 0.024(6) 0.002(7) 0.005(6) -0.002(5) 

C27 0.024(8) 0.019(6) 0.039(7) 0.001(5) -0.005(6) 0.007(5) 

C28 0.024(8) 0.022(6) 0.031(7) -0.005(5) -0.002(6) -0.011(5) 

C29 0.058(10) 0.020(6) 0.033(7) 0.008(6) -0.015(7) 0.008(6) 

C30 0.047(9) 0.017(6) 0.046(8) -0.006(6) -0.020(7) -0.011(6) 

C31 0.032(8) 0.020(6) 0.022(7) -0.011(5) 0.000(6) -0.003(5) 

C32 0.037(8) 0.014(6) 0.026(7) 0.000(5) 0.005(6) -0.005(5) 

C33 0.026(7) 0.006(5) 0.028(6) 0.003(6) 0.010(6) 0.003(5) 

C34 0.030(7) 0.006(5) 0.036(7) -0.009(5) 0.004(6) -0.006(5) 

C35 0.024(7) 0.030(7) 0.031(7) -0.004(6) -0.011(6) 0.007(5) 

C36 0.036(7) 0.018(5) 0.028(6) -0.004(6) 0.005(6) 0.000(5) 

C37 0.045(8) 0.009(5) 0.045(9) 0.010(5) -0.002(7) 0.006(5) 

C38 0.051(9) 0.009(6) 0.042(8) 0.005(5) 0.001(7) 0.005(5) 

C39 0.040(8) 0.010(5) 0.023(7) -0.004(5) 0.009(6) -0.009(5) 

C40 0.041(8) 0.021(6) 0.022(7) -0.001(6) -0.003(6) -0.002(5) 

C41 0.060(10) 0.024(7) 0.027(7) 0.007(6) -0.013(7) -0.002(6) 

C42 0.045(9) 0.013(6) 0.046(8) 0.003(5) -0.016(7) -0.009(5) 

C43 0.034(8) 0.019(6) 0.063(9) 0.011(6) -0.004(7) -0.002(5) 

C44 0.046(9) 0.022(6) 0.042(8) 0.006(5) -0.016(6) -0.004(5) 
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 U11 U22 U33 U23 U13 U12 

O9 0.072(7) 0.091(7) 0.034(6) -0.009(6) 0.002(6) -0.006(5) 

C45 0.064(12) 0.101(11) 0.064(11) 0.010(9) -0.018(9) 0.008(9) 

C46 0.042(14) 0.73(7) 0.102(18) 0.06(3) 0.006(13) 0.10(3) 

C47 0.041(9) 0.056(9) 0.080(12) 0.006(9) 0.016(10) 0.004(7) 

N9 0.027(7) 0.093(8) 0.033(7) 0.003(6) -0.004(6) -0.007(6) 

 

Table B.7. Hydrogen atomic coordinates and isotropic atomic 

displacement parameters (Å2) for Zn2(1,4 -

BDC)2(DPTTZ)2·(DMF) 

 x/a y/b z/c U(eq) 

H3 0.7447 0.7336 0.5599 0.038 

H4 0.7909 0.7848 0.6441 0.032 

H6 0.7282 0.7128 0.8272 0.038 

H7 0.6834 0.6579 0.7427 0.041 

H11 0.5069 0.5945 0.4370 0.043 

H12 0.4547 0.5868 0.3505 0.049 

H14 0.5232 0.6579 0.1743 0.066 

H15 0.5749 0.6733 0.2622 0.059 

H17 0.6318 0.7591 0.6740 0.04 

H18 0.6311 0.8940 0.6745 0.044 

H20 0.5505 0.8865 0.5054 0.045 

H21 0.5528 0.7527 0.5117 0.041 

H27 0.6407 1.3471 0.6713 0.033 
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 x/a y/b z/c U(eq) 

H28 0.6388 1.4830 0.6655 0.031 

H29 0.5598 1.4771 0.5036 0.044 

H30 0.5588 1.3423 0.5057 0.044 

H31 0.7029 0.5448 0.4913 0.03 

H32 0.7007 0.4108 0.4993 0.031 

H34 0.6209 0.4143 0.3237 0.029 

H35 0.6268 0.5483 0.3240 0.034 

H41 0.7063 -0.0443 0.4943 0.045 

H42 0.7039 -0.1794 0.4880 0.041 

H43 0.6133 -0.1731 0.3511 0.046 

H44 0.6131 -0.0401 0.3524 0.044 

H45A 0.7313 -0.0007 0.8318 0.114 

H45B 0.7651 -0.0599 0.8081 0.114 

H45C 0.7726 0.0322 0.8050 0.114 

H46A 0.6911 0.0246 0.7637 0.438 

H46B 0.7035 0.0735 0.6885 0.438 

H46C 0.6874 -0.0135 0.6791 0.438 

H47 0.7878 -0.0269 0.6661 0.071 
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APPENDIX C 

EDX SPECTRUM AND ELEMENTAL MAPPING OF 1-EDOT 
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APPENDIX D 

COPYRIGHT PERMISSION FOR CHAPTER TWO 
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APPENDIX E 

COPYRIGHT PERMISSION FOR CHAPTER THREE 
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APPENDIX F 

COPYRIGHT PERMISSION FOR FIGURE 4.1a AND REPORTED PXRD OF 

Zn(NDI-H) 4.1b 
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