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Abstract 

 

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

porous materials in which metal-containing nodes are connected by organic bridges. A larger 

variety of inorganic and organic components can be used to construct MOFs, and this versatility 

has enabled the rational design and assembly of materials having novel topologies and 

exceptional properties. 

Luminescent MOFs are potentially useful as chemically-selective sensors. We have 

discovered a new luminescent MOF synthesized by treating Eu(III) ions with 2,2′-bipyridine-

5,5′-dicarboxylic acid in N,N-diethylformamide (DEF).  The X-ray crystal structure of the 

resulting material, Eu2(C12H6N2O4)3(DEF)4(H2O)5, shows that it is a MOF with large channels 

(25 × 15 Å), and that the carboxylate groups but not the nitrogen atoms of the bipyridine units 

are bonded to the europium centers. Surface area measurements on the desolvated material 

confirmed that the material shows permanent porosity. When this material is exposed to 1,3,5-

trinitrotoluene (TNT) or smaller nitroaromatics, the fluorescence of this MOF was significantly 

quenched.  In contrast, 1,1-diphenyl-2-picrylhydrazine, a larger nitroaromatic, do not cause 

quenching.  

Treatment of Zn(II) ions with 2,2′-bipyridine-5,5′-dicarboxylic acid and formic acid gives 

a different MOF, Zn3(C12H6N2O4)2(O2CH)2•2DEF. Crystallographic studies show that this 

compound crystallizes in a chiral space group P41212 by spontaneous resolution, although the 

specimen we examined was a racemic twin. Two of the zinc atoms are five-coordinate, whereas 

the other zinc atom has an octahedral coordination environment. The nano-pores, which have 

cross sections of 0.78 × 1.53 nm, are arranged in a herringbone fashion along the c axis. 
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The ability of MOFs to withstand high pressures is necessary for many of the most 

interesting potential applications of MOFs. We carried out a high pressure study of the metal 

organic framework Zn4O(1,4-benzenedicarboxylate)3 (IRMOF-1) up to 8.93 GPa, using a 

synchrotron radiation source and a diamond anvil cell. Both as-synthesized and desolvated 

samples of IRMOF-1 retained some crystallinity to 6.57 GPa (65 700 atm) and 4.32 GPa (43 2 

00 atm), respectively.  Both begin to convert to a new material even at pressures as low as 0.21 

GPa; for the as-synthesized and desolvated material, this process is essentially complete at 8.33 

and 5.17 GPa. The diffraction pattern suggests that pressure promotes a hydrolysis reaction; the 

water molecules necessary for this reaction were absorbed from the atmosphere during sample 

handling after desolvation.  Some amorphization occurs along with the formation of the new 

phase. 
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CHAPTER 1: A Review of Metal-Organic Frameworks 

Introduction 

Metal-organic frameworks (MOFs), also known as porous coordination polymers,
1-4

 are a 

new class of zeolite-like hybrid solids. They are usually crystalline compounds built from 

organic multi-dentate organic ligands and metal ions or clusters. The two components are held 

together by covalent bonds to form extended 3-D infinite network structures. The chemistry of 

MOFs is developing at an extraordinary pace: in recent years, as shown by the increase in the 

number of published papers and reviews (Figure 1.1).
5
 MOFs have exceptionally large surface 

areas and many have permanent porosity. The highest surface areas reported to date are over 

6,000 m
2
/g.

6, 7
 MOFs usually are crystalline solids, so that the exact positions of all atoms in the 

framework can often be identified and correlated with the measured properties.  

The synthesis of MOFs is conducted under relatively mild conditions. Many kinds of 

functional groups can be incorporated directly into the structure, a feature that is sometimes 

problematic for zeolites and carbon based porous materials. More importantly, the pore size, the 

pore shape, the network topology, and the surface functionalities can be tuned systematically, 

which means that the structures and properties of MOFs may be tailored to suit the needs of a 

specific application. Porosity coupled with other properties enables MOFs to be guest-responsive 

multifunctional materials.  

In this chapter, the development of MOFs will be reviewed. The applications of MOFs in 

gas adsorption, sensing and catalysis will also be discussed. 
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Figure 1.1. Number of metal–organic framework (MOF) structures reported in the Cambridge 

Structural Database (CSD) from 1978 through 2006.
5
 The bar graph illustrates the recent 

dramatic increase in the number of reports, while the inset shows the natural log of the number of 

structures as a function of time, indicating the extraordinarily short doubling time for MOF 

structures compared to the total number of structures archived in the database. 
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Design and Synthesis of Metal-Organic Frameworks 

MOFs are constructed from two key components: inorganic connectors and organic 

linkers. In principle, a wide range of structural, optical, electrical, magnetic, and catalytic 

properties can be incorporated into the frameworks by rational design.  

Transition metal ions are often used as the inorganic components of MOFs. Different 

metal ions are well known to prefer different coordination numbers and geometries, such as 

linear, T- or Y-shaped, tetrahedral, square-planar, square-pyramidal, trigonal-bipyramidal, 

octahedral, trigonal-prismatic, and pentagonal-bipyramidal (Figure 1.2). For example, Cu(II) 

ions, which have d
9
 electronic configurations, have a preference for square-planar and tetrahedral 

geometries, but can also be found with other coordination numbers, depending on the choice of 

ligand(s) and solvent(s).
8
 Lanthanide ions are also often used to generate new and unusual 

network topologies due to their large coordination numbers (usually from 7 to 10).
9-12

 

For the organic linker, there are a wide variety of choices as well. Ligands with rigid 

backbones are often preferred, because the rigidity makes it easier to predict the network 

geometry in advance of synthesis, and in addition the rigidity also helps to sustain the open-pore 

structure after the removal of the included solvent. The linkers can be electrically neutral, anionic, 

or cationic (Figure 1.3). The most frequently used neutral organic linkers are pyrazine and 4,4-

bipyridine (bpy).
13-15

 These linkers are especially useful as pillars in the construction of pillared-

layer in 3D networks.
16, 17

 The most widely used anionic linkers are carboxylates,
18-23

 because 

they have the ability to aggregate metal ions into clusters and thereby form more stable 

frameworks. Cationic organic ligands are relatively little used, owing to their low affinities for 

cationic metal ions.
24-26
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Figure 1.2. Components of MOFs.
4
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Figure 1.3. Examples of linkers used in MOFs.
4
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In most cases, MOFs are synthesized by means of solvothermal or hydrothermal 

methods,
27-31

 in which the reactions are carried out in an organic solvent or in water at high-

temperature in closed vessels. However, these methods typically require long reaction times, 

from several hours up to several months, depending upon the MOF of interest and the reaction 

solvent, reaction temperature, reagent concentrations, and other factors. A microwave-assisted 

process has been developed that allows the large scale synthesis of MOFs in a few minutes.
32-34

 

This method can also control the crystal size from near-millimeter down to sub-micrometer by 

manipulating the temperature and the concentration of reactants in solution.  

In order to develop an environmentally friendly process, several researchers have studied 

the synthesis of MOFs under solvent-free condition.
35-37

 The mechanochemical synthesis method 

involves the use of mechanical forces to drive the solventless reactions of metal oxides with 

organic ligands at room temperature using. In addition, the electrochemical synthesis of MOFs 

on the commercial scale is employed by BASF.
38

 The metal ions are not introduced by adding 

metal salts, but instead are continuously generated by means of anodic dissolution. One 

advantage of this method is that it excludes unneeded anions during the syntheses, which 

contribute to the waste stream and can complicate the synthesis and purification. Basolite™ 

MOFs, which are manufactured by BASF by anodic dissolution, are currently being marketed by 

Sigma-Aldrich.  

One of the key advantages of MOFs is the ability to integrate complex functionalities into 

the frameworks. Sometimes, however, installing functional groups of particular interest is hard to 

achieve during MOF synthesis, but fortunately incorporating the desired functionalities may be 

realized through post-synthetic modification (PSM), which is the chemical derivatization of 
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MOFs after their formation (Scheme 1.1a).
39

 MOFs can be post-synthetically modified by means 

of several approaches, in which new functional groups are incorporated by means of non-

covalent interactions,
40-42

 coordinative interactions,
30, 43-45

 or covalent interactions.
46-49

  Some of 

the easiest methods to carry out PSM are protonation
46, 50

 and doping.
51-53

 Scheme 1.2b illustrates 

an example of PSM involving the zinc material IRMOF-3, which can be chemical modified with 

a diverse array of anhydrides and isocyanides. The advantages of the PSM method include: (1) 

the ability to incorporate a wider range of functional groups; (2) the ability to generate a series of 

functionally diverse MOFs with the same topology; (3) the ability to introduce multiple kinds of 

functional groups into the same framework.  

 

Metal-Organic Frameworks for Gas storage and Separation 

The energy needs of the US and the world are steadily increasing, which is leading to the 

steady depletion of fossil fuel reserves. Therefore, renewable ways to generate, store, and deliver 

energy are being intensively investigated. In addition, the currently is considerable public interest 

in ways to reduce carbon dioxide emissions, due to concerns about the implications of global 

warming. 
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Scheme 1.1. (a) Examples of the post-synthetic modification of porous MOFs.
39

 (b) Examples of 

post-synthetic modification reactions performed with IRMOF-3.
54
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Hydrogen has been considered as a near-ideal clean energy material due to its zero 

carbon content, and its high gravimetric energy density, which can nearly triple that of gasoline. 

Moreover, hydrogen can be generated from an almost inexhaustible resource -- water. One of the 

biggest bottlenecks to realizing a hydrogen economy is the lack of a safe, efficient, and 

economical on-board hydrogen storage system. In February 2009, the US department of Energy 

(DOE) set revised targets for a hydrogen storage system of 0.045 kg/kg for system gravimetric 

capacity and 0.028 kg/L for system volumetric capacity by the year 2010, and 0.055 kg/kg for 

system gravimetric capacity and 0.040 kg/L for system volumetric capacity by the year 2012. 

The ultimate targets are 0.075 kg/kg and 0.070 kg/L for gravimetric and volumetric storage, 

respectively. In addition, the storage system be able to operate between -40 and 85 C and at 

pressures less than 100 bar, and should tolerate 1000 use-cycles by 2010 and 1500 use-cycles by 

2015 (Table 1.1).
55

  

Table 1.1.  Revised DOE targets for on-board hydrogen storage systems.  
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Zn4O(BDC)3 (BDC = 1,4-benzenedicarboxylate), also called IRMOF-1 or MOF-5, was 

one of the first MOFs investigated for hydrogen storage due to its high porosity, high surface 

area (4400 m
2
/g), and stable structure in the absence of guest molecules.

56
 The measured sorption 

isotherm for H2 at 78 K reveals type I behavior, in which saturation is reached at low pressures 

followed by a pseudoplateau at higher pressures (Figure 1.4a).  At 78 K and 1 bar, the H2 uptake 

of IRMOF-1 is 4.5 weight percent, which corresponds to 17.2 H2 per Zn4O(BDC)3 formula unit. 

At room temperature, the uptake of H2 by IRMOF-1 increases linearly with pressure, and reaches 

1.0 weight % at 20 bars (Figure 1.4b). Later research found that the H2 uptake capacity of 

IRMOF-1 varies somewhat according to the method used to prepare and activate it.
56-66

  

High-pressure hydrogen adsorption data at 77 K for selected porous MOFs are 

summarized in Table 1.2. Unfortunately, at room temperature most MOFs take up very little 

hydrogen even under high pressures, owing to the low interaction energy between the framework 

and physisorbed H2, which has been modeled in several computational studies.
67-78

 To overcome 

this problem, several researchers have made MOFs containing coordinatively unsaturated metal 

centers, which are able to chemisorb H2 either as intact molecules or by oxidative addition.
79-82

 

This method has been shown to enhance the H2 adsorption enthalpies.  

Methane storage
83-85

 and carbon dioxide capture by MOFs are also being intensively 

studied. A material called PCN-14, which contains copper(II) ions and 5,5-(9,10-anthracene-

diyl)di-isophthalate units, has the highest methane-adsorption capacity reported to date:  230 v/v 

at 290 K and 35 bar.
84

 Carbon dioxide uptake has also been tested in other MOFs.
86, 87

 One 

recent result is that CO2 uptake can be greatly improved if pendant alkylamine functional groups 

are introduced into the pore surface of MOFs.
88, 89
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Figure 1.4. Hydrogen gas sorption isotherm for IRMOF-1 at (a) 78 K and (b) 298K.
56
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Table 1.2,  High-pressure hydrogen adsorption data at 77K for selected porous MOFs.
90

 

 



13 
 

Metal-Organic Frameworks for Sensing  

One important way to detect small amounts of an analyte of interest is luminescence 

quenching.
91

 There are two basic types of luminescence. One is fluorescence, which is spin-

allowed and has typical lifetimes about several nanoseconds. Another is phosphorescence, which 

is spin-forbidden and has lifetimes that can be as long as several seconds. A third type of light 

emission is scintillation, which is light emission stimulated by exposure to ionizing radiation.
92

 

Scintillation also has lifetimes on the order of 1 nanosecond.  

There are several ways to make MOFs luminescent (Figure 1.5).  The most common 

strategy is to incorporate luminescent inorganic metal centers. The most common choices for this 

property are lanthanide ions, especially Eu(III) and Tb(III), owing to the strong visible 

luminescence of these ions in the red and green regions, respectively. Although the electronic 

transitions of lanthanide ions are forbidden according to Laporte selection rules, which leads to 

weak absorbance and low quantum yields, the forbiddenness can be overcome by incorporating a 

strongly absorbing component called a lumophore into the MOF framework. When stimulated by 

irradiation, lumophores can transfer energy from their readily accessed triplet excited state to the 

Ln-emitting states, provided that there is strong vibronic coupling between the lumophore and 

the metal (Figure 1.6). This phenomenon is called the antenna effect, and it leads to a large 

increase in luminescence output by the lanthanide ion. Good organic lumophores are usually 

molecules with large conjugated pi systems. In the solid state, if lumophores are in close 

proximity, electronic interactions, such as ligand-to-ligand charge transfer, can affect the 

luminescence.
93
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Figure 1.5. Representation of emission possibilities in a porous MOF, wherein metal clusters 

(blue octahedra) are linked by organic linkers (yellow rectangles) with an incorporated guest (red 

circle).
94
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Figure 1.6. A schematic diagram of the antenna effect.
95
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Several different detection modes have been proposed as ways to use luminescent MOFs  

as potential sensors.  One of these is wavelength shift:  for example, the fluorescence emission 

wavelength of Zn4O(NTB)2·3DEF·EtOH (H3NTB = 4,4,4-nitrilotrisbenzoic acid) shifts 

depending on the presence and identity of the guest molecules in the MOF.
96

 The desolvation of 

this MOF leads to a blue-shift in the luminescence maximum due to the absence of π-π 

interactions between the interpenetration of nets.  

Another detection mode employs intensity changes.  The europium MOF Eu(BTC) 

exhibits a significant enhancement and quenching of it photoluminescence when it is exposed to 

DMF and acetone, respectively.
97

 The same author later synthesized Tb(BTC) and Eu(pdc)1.5 

(pdc = pyridine-3,5-dicarboxylate), and showed that they are able to recognize and sense anions 

and metal ions, which bind to O-H groups and nitrogen atoms in the MOF, respectively.
98, 99

 

Luminescence quenching of MOFs has also been used in the detection of explosives. Li and 

coworkers developed a Zn-MOF that incorporates both 4,4-biphenyldicarboxylate and 1,2-

bipyridylethene linkers. The fluorescence of the MOF is quenched significantly by both 2,4-

dinitrotoluene (DNT) and 2,3-dimethyl-2,3-dinitrobutane (DMNB) (Figure 1.7).
100
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Figure 1.7. Time-dependent fluorescence quenching of a Zn MOF by (a) DNT (b) DMNB. The 

insets show the intensity change before and after exposing MOFs to explosive molecules for 10 

seconds for the first three cycles.
100
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Metal-Organic Frameworks for Catalysis 

 MOFs can be used as heterogenenous catalysts. The well-defined pores and channels in 

MOFs enable them to be size- and shape-selective, much like zeolites, although the thermal 

stability of zeolites is much greater than that of MOFs. Despite this drawback, MOFs are 

promising materials as catalysts.  

 Catalytically active coordinately unsaturated metal sites can be introduced into MOFs in 

two ways, either as metal connecting points or as part of the linker (Scheme 1.2). As an example 

of the first approach, Long and coworkers synthesized a microporous MOF, 

Mn3[(Mn4Cl)3BTT8(CH3OH)10]2 (H3BTT = 1,3,5-benzenetristetrazol-5-yl), which can catalyze 

the transformation of selected aldehydes and ketones with cyanotrimethylsilane to the 

corresponding cyanosilylated products with high yield.
101

 The unsaturated Mn
2+

 ions in the 

framework act as Lewis acid catalysts, and the MOF framework imposes size selectivity. An 

example of incorporating catalytically active metals into linkers is the synthesis of MOFs with 

metallophorphyrins. The PIZA-3 (porphyrinic illinois zeolite analogue-3), which is assembled 

from manganese(III) metalloporphyrins, is able to effect the catalytic hydroxylation of various 

linear and cyclic alkanes and the epoxidation of cyclic alkenes.
102

 Recently, Hupp et al. reported 

a successful synthesis of MOFs with a variety of metallophorphyrins (containing Al
3+

, Zn
2+

, Pd
2+

, 

Mn
3+

, and Fe
3+

 ions).
103

 They are all effective catalysts for the oxidation of alkenes and alkanes. 
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Scheme 1.2. (a) Coordinatively unsaturated metal connecting points as active catalytic sites. (b) 

Incorporation of active catalytic sites into the bridging ligands of MOFs.
104
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 Much effort has been devoted to the development of homochiral MOFs able to serve as 

enantioselective catalysts. Homochiral MOFs can be synthesized from achiral components via 

self-resolution during crystal growth, or by enantioselective growth induced by chiral solvents, 

chiral templates, or chiral crystal seeds. 
105-108

 The more common way to construct chiral MOFs 

is to employ chiral organic ligands. Lin et al. synthesized a series of chiral MOFs from 1,1-

binaphthyl-derived chiral ligands, such as 1,1-binaphthalene-2,2-diol (BINOL) and, 2,2-

bis(diphenylphosphino)-1,1-binaphthyl (BINAP).
109-111

 

 Despite the rapid and exciting development of MOFs, their commercial potential is still 

in its infancy. One obstacle is that many MOFs are not stable enough over long periods of use to 

be practical.  Therefore, research needs to be carried out to overcome this obstacle.  
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CHAPTER 2: Design of a Metal-Organic Framework (MOF) Smart Dust for the Standoff 

Detection of Explosives 

Introduction 

The dangers associated with hidden sources of explosives and other hazardous substances 

can often be avoided if the analyte can be detected from a distance. TNT (2,4,6-trinitrotoluene) is 

one analyte of particular interest because it is a common explosive and an undesirable pollutant 

in soil, groundwater, and the food chain.
1
 Trace amounts of TNT pose a threat to the 

environment and to human health; exposure can lead, inter alia, to hepatitis, aplastic anemia, and 

cancer.
2
  

The detection of trace amounts of TNT is important for homeland and military security. 

Dogs have long been used to detect TNT, but they are expensive to train and they tire easily.
3
 

Traditional analytical techniques such as gas chromatography-mass spectrometry
4
 and cyclic 

voltammetry
5
 are very sensitive methods for detecting TNT, but these methods require expensive 

instrumentation or time-consuming procedures, thus requiring sample collection and 

asynchronous laboratory analysis.  

One way to achieve “standoff” sensing is to use smart dusts, which generate a remotely-

detectable signal when they are exposed to an analyte of interest. By distributing such a smart 

dust widely and exciting it remotely with a laser, the presence of suitable analytes can be 

detected from changes in the fluorescence. For example, Sailor and co-workers constructed smart 

dusts from porous silicon, whose fluorescence can be quenched by certain external chemical 

agents, including TNT, presumably by an electron-transfer mechanism.
6-8

 Sensors based on 
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semiconducting organic polymers (SPOs) developed by Swager and co-workers have 

demonstrated ultra-trace detection of vapors of TNT and DNT (2,4-dinitrotoluene).
9-12

 In these 

studies, however, it is not always clear whether the sensor is actually detecting TNT or DNT 

themselves (which have low volatilities), or whether the sensors are instead responding to small 

amounts of more volatile impurities that are present in these materials.  

In this Chapter we report the design of a luminescent metal organic framework (MOF)
13-

15
 that in principle is able to serve as a smart dust for the remote detection of TNT. MOFs have 

large internal surface areas which are known to facilitate interactions with guest molecules.
16-19

 

This feature will be useful in “standoff detection” provided that the MOF pore size is large 

enough to admit the analyte of interest.  In addition, MOFs can easily be made luminescent,
20-24

 a 

property that is useful for molecule sensing because luminescence can easily be quenched in a 

chemically sensitive way.
25-27

  

Recently, a few workers have investigated the use of MOFs in the detection of 

explosives.
28-31

 Xiong et al. described a MOF able to serve as a preconcentrator for explosives, 

but the MOF itself was unable to serve as a sensor.
28, 29

 Others have shown that the luminescent 

properties of MOFs can be used to detect electron-poor explosives such as 2,4-dinitrotoluene 

(DNT).
32

 Interestingly, however, these papers specifically state that the pores in these MOFs are 

too small to accommodate the analytes, and that the fluorescence quenching does not involve 

close contacts between the luminescent centers and the analyte.  As a result, the porous nature of 

the MOF structure is not essential to the activity of the solid. 

Here we describe the first fluorescent MOF with pores that are large enough to 

accommodate explosive analytes.  Furthermore, we show that the fluorescence is significantly 
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quenched only if the analyte is smaller than the MOF pores, so that detection is sensitive to both 

the size and electronic properties of the analyte.  To achieve this goal, our MOF combines three 

attributes:  (1) pore diameters large enough (10 Å) to accommodate TNT molecules, (2) 

structural elements with electron rich functional groups (bipyridine units)
28, 29, 33

 that can interact 

with electron poor nitroaromatic molecules, and (3) fluorescent centers adjacent to the 

nitroaromatic “binding” sites.  

Results and Discussion 

The MOF we designed contains fluorescent Eu
3+

 metal centers linked into an open 

network by 2,2′-bipyridine-5,5′-dicarboxylate (L
2-

) anions. The linkers play multiple roles:  as 

structural units, as binding sites for the TNT analyte, and as antennae for the europium centers.  

The MOF was synthesized by means of a solvothermal reaction between Eu(NO3)3·5H2O and 

2,2′-bipyridine-5,5′-dicarboxylic acid in N,N-diethylformamide (DEF) at 100 ˚C as described in 

the experimental section. The as-prepared material was obtained as crystals (Figure 2.1) having 

the approximate formula Eu2(C12N2O4H6)3(DEF)4(H2O)5. After this material was desolvated by 

extraction with chloroform followed by heating in vacuum at 120 °C for 3 h, the resulting MOF, 

which we will refer to as EuBPDC, has a bulk elemental analysis that corresponds to the formula 

Eu2(C12N2O4H6)3(H2O)3; as we will show, the remaining solvent molecules are bound to the 

europium centers. 

The single crystal X-ray structure of the fully solvated MOF reveals the presence of a 

three-dimensional coordination framework with large channels that run along the c-axis; the 

channels have rhombus-shaped cross sections with dimensions of approximately 25 by 15 Å 

(Figure 2.2). The views along a- and b-axes, and tilted and perspective views down the c-axis, 
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are shown in Figure 2.3; the single crystal X-ray diffraction data are shown in Table 2.1, and 

selected bond distances and angles are listed in Table 2.2. The Eu to 2,2′-bipyridine-5,5′-

dicarboxylate ratio is 2:3 as found in the microanalysis, which suggests that the linkers are fully 

deprotonated. There are two crystallographically independent Eu ions in the asymmetric unit, 

which are arranged in pairs separated by 4.188 Å. Both Eu centers are coordinated to eight 

oxygen atoms (all with Eu-O distances of ca. 2.4 Å), of which six on one Eu center and seven on 

the other are carboxylate oxygens (Figure 2.4).  In addition to the coordinated carboxylate groups, 

three solvent molecules are coordinated per pair of Eu centers. Two of the sites on one Eu atom 

are water molecules (partly disordered with DEF). The third coordinating solvent molecule is a 

water molecule; the latter also forms a longer bond of 3.1 Å to the first Eu center.  

In the fully solvated material, the channels are filled with free solvent molecules (mostly 

DEF) that are highly disordered. The BYPASS method in the PLATON
34

 suite of programs 

showed that the electron density of the free solvent molecules corresponds to about 1065 

electrons per unit cell. This amount, which is equivalent to approximately four DEF molecules 

per formula unit, is in agreement with the bulk microanalysis for the fully solvated material. In 

the fully solvated MOF, the two nitrogen atoms on the bipyridine backbone are probably 

hydrogen-bonded to solvent molecules in the channels, but these interactions are lost upon 

desolvation.  

We can calculate from the crystallographic results that removal of the free solvent 

molecules should give a desolvated material in which the pore volume is 39% of the total volume. 

The channels within EuBPDC have diameters of about 10 Å, which is large compared to the 7 Å  
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Figure 2.1. Image of as-synthesized EuBPDC. 

  



34 
 

Table 2.1.  Crystal data and structure refinement for EuBPDC. 

Empirical formula  C40.35 H31.83 Eu2 N6.87 O15 (excluding free solvent) 

Formula weight  1156.86 

Temperature  123(3) K 

Wavelength  1.54187 Å 

Crystal system  Monoclinic 

Space group  P 21/c 

Unit cell dimensions a = 25.6101(18) Å = 90° 

 b = 15.3773(3) Å = 98.578(7)° 

 c = 16.8942(3) Å  = 90° 

Volume 6578.8(5) Å3 

Z 4 

Density (calculated) 1.168 Mg/m3 

Absorption coefficient 13.948 mm-1 

F(000) 2272.2 (excluding free solvent) 

Crystal size 0.05 x 0.04 x 0.008 mm3 

Theta range for data collection 3.36 to 67.57°. 

Index ranges -30<=h<=28, -18<=k<=18, -20<=l<=20 

Reflections collected 70695 

Independent reflections 11687 [R(int) = 0.1265] 

Completeness to theta = 67.57° 98.4 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.000 and 0.404 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 11687 / 1863 / 825 

Goodness-of-fit on F2 0.995 

Final R indices [I>2sigma(I)] R1 = 0.0793, wR2 = 0.2089 

R indices (all data) R1 = 0.1073, wR2 = 0.2253 

Largest diff. peak and hole 1.725 and -1.210 e.Å -3 
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Figure 2.2. Ball-and-stick diagram of the X-ray crystal structure of EuBPDC, viewed down the 

c-axis. Key:  grey = C; red = O; blue = N; green = Eu. The coordinated and free solvent 

molecules have been omitted for clarity. 
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Figure 2.3. Ball-and-stick diagram of single crystal X-ray structure of EuBPDC viewed down 

the a and b axes, and tilted and perspective views down the c axis. Grey, C; Red, O; Blue, N; 

Green, Eu.  The coordinated and free solvent molecules have been omitted for clarity. 
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Figure 2.4.  ORTEP view of the asymmetric unit of EuBPDC. 
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Table 2.2. Selected bond distances and angles for EuBPDC. 

Bond lengths [Å] 

Eu(1)-O(7)#1  2.321(5) 

Eu(1)-O(12)#2  2.381(5) 

Eu(1)-O(3)  2.388(5) 

Eu(1)-O(9)  2.403(4) 

Eu(1)-O(15)#3  2.421(6) 

Eu(1)-O(1)  2.428(5) 

Eu(1)-O(14B)  2.440(5) 

Eu(1)-O(5)  2.448(5) 

Eu(1)-O(14)  2.457(13) 

Eu(1)-O(2)  2.951(5) 

Eu(1)-C(1)  3.068(7) 

Eu(2)-O(13)  2.314(18) 

Eu(2)-O(10)#4  2.325(5) 

Eu(2)-O(2)  2.338(5) 

Eu(2)-O(8)#5  2.390(5) 

Eu(2)-O(6)  2.407(5) 

Eu(2)-O(4)  2.410(5) 

Eu(2)-O(11)#2  2.457(5) 

Eu(2)-O(13B)  2.468(3) 

Eu(2)-O(12)#2  2.897(5) 

Eu(2)-C(42)#2  3.063(7) 

Eu(2)-O(15)  3.086(7) 

Eu(2)-C(43)  3.185(14) 

O(1)-C(1)  1.268(9) 

O(2)-C(1)  1.233(9) 

C(1)-C(2)  1.491(8) 

C(1)-C(2B)  1.491(8) 

C(2)-C(3)  1.3900 

C(2)-C(7)  1.3900 

C(3)-N(4)  1.3900 

N(4)-C(5)  1.3900 

Angles [°] 

O(7)#1-Eu(1)-O(12)#2 145.9(2) 

O(7)#1-Eu(1)-O(3) 142.00(19) 

O(12)#2-Eu(1)-O(3) 72.08(17) 

O(7)#1-Eu(1)-O(9) 98.51(18) 

O(12)#2-Eu(1)-O(9) 88.33(16) 

O(3)-Eu(1)-O(9) 75.04(18) 

O(7)#1-Eu(1)-O(15)#3 73.58(19) 

O(12)#2-Eu(1)-O(15)#3 139.07(17) 

O(3)-Eu(1)-O(15)#3 69.04(18) 

O(9)-Eu(1)-O(15)#3 69.92(15) 

O(7)#1-Eu(1)-O(1) 74.4(2) 

O(12)#2-Eu(1)-O(1) 121.39(18) 

O(3)-Eu(1)-O(1) 85.27(19) 

O(9)-Eu(1)-O(1) 137.24(17) 

O(15)#3-Eu(1)-O(1) 67.64(17) 

O(7)#1-Eu(1)-O(14B) 73.6(2) 

O(12)#2-Eu(1)-O(14B) 77.35(15) 

O(3)-Eu(1)-O(14B) 134.2(2) 

O(9)-Eu(1)-O(14B) 70.7(2) 

O(15)#3-Eu(1)-O(14B) 123.20(17) 

O(1)-Eu(1)-O(14B) 140.3(2) 

O(7)#1-Eu(1)-O(5) 78.93(17) 

O(12)#2-Eu(1)-O(5) 75.82(16) 

O(3)-Eu(1)-O(5) 128.36(18) 

O(9)-Eu(1)-O(5) 142.95(19) 

O(15)#3-Eu(1)-O(5) 140.61(15) 

O(1)-Eu(1)-O(5) 78.23(19) 

O(14B)-Eu(1)-O(5) 73.2(2) 

O(7)#1-Eu(1)-O(14) 72.8(4) 

O(12)#2-Eu(1)-O(14) 78.1(3) 

O(3)-Eu(1)-O(14) 135.1(3) 

Angles [°] 

O(1)-Eu(1)-O(14) 139.5(4) 

O(14B)-Eu(1)-O(14) 0.9(4) 

O(5)-Eu(1)-O(14) 72.8(4) 

O(7)#1-Eu(1)-O(2) 114.04(17) 

O(12)#2-Eu(1)-O(2) 74.77(15) 

O(3)-Eu(1)-O(2) 68.51(17) 

O(9)-Eu(1)-O(2) 142.98(17) 

O(15)#3-Eu(1)-O(2) 101.85(18) 

O(1)-Eu(1)-O(2) 46.63(16) 

O(14B)-Eu(1)-O(2) 133.71(16) 

O(5)-Eu(1)-O(2) 64.64(18) 

O(14)-Eu(1)-O(2) 133.7(4) 

O(7)#1-Eu(1)-C(1) 93.5(2) 

O(12)#2-Eu(1)-C(1) 98.26(19) 

O(3)-Eu(1)-C(1) 77.1(2) 

O(9)-Eu(1)-C(1) 147.7(2) 

O(15)#3-Eu(1)-C(1) 85.19(19) 

O(1)-Eu(1)-C(1) 23.14(19) 

O(14B)-Eu(1)-C(1) 141.5(2) 

O(5)-Eu(1)-C(1) 68.8(2) 

O(14)-Eu(1)-C(1) 141.0(4) 

O(2)-Eu(1)-C(1) 23.55(16) 

O(7)#1-Eu(1)-Eu(2) 139.10(13) 

O(12)#2-Eu(1)-Eu(2) 42.01(12) 

O(3)-Eu(1)-Eu(2) 63.76(12) 

O(9)-Eu(1)-Eu(2) 121.86(12) 

O(15)#3-Eu(1)-Eu(2) 123.70(15) 

O(1)-Eu(1)-Eu(2) 79.40(13) 

O(14B)-Eu(1)-Eu(2) 111.51(6) 

O(5)-Eu(1)-Eu(2) 65.22(13) 

O(14)-Eu(1)-Eu(2) 111.9(3) 

Symmetry transformations used to generate equivalent atoms: #1 -x+2,-y,-z+2    #2 -x+3,-y,-z+2    #3 x,-y-1/2,z-1/2       

#4 x,-y-1/2,z+1/2    #5 -x+2,y-1/2,-z+5/2    #6 -x+2,-y-1,-z+2    #7 -x+3,-y-1,-z+2    #8 -x+2,y+1/2,-z+5/2       
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size of a TNT molecule (calculated from the van der Waals surfaces). As a result, EuBPDC has 

pores that are large enough to enable TNT molecules to diffuse into the framework.  Furthermore, 

the bipyridine nitrogen atoms are accessible to molecules occupying the framework channels. 

The surface area of desolvated EuPPDC is 630 m
2
·g

-1
, as judged from a BET adsorption 

isotherm using N2 as the working gas, which confirms the presence of permanent porosity. The 

simulated X-ray powder diffraction pattern derived from the single crystal X-ray data matches 

well with the pattern obtained from as-synthesized EuBPDC (Figure 2.5). The framework of 

EuBPDC is reasonably thermally stable. TGA studies show that the desolvated material 

undergoes no phase change up to 510 ˚C; only above this temperature does the framework begin 

to decompose (Figure 2.6).  

We examined the adsorption of TNT and other vapors in the MOF by using the 

procedures described by Luebbers et al.
35, 36

 Pulses of the various analytes were passed through a 

short column of the solid MOF and the breakthrough volume was recorded. Methanol, pentane, 

ethyl acetate, tetrahydrofuran, toluene, acetone, ethanol, and acetonitrile passed essentially freely 

through EuBPDC. At 40 ˚C, the breakthrough gas volumes were 0.06 L/(gm of MOF) or less in 

all cases.  

In contrast, EuBPDC shows an affinity for TNT. When TNT sample carried by helium 

passed through EuBPDC and the temperature is ramped to 200 ˚C, no elution of TNT occurs 

over 2 h.  By comparison, at 150 ˚C, TNT elutes in about 5 min from a 1 meter OV5 column 

under similar elution conditions (Figure 2.7). This result shows that EuBPDC is able to bind 

TNT, as expected from the calculations of Xiong et al.
28, 29
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Figure 2.5. Simulated powder XRD pattern from the single crystal data (black), and patterns 

obtained from as-synthesized EuBPDC (red) and desolvated EuBPDC (blue). The simulated and 

as-synthesized EuBPDC patterns match very well. After the removal of guest molecules, 

EuBPDC loses some crystallinity. 
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Figure 2.6. TGA data indicate that EuBPDC releases the free and terminal water and DEF 

molecules in the temperature range of 20-350 ˚C, to form a guest-free phase, which is thermally 

stable up to 510 ˚C. 
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Figure 2.7. (upper) Breakthrough data in which the outlet of the OV5 column was connected to 

an empty guard column.  (lower) Breakthrough data in which the outlet of the OV5 column was 

connected to a guard column filled with EuBPDC. 
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Most europium salts exhibit weak fluorescence in the visible region of the EM spectrum 

because the f-f transitions are forbidden by the Laporte selection rules.
37, 38

 In contrast, EuBPDC 

emits strongly in the red under UV irradiation at 360 nm at room temperature (Figure 2.8). The 

emission peaks at 579, 591, 610, 651, and 700 nm can be ascribed to the characteristic 
5
D0→

7
F0, 

5
D0→

7
F1, 

5
D0→

7
F2, 

5
D0→

7
F3, and 

5
D0→

7
F4 transitions of the Eu

3+
 ion, respectively. The strong 

fluorescence is due to an antenna effect
39

 in which vibronic coupling leads to efficient energy 

transfer between the triplet state of the strongly absorbing bipyridine linkers and the emissive 

state of the Eu
3+

 ion. Because Eu3+ binds to the carboxylate oxygen atoms and not to the 

bipyridine nitrogen atoms, the latter are available to interact with analytes. Specifically, 

bipyridines – which are relatively electron rich – are known to interact strongly with electron 

poor aromatic compounds such as TNT.40, 41  Furthermore, because such interactions are known 

interfere with the ability of the bipyridines to engage in energy transfer to the europium centers, 

significant fluorescent quenching of EuBPDC should occur in the presence of TNT. 

When EuBPDC is exposed to a series of 0.01 mL aliquots of a 200 ppm solution of TNT 

in CH3OH/CH3CN (v/v = 1/1), the fluorescence intensity decreases monotonically upon the 

successive addition of each aliquot (Figure 2.9a). After 3 drops, 58 % of the fluorescence had 

been quenched, as judged from the intensity of the peak at 610 nm. Control experiments obtained 

by exposing EuBPDC to just the 1:1 CH3OH/CH3CN solvent mixture (no analyte) showed 

essentially no effect on the fluorescence intensity. Additional control experiments employing 

other common solvents and small molecules (including non-nitrated aromatic molecules such as 

toluene) showed that the fluorescence of EuBPDC is at best only slightly affected (Figure 2.10).  

TNT absorbs only weakly at the irradiation wavelength of 360 nm, which militates against the 
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possibility that the reduced fluorescence in the presence of TNT is simply due to reduced 

irradiation flux.
42, 43

 

In order to determine whether fluorescence quenching requires movement of the TNT 

molecules through the porous MOF structure, we investigated whether the quenching efficiency 

depends on the size of the nitroaromatic molecule. We find that 4-tert-butyl-2,6-dinitroanisole, 

which can also pass through the pores (Figure 2.9b) causes quenching, whereas 1,1-diphenyl-2-

picrylhydrazine, which cannot pass through the pores (Figure 2.9c), does not cause quenching.  

This result provides evidence that the fluorescence quenching is size-dependent, and that the 

mechanism for quenching involves movement of the analyte through the MOF framework. 

In summary, EuBPDC is an easily synthesized MOF which is highly porous, thermally 

stable, and strongly fluorescent. The fluorescence is strongly quenched in the presence of TNT 

by a mechanism in which TNT molecules diffuse through the MOF channels, interact with the 

bipyridine units on the channel walls, and weaken the vibronic coupling between ligands and the 

Eu
3+

 centers. Owing to the limited volatilities of TNT and similar analytes, however, use of 

MOFs as “smart dusts” for standoff detection in the field will require more sensitive detection 

protocols that, for example, involve signal amplification.  This goal remains an important 

challenge for the future. 
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Figure 2.8. Fluorescence spectrum of EuBPDC. 
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Figure 2.9. Fluorescence quenching of EuBPDC as a function of the size of the nitroaromatic 

molecule. Fluorescence spectra taken after 0, 1, 2, and 3 drops (0.01 mL each) of a solution of 

the analyte. The inset shows a spacing filling view of one nitroaromatic molecule fitted as well 

as possible into the MOF pore.  a) 200 ppm TNT in CH3OH/CH3CN (v/v = 1/1). b) 110 ppm 4-

tert-butyl-2,6-dinitroanisole in CH3OH (saturated solution). c) 200 ppm 1,1-diphenyl-2-

picrylhydrazine in CH3OH.  
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Figure 2.10. Comparison of quenching percentage when EuBPDC is dosed with 0.03 mL of a 1 

mg/mL solution of TNT vs. 0.03 mL of a number of pure solvents. 
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Experimental Section 

Synthesis of Eu2(C12N2O4H6)3(H2O)3 (EuBPDC). The chemicals were obtained from 

Aldrich and used as received. The synthesis was performed under solvothermal conditions. 

Eu(NO3)3·5H2O (0.017 g, 0.04 mmol), and 2,2’-bipyridine-5,5’-dicarboxylic acid (0.015 g, 0.06 

mmol) were mixed and dispersed in DEF (5 mL). The resulting white slurry was then put in oven 

and heated to 100 ºC for three days to afford light-yellow needle crystals, which were isolated to 

obtain the “as prepared material.”  Desolvation to EuBPDC was achieved by immersing the as-

prepared crystals in chloroform (5 mL) for three days, with the solvent being changed once daily. 

The solid was then collected by filtration and dried in a vacuum oven at 120 ºC for 3 h.  

Elemental microanalysis. Elemental analyses were carried out by the University of 

Illinois Microanalytical Laboratory. Anal. for the as-prepared material: Calcd for 

Eu2(C12N2O4H6)3(H2O)5(DEF)4: C, 44.10; H, 4.76; N, 9.18. Found: C, 43.89; H, 4.73; N, 9.21.  

Anal. for the desolvated material:  Calcd for Eu2(C12N2O4H6)3(H2O)3: C, 39.87; H, 2.23; N, 7.75. 

Found: C, 38.42; H, 2.02; N, 7.48. 

Brunauer - Emmett - Teller (BET) measurements. BET measurements were 

performed on QuantachromeNova 2200e using nitrogen as the working gas.  

Powder X-ray diffraction. Powder XRD data were collected on a Bruker General Area 

Detector Diffraction System (GADDS) equipped with a P4 four-circle diffractometer and HiStar 

multiwire area detector.  A Bruker M18XHF22 rotating anode generator operating at 50kV and 

40mA supplied the Cu Kα graphite monochromatized incident beam. The simulated pattern 
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derived from single X-ray data matches well with the pattern obtained from as-synthesized 

EuBPDC. 

Thermogravimetric analysis (TGA). TGA was performed on Cahn Thermax 500 

Thermogravimetric Analyzer. 

Fluorescence study of EuBPDC. Fluorescence spectra were obtained on a Jobin Yvon 

Horiba FluoroMax-3 Spectrofluorometer. The excitation wavelength was 360 nm. During every 

test, a thin layer of ~1 mg of EuBPDC was placed between two glass slides. The TNT solution 

and all other solvent or small molecules were dropped onto EuBPDC by a syringe.  

Adsorption behavior. Breakthrough volumes were determined by inverse-gas 

chromatography (IGC) studies. A plug made of IP (intermediate polarity) deactivated 

borosilicate glass wool about 1 cm long was inserted into one end of an approximately 7 cm long 

0.53 mm ID guard column. The mass of the capillary and glass wool plug was measured and 

recorded. The column was connected to a vacuum pump and a vacuum of around 10 psi was 

applied using a metering valve for control. Approximately ~2 mg of dry EuBPDC powder was 

suctioned into the open end of the column with occasional mechanical vibrations used to assist 

the uniform packing. This amount of MOF fills about 3-4 cm of the column when packed. After 

reweighing the column (now with MOF), a second glass wool plug was inserted into the open 

end of the column. Excess guard column was trimmed from the packed bed to reduce dead 

volume and peak broadening, leaving around 1 cm open on each end. The final weight of the 

shortened column was recorded. The guard column packed with EuBPDC was then connected to 

two lengths (7 and 30 cm) of 0.25 mm ID guard using butt connector with M-2B butt connector 

ferrules. The column assembly was then connected into the split/splitless inlet of an Agilent 6890 
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gas chromatograph using the shorter length of connecting guard column (oriented in such a way 

that the direction of flow is the same as that of the suction during the packing process) with the 

longer length of connecting column left open during the duration of activation. The gas 

chromatograph was set up using UHP helium as a carrier gas, which was first passed through a 7 

μm particle filter and then through a universal trap (Agilent, RMSH 2). A split/splitless fast 

focus inlet linear with 2.3 mm ID was used in the gas chromatograph inlet. For activation, the 

inlet of the gas chromatograph was pressurized to 20 psi and the oven temperature was slowly 

ramped (1 ˚C/min) to 200 ˚C, at which point the temperature was held for 10 h before the column 

was slowly returned to room temperature. This step was done to remove any residual guest 

molecules in the EuBPDC and to increase the available porosity for IGC measurements. The 

packed column was then disassembled and reweighed to account for any mass changes due to 

removal of residual solvent in the EuBPDC. The packed column was then reassembled, a 1 meter 

OV5 column was placed on the inlet to the column, the effluent at the end of the column was 

connected to a flow meter (Omega, FMA-A2300), and the flow rates were recorded for all 

combinations of temperature and pressure investigated. The flow meter readings were converted 

to values appropriate for helium by multiplication by a conversion factor. After the flow rates for 

each set of temperature and pressure were measured and recorded, the outlet of the column was 

connected to a flame ionization detector (FID), and the inlet and pulse injections were performed. 

At the start of the experiment, 0.2 mL of analyte (200 ppm TNT in 1:1 CH3OH/CH3CN) was 

injected using an auto injector (Agilent, 7683B) equipped with a 10 mL gastight syringe (Agilent, 

5181-3354). 

X-ray single crystal diffraction (performed by Dr. Danielle Gray). Single-crystal X-

ray diffraction data were collected with the use of monochromatized Cu Kα radiation (λ = 
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1.54186 Å) at 150 K on a Rigaku Saturn944+ CCD diffractometer.
44

  Combinations of nine 0.5˚ 

φ and ω scans were used to collect the data. The collection, cell refinement, integration of 

intensity data, and absorption correction were carried out with the CrystalClear-SM Expert suite 

of software.
45

  The structure was solved using direct methods, SHELXS,
46

 and refined with the 

full-matrix least-squares SHELXL program.  The asymmetric unit of the framework consists of 

two Eu
3+

 ions, three [
-
OOC(C5NH3)2COO

-
] ligands, and three coordinated solvent sites.  Two of 

the coordinated solvent molecules bond to a single Eu atom through the O atom.  These two sites 

are disordered between diethylformamide (DEF) and water.  The third solvent site is a bridging 

water molecule bonded to two Eu atoms.  The location of the remaining guest molecules were 

poorly defined so their contributions were removed from the diffraction data using the 

SQUEEZE bypass procedure in PLATON.
47

  Additional restraints were added to aid in modeling 

the framework and coordinated ligands as described in the Supplemental Information.  For all 

(C12H6N2O4)
2-

 ligands, the N atoms were arbitrarily assigned owing to the unreliable bond 

lengths because of positional disorder.  The N atoms could either be cis or trans with each other 

within the individual ligands. CCDC 797192 contains supplementary crystallographic data for 

this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data 

Centre via www.ccdc.cam.ac.uk/data_request/cif.  
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CHAPTER 3: Synthesis and Characterization of a Zinc Metal-Organic Framework with 

Chiral Nano-Pores 

Introduction 

Metal-organic frameworks (MOFs), inorganic-organic hybrid crystalline solids with large 

internal surface areas,
1, 2

 and easily tunable structures, pores sizes, and surface functionalities.
3, 4

 

They are being investigated as potential materials for a variety of applications including gas 

storage,
5-9

 gas separation,
10-14

 catalysis,
15-18

 sensing,
19-22

 and drug delivery.
23-26

 MOF syntheses 

usually take place under relatively mild conditions, which allows direct incorporation of even 

delicate functional groups into the framework. 

Chiral MOFs are of interest due to their potential applications as heterogeneous 

asymmetric catalysts and as stationary phases for enantioselective separations.
27

 Most chiral 

MOFs are prepared with the use of readily available chiral organic linkers.
28

 For example, Lin 

and co-workers
29-31

 have successfully synthesized a variety of homochiral MOFs using 

enantiopure binaphthyl-derived ligands, such as 1,1′-binaphthalene-2,2′-diol (BINOL) and 

2,2′-bis(diphenylphosphino)-1,1′-binaphthyl (BINAP). Homochiral MOFs have also been 

obtained from achiral components via self-resolution during crystal growth.
32-35

 Aoyama et al. 

synthesized a homochiral MOF Cd(apd)(NO3)2·H2O·EtOH from achiral 5-(9-

anthracenyl)pyrimidine (apd) and Cd
2+

 by using enantiopure seed crystals.
36

 Bu and coworkers 

developed a method for homochiral crystallization of MOFs through the use of chiral catalysts:  

five different MOFs were obtained using different combination of reactants, solvents, and 

catalysts.
37 

Morris and coworkers prepared chiral MOFs by employing a chiral solvent:  an ionic 

liquid containing L-aspartate.
38
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Here we report the synthesis of a new MOF with chiral nano-pores by spontaneous 

resolution from achiral components. This MOF shows permanent porosity: removal of the 

solvent does not result in collapse of the chiral nano-pores. 

Results and Discussion 

  A mixture of Zn(NO3)2·6H2O, formic acid, and 2,2′-bipyridine-5,5′-dicarboxylic acid in 

DEF (DEF = N,N′-diethylformamide) was heated at 100 ˚C for 3 weeks to give light yellow 

crystals formulated as Zn3(BPDC)2(O2CH)2•2DEF (1•2DEF) (Figure 3.1). A BPDC/formic acid 

ratio of ca. 1.0 is critical to the formation of 1•2DEF. A few other MOFs containing formate 

ligands are known, but most of these groups were claimed to have been generated by decomposi-

tion of a formamide solvent.
39, 40

  

  Crystals of 1•2DEF conform to the chiral space group P41212; the specimen examined 

was a racemic twin. The single crystal X-ray diffraction data are given in Table 4.1, and 

important bond distances and angles are listed in Table 3.2. The zinc atoms are linked by 

carboxylate groups into nearly-linear trinuclear units (Figure 3.2).  The Zn-Zn-Zn angle is 

173.4°. The central atom in the chain (Zn2) has an octahedral ZnO6 coordination environment 

with Zn-O bond distances in the range 1.951-2.093 Å. The two terminal atoms (Zn1) have 

distorted square pyramidal ZnO3N2 coordination environments, in which the bipyridine nitrogens 

occupy two of the equatorial positions. One unidentate formate and two bidentate BPDC 

carboxylate groups bridge between the central Zn atom and each of the two terminal Zn atoms. 

Thus, formate oxygen O6 is not bound to the framework and this anion evidently can pivot in the 

solvent cavity about the O5-C13 axis, which results in large displacement parameters for atoms 

C13 and O6.  
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Figure 3.1. Crystals of Zn3(BPDC)2(O2CH)2•2DEF.  
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Table 3.1. Crystal data and structure refinement for Zn3(BPDC)2(O2CH)2•2DEF. 

Empirical formula  C36 H36 N6 O14 Zn3 

Formula weight  972.82 

Temperature  100(2) K 

Wavelength  1.54178 Å 

Crystal system  Tetragonal 

Space group  P4(1)2(1)2  

Unit cell dimensions a = 15.1751(3) Å = 90°. 

 b = 15.1751(3) Å = 90°. 

 c = 22.5604(8) Å  = 90°. 

Volume 5195.3(2) Å3 

Z 4 

Density (calculated) 1.244 Mg/m3 

Absorption coefficient 2.111 mm-1 

F(000) 1984 

Crystal size 0.164 x 0.072 x 0.07 mm3 

Theta range for data collection 4.12 to 67.73°. 

Index ranges -18<=h<=14, -17<=k<=18, -26<=l<=27 

Reflections collected 57131 

Independent reflections 4672 [R(int) = 0.0466] 

Completeness to theta = 67.73° 99.4 %  

Absorption correction Integration 

Max. and min. transmission 0.9322 and 0.8488 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4672 / 503 / 324 

Goodness-of-fit on F2 1.099 

Final R indices [I>2sigma(I)] R1 = 0.0422, wR2 = 0.1174 

R indices (all data) R1 = 0.0427, wR2 = 0.1178 

Absolute structure parameter 0.50(4) 

Largest diff. peak and hole 1.109 and -0.400 e.Å-3 
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Table 3.2. Selected bond distances and angles for Zn3(BPDC)2(O2CH)2•2DEF. 

Bond lengths [Å] 

Zn(1)-O(2)#1  2.006(2) 

Zn(1)-O(5)  2.037(2) 

Zn(1)-O(4)#2  2.051(2) 

Zn(1)-N(1)  2.101(5) 

Zn(1)-N(1B)  2.111(6) 

Zn(1)-N(2B)  2.158(6) 

Zn(1)-N(2)  2.176(5) 

Zn(2)-O(3)#2  1.951(16) 

Zn(2)-O(3)#3  1.951(16) 

Zn(2)-O(1)#4  2.055(3) 

Zn(2)-O(1)#1  2.055(3) 

Zn(2)-O(5)#5  2.091(2) 

Zn(2)-O(5)  2.091(2) 

Zn(2)-O(3B)#2  2.093(15) 

Zn(2)-O(3B)#3  2.093(15) 

O(1)-C(11)  1.236(5) 

O(1)-Zn(2)#6  2.055(3) 

O(2)-C(11)  1.266(4) 

O(2)-Zn(1)#6  2.006(2) 

O(3)-C(12)  1.271(8) 

O(3)-Zn(2)#7  1.951(16) 

O(3B)-C(12)  1.268(6) 

O(3B)-Zn(2)#7  2.093(15) 

O(4)-C(12)  1.251(4) 

O(4)-Zn(1)#4  2.051(2) 

 

Angles [°] 

O(2)#1-Zn(1)-O(5) 103.45(10) 

O(2)#1-Zn(1)-O(4)#2 96.27(12) 

O(5)-Zn(1)-O(4)#2 99.14(11) 

O(2)#1-Zn(1)-N(1) 100.7(5) 

O(5)-Zn(1)-N(1) 151.4(4) 

O(4)#2-Zn(1)-N(1) 93.1(2) 

O(2)#1-Zn(1)-N(1B) 99.7(7) 

O(5)-Zn(1)-N(1B) 153.0(6) 

O(4)#2-Zn(1)-N(1B) 91.8(3) 

N(1)-Zn(1)-N(1B) 1.8(8) 

O(2)#1-Zn(1)-N(2B) 91.6(9) 

O(5)-Zn(1)-N(2B) 88.3(5) 

O(4)#2-Zn(1)-N(2B) 167.6(5) 

N(1)-Zn(1)-N(2B) 75.9(4) 

N(1B)-Zn(1)-N(2B) 77.4(4) 

O(2)#1-Zn(1)-N(2) 91.9(6) 

O(5)-Zn(1)-N(2) 87.4(3) 

O(4)#2-Zn(1)-N(2) 168.0(4) 

N(1)-Zn(1)-N(2) 76.7(2) 

N(1B)-Zn(1)-N(2) 78.2(4) 

N(2B)-Zn(1)-N(2) 0.9(9) 

O(3)#2-Zn(2)-O(3)#3 78(2) 

O(3)#2-Zn(2)-O(1)#4 171.2(14) 

O(3)#3-Zn(2)-O(1)#4 97.4(12) 

O(3)#2-Zn(2)-O(1)#1 97.4(12) 

O(3)#3-Zn(2)-O(1)#1 171.2(14) 

O(1)#4-Zn(2)-O(1)#1 88.25(18) 

O(3)#2-Zn(2)-O(5)#5 93.4(13) 

O(3)#3-Zn(2)-O(5)#5 81.5(13) 

O(1)#4-Zn(2)-O(5)#5 93.21(10) 

O(1)#1-Zn(2)-O(5)#5 91.42(10) 

O(3)#2-Zn(2)-O(5) 81.5(13) 

Angles [°] 

O(3)#3-Zn(2)-O(5) 93.4(13) 

O(1)#4-Zn(2)-O(5) 91.42(10) 

O(1)#1-Zn(2)-O(5) 93.21(10) 

O(5)#5-Zn(2)-O(5) 173.54(15) 

O(3)#2-Zn(2)-O(3B)#2 12.0(10) 

O(3)#3-Zn(2)-O(3B)#2 84.0(13) 

O(1)#4-Zn(2)-O(3B)#2 176.8(7) 

O(1)#1-Zn(2)-O(3B)#2 90.0(7) 

O(5)#5-Zn(2)-O(3B)#2 84.2(5) 

O(5)-Zn(2)-O(3B)#2 91.3(5) 

O(3)#2-Zn(2)-O(3B)#3 84.0(13) 

O(3)#3-Zn(2)-O(3B)#3 12.0(10) 

O(1)#4-Zn(2)-O(3B)#3 90.0(7) 

O(1)#1-Zn(2)-O(3B)#3 176.8(7) 

O(5)#5-Zn(2)-O(3B)#3 91.3(5) 

O(5)-Zn(2)-O(3B)#3 84.2(5) 

O(3B)#2-Zn(2)-O(3B)#3 91.8(14) 

C(11)-O(1)-Zn(2)#6 134.2(2) 

C(11)-O(2)-Zn(1)#6 128.2(2) 

C(12)-O(3)-Zn(2)#7 155(3) 

C(12)-O(3B)-Zn(2)#7 137.6(15) 

C(12)-O(4)-Zn(1)#4 120.7(2) 

C(13)-O(5)-Zn(1) 106.1(3) 

C(13)-O(5)-Zn(2) 131.4(3) 

Zn(1)-O(5)-Zn(2) 110.67(11) 

C(1)-N(1)-C(5) 120.1(5) 

C(1)-N(1)-Zn(1) 122.9(5) 

C(5)-N(1)-Zn(1) 116.4(4) 

C(10)-N(2)-C(6) 118.0(6) 

C(10)-N(2)-Zn(1) 127.4(5) 

C(6)-N(2)-Zn(1) 114.3(4) 

 
Symmetry transformations used to generate equivalent atoms:  #1 y-1/2,-x+1/2,z-1/4    #2 -x+1/2,y+1/2,-z+1/4       

#3 y+1/2,-x+1/2,z-1/4    #4 -x+1/2,y-1/2,-z+1/4      #5 y,x,-z    #6 -y+1/2,x+1/2,z+1/4    #7 -y+1/2,x-1/2,z+1/4  
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Figure 3.2. ORTEP view of the asymmetric unit of 1 (50% probability level). The red, black, 

purple and blue spheres correspond to oxygen, carbon, zinc, and nitrogen atoms, respectively. 

(Hydrogen atoms are omitted for clarity.) 
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  This MOF is nanoporous, and highly disordered DEF molecules occupy the framework 

cavities.  The pore openings, as viewed along the c axis, are rectangular in shape and have 

dimensions of about 0.78 × 1.53 nm. Within a layer perpendicular to the c axis, the pores are 

arranged in a herringbone fashion, but adjacent layers are stacked along the c axis in such a way 

that the pattern appears to have four-fold symmetry in projection (Figure 3.3a). 

  Actually, the layers are related not by a four-fold rotation axis, but by four-fold screw 

axes (Figure 3.3b).  The BPDC-Zn
 
framework is arranged in a helical fashion about these axes, 

which are the source of the chirality of the nanopores. If the network is viewed along the [111] 

direction (Figure 3.3c), the pores form a pseudo-hexagonal arrangement in which the pore 

openings are about 0.75 × 1.2 nm. The view of 1 along a axis is shown in Figure 3.4. 

  The centers of all the pores are occupied by disordered solvent molecules. The calculated 

void volume is about 2780 Å
3
 per unit cell, which is about 53.6% of the total volume. 

Thermogravimetic analysis of 1•2DEF reveals that 10% of the weight (corresponding to removal 

of all of the DEF solvent molecules) is lost between 20 and 200 ˚C (Figure 3.5). If crystals of 

1•2DEF are solvent exchanged three times with CHCl3 and then exposed to vacuum at 120 ˚C, 

the resulting material is free of DEF and has the stoichiometry Zn3(BPDC)2(O2CH)2 (1). This 

material has a surface area (by BET analysis) of 570 m
2
·g

-1
, which shows that the nanoporous 

structure is maintained upon removal of the solvent. The framework is thermally stable up to at 

least 200 ˚C. The PXRD pattern of solvent-free 1 closely resembles that calculated from the 

single crystal data for 1•2DEF, thus indicating that the host framework is retained (Figure 3.6). 

  In conclusion, we have successfully synthesized a new chiral MOF constructed from 

achiral components. If homochiral samples can be generated, such a material may be useful in 
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catalysis and separations. 

  



64 
 

 

 

Figure 3.3. Representation of the structure of 1 (C, black; O, red; N, blue; Zn1, light purple 

polyhedron; Zn2, purple polyhedron; H, omitted). (a) View along c axis, along with a 

representation of two adjacent layers, each having a herringbone arrangement of rectangular 

pores; one such rectangular subunit is shown at upper right.  (b) BPDC-Zn
2+

 helical arrays 

related by the chiral 41 screw axis. (c) View along [111]. 
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Figure 3.4. Representation of the structure of 1 along the a axis (C, black; Zn1, light purple 

polyhedron; Zn2, purple polyhedron; H, omitted). 
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Figure 3.5. Thermogravimetric analysis of a freshly prepared sample of 1•2DEF. 
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Figure 3.6. Powder X-ray diffraction pattern of desolvated 1 (red), and pattern calculated from 

the single crystal structure of 1•2DEF (black). 
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Experimental Section 

  Synthesis of Zn3(BPDC)2(O2CH)2•2DEF (1•2DEF). The chemicals were obtained from 

Aldrich and used as received. The synthesis was performed under solvothermal conditions. 

Zn(NO3)2·6H2O (0.0446 g, 0.15 mmol), 2,2-bipyridine-5,5-dicarboxylic acid (0.0244 g, 0.10 

mmol) and formic acid (0.8 mL of a 75% aqueous solution) were mixed and dispersed in DEF (5 

mL). The resulting white slurry was then heated in an oven at 100 ºC for 3 weeks to afford 

octahedron-shaped crystals.  Yield: 70%. Anal. for the as-prepared material (University of 

Illinois Microanalytical Laboratory): Calc. for Zn3(BPDC)2(O2CH)2•2DEF: C, 43.1; H, 3.42; N, 

8.38. Found: C, 42.8; H, 3.13; N, 8.35.  Desolvation to 1 was achieved by immersing the as-

prepared crystals in chloroform (5 mL) for three days, with the solvent being changed once daily. 

The solid was then collected by filtration and dried in a vacuum oven at 120 ºC for 3 h.  

  Brunauer - Emmett - Teller (BET) measurements. 3 point BET (P/P0 = 0.1-0.3) 

surface area measurements were performed on QuantachromeNova 2200e gas adsorption surface 

area apparatus at liquid nitrogen temperature using nitrogen as the adsorbate.  

  Powder X-ray diffraction. Powder XRD data were collected on a Bruker General Area 

Detector Diffraction System (GADDS) equipped with a P4 four-circle diffractometer and HiStar 

multiwire area detector.  A Bruker M18XHF22 rotating anode generator operating at 50kV and 

40mA supplied the Cu Kα graphite monochromatized incident beam. The simulated pattern 

derived from single X-ray data matches well with the pattern obtained from desolvated 1. 

  X-ray single crystal diffraction. The data crystal was mounted on a glass fiber using 

Paratone-N oil (Exxon). One distinct cell was identified using APEX2 (Bruker, 2010).  Twenty 
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frame series were integrated and filtered for statistical outliers using SAINT (Bruker, 2005) then 

corrected for absorption by integration using SHELXTL/XPREP V2005/2 (Bruker, 2005) before 

using SADABS (Bruker, 2005) to sort, merge, and scale the combined data.  The absorption 

correction was done prior to the squeeze process using an absorption coefficient that included the 

contribution from the two diethylformamide molecules per formula unit.  No decay correction 

was applied. The final refinements excluded the 0 2 3 and 0 1 3 reflections. The structure was 

phased by direct methods (Sheldrick, 2008).  Systematic conditions were consistent with both of 

the enantiomorphic space groups P41212 or P43212.  The racemic mixture is almost 50/50.  The 

space group P41212 was chosen over the other space group because the refined portion of this 

enantiomer was slightly greater.  The highest peaks in the final difference Fourier map were in 

the vicinity of atom Zn2; the final map had no other significant features.  A final analysis of 

variance between observed and calculated structure factors showed little dependence on 

amplitude and some dependence on resolution.  
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CHAPTER 4: Structural Stability of IRMOF-1 under High Pressure  

Introduction 

Metal-organic frameworks (MOFs) have attracted increasing attention as a new class of 

porous materials with high internal surface areas, well defined crystalline structures, and 

controllable surface functionalities. They have been considered as promising materials for many 

applications such as gas storage,
1, 2

 gas separation,
3, 4

 sensing,
5
 and heterogeneous catalysis.

6
 

Because many of these applications involve exposing MOFs to high pressures and high 

temperatures, it is fundamentally important to understand the structural stability of MOFs under 

extreme conditions. However, relatively few studies on this topic have been reported to date, 

most of which are performed by nanoindentation
7-10

 or diamond anvil cell methods.
11-15

 

Alldendorf et al. measured the elastic modulus of IRMOF-1 crystals using two different 

nanoindentation techniques.
7
 Zeolitic imidazolate frameworks (ZIFs), a type of MOF built from 

imidazoles and metal ions, have also been studied using both nanoindentation and computational 

approaches to establish their structure-mechanical property relationships.
8
 High pressure 

experiments on ZIF-8 Zn(2-methyllimidazole)2 (ZIF-8) and [Zn2(C3H3N2)4]n (ZnIm) in diamond 

anvil cells were performed at pressures up to 1.2 GPa.
12, 13

  

The zinc 1,4-benzenedicarboxylate (BDC) material Zn4O(BDC)3, which is known as 

IRMOF-1 or MOF-5, is the prototype of a widely studied series of MOF materials.
16

 There have 

been two previous studies of the structure of IRMOF-1 as a function of pressure: one study 

reported that pressurization of IRMOF-1 to 3.5 MPa (35 atm) converts it irreversibly to an 

amorphous solid.
17

 A second study reported that single crystals of IRMOF-1 immersed in N,N-

diethylformamide (DEF) converted to an amorphous solid at 3.21 GPa (32 100 atm).
14

 Here we 
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report an in situ high pressure study of IRMOF-1 up to 8.93 GPa. Our results, which differ from 

those in the lower pressure investigations, shed light on the stability of this important MOF under 

pressure. 

Results and Discussion 

 “As-synthesized” IRMOF-1 samples were prepared solvothermally in N,N-

diethylformamide.
16

 Samples of the as-synthesized IRMOF-1 were crushed while still immersed 

in their mother liquor, which was used as a pressure medium for the diamond anvil cell (Figure 

4.1). At the lowest pressure studied, 0.70 GPa (7 000 atm), the three strongest peaks are the 

(200), (220), and (400) reflections due to IRMOF-1 (Figure 4.2), which crystallizes in the cubic 

space group Fm
‒
3m.

16
  There is one additional small peak at a d-spacing of 10.12 Å (2 = 2.341º) 

that is not due to IRMOF-1. At pressures up to 6.57 GPa, the peaks for IRMOF-1 broaden and 

decrease in integrated intensity (Figure 4.3).  The (200) reflection of IRMOF-1 moves slightly 

toward smaller d-spacings (from 12.78 Å to 12.74 Å). The extra peak (HP peak 1) moves toward 

larger d-spacings (reaching 10.97 Å at 6.57 GPa), but its intensity is essentially unchanged.  

Between 6.57 and 8.93 GPa, all the peaks in the PXRD pattern disappear, indicating destruction 

of the crystallinity. No reversion to crystalline phases occurs upon release of the pressure.  

Compared with an earlier study,
14

 our samples of IRMOF-1 retain crystallinity to higher 

pressures (6.57 vs 3.24 GPa). The sudden decrease of intensity of the IRMOF-1 peaks above 0.7 

GPa agrees with the previous study. The decrease of the d-spacings in our experiment also 

matches their conclusion that the unit cell compresses above 0.7 GPa. As we will see below, the 

pores in the as-synthesized IRMOF-1 are packed with DEF molecules, which help the MOF 

resist compression.   
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Figure 4.1. Illustration of a diamond anvil cell.
18
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Figure 4.2. PXRD patterns of as-synthesized IRMOF-1 as a function of pressure.  The time 

sequence proceeds from bottom to top. 
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Figure 4.3. The integrated intensities of the (200), (220), and (400) reflections of as-synthesized 

IRMOF-1 as a function of pressure.   
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 We then studied the pressurization of desolvated IRMOF-1, which was prepared from the 

as-synthesized material by solvent exchange with dichloromethane, followed by heating in 

vacuum to 120 °C. The desolvated samples were then powdered in air and reheated in vacuum. 

No pressure medium was used for this experiment. At the lowest pressure we studied, 0.21 GPa 

(2 100 atm), the three most intense peaks in the diffraction pattern (Figure 4.4a) again 

correspond to those calculated from the known IRMOF-1 structure.  As seen for the as-prepared 

sample, there is an additional peak (HP peak 2) due to a different material at a d-spacing of 9.97 

Å (2 = 2.376º). When the pressure is increased, the 9.97 Å peak grows stronger, while the peaks 

due to IRMOF-1 diminish (but see below). By 5.17 GPa, the conversion of IRMOF-1 to the new 

material is essentially complete.  No additional peaks appear at pressures up to 7.43 GPa; 

furthermore, no reversion of the new phase to IRMOF-1 occurs when the pressure is 

subsequently reduced (Figure 4.4b). 

Substantially different behavior was observed in a previous pressure study of desolvated 

IRMOF-1.
17

 Whereas our samples retained some crystallinity to 4.32 GPa (43 200 atm), the prior 

study found that the application of even a small pressure of 3.5 MPa (35 atm) caused irreversible 

collapse of the pores and conversion to an amorphous material.  We believe that the difference 

relates to the contents of the pores in the two samples.  Our “desolvated” samples were handled 

briefly in air when they were loaded into the pressure cell, and we have evidence (see below) that 

the pores adventitiously adsorb water molecules when so treated. The consequent filling (or 

partial filling) of the pores again lends the MOF considerable mechanical stability toward 

pressurization.  The previous study evidently involved IRMOF-1 whose pores were largely 

vacant.  Together with our data, it is now clear that MOFs with vacant pores collapse and 



79 
 

become amorphous very easily upon compression, but that MOFs with filled pores are 

mechanically much more robust.   

The integrated intensities of the (200), (220), and (400) reflections of the desolvated 

IRMOF-1 show that there are two regions of differing behavior. At pressures below about 0.7 

GPa (yellow region of Figure 4.5), the intensities of all the peaks increase; we ascribe this 

behavior to pressure induced texturing. At higher pressures, the diffraction rings become more 

intense in some directions and form bright spots, which suggest the onset of pressure-induced 

texturing (Figure 4.6). Above 0.7 GPa, the intensities of the (220) and (400) reflections decrease 

monotonically, whereas the intensity of the (220) reflection appears essentially constant.  We 

believe that the (220) reflection decreases in intensity in concert with the (200) and (400) 

reflections but that it is replaced by a broad peak at the same d-spacing that is due to a new 

substance with medium-range order (MRO) at a length scale around 9.5 Å.
19

   

The peak due to the new substance shifts slightly with pressure owing to changes in the 

unit cell volume. Specifically, the most intense peak moves from d = 9.97 Å (2θ = 2.376°) at 

0.21 GPa to d = 9.84 Å (2θ = 2.407°) at 7.43 GPa, which corresponds to a 1.3 % decrease of the 

d-spacing. Upon subsequent return of the pressure to 0.17 GPa, the peak moves to d = 9.94 Å (2θ 

= 2.383°), which corresponds to a 1.0 % increase of the d-spacing.  Therefore, in this pressure 

regime the new phase is not fully elastic and some of the compression is irreversible. 
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Figure 4.4. (a) PXRD patterns obtained upon pressurizing desolvated IRMOF-1 (bottom to top), 

showing conversion to a new material. (b) PXRD patterns of the new material upon compression 

and decompression (bottom to top). 
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Figure 4.5. The intensities of the (200), (220), and (400) reflections of desolvated IRMOF-1 as a 

function of pressure.   
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Figure 4.6. Diffraction patterns of IRMOF-1 at different pressures. 
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We now turn to an identification of the species responsible for the new peaks in the two 

experiments discussed above.  Under pressure, desolvated IRMOF-1 converts into the new phase 

(quantitatively if we assume that no amorphous products are formed), whereas as-synthesized 

IRMOF-1 converts only partially. Although the changes in the PXRD patterns resemble those 

expected for a pressure-induced phase transition, the identifiable diffraction peaks match in both 

intensity and d-spacings with those reported by Kaye et al for the phase generated by air 

hydrolysis of IRMOF-1.
20

 This latter study suggested that the hydrolysis product is a solid with 

the formula C24H22O18Zn4.  

As a control experiment, we measured the PXRD pattern of IRMOF-1 both before and 

after exposure to air for one day under ambient conditions (Figure 4.7).  Both diffraction patterns 

match very well with that calculated from the published single crystal structure of IRMOF-1.
16 

 

This result confirms that the hydrolysis process does not take place spontaneously over the time 

frame of our experiments, but instead is stimulated by the application of pressure.  The water 

needed to carry out the hydrolysis was almost certainly absorbed by the desolvated MOF during 

the ca. 10 minute time required to load the powdered sample into the diamond anvil cell, a 

procedure that was conducted in air. 

During the pressurization process, the integrated intensity of HP peak 1 (from as-

synthesized IRMOF-1) remains essentially constant whereas HP peak 2 (from “desolvated” 

IRMOF-1) becomes more intense (Figure 4.8). The d-spacing of HP peak 1 decreases, whereas 

HP peak 2 increases slightly, with increasing pressure (Figure 4.9). The increase in the d-spacing 

with increasing pressure seen for the as-synthesized IRMOF-1 sample is unusual; typically, 

increasing pressure results in a decrease in d-spacings. We believe this unusual behavior is due to 
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a pressure-induced solvolysis reaction involving the included DEF molecules, in which Zn-

carboxylate bonds are broken and some of the coordination sites on the Zn centers are occupied 

by DEF molecules.  As the pressure increases, this slow displacement reaction increases the 

average d-spacing.  Possibly, the large size of the DEF molecules relative to water explains why 

the DEF solvolysis reaction increases the d-spacing, whereas the hydrolysis reaction observed 

for the “desolvated” samples results in little change in the d-spacing with further reaction.  

 Our results on the pressurization of IRMOF-1 are summarized in Scheme 4.1. Our results 

clearly demonstrate that IRMOF-1 can sustain significantly higher pressures when its pores are 

filled with solvent molecules rather than with air. Furthermore, in the presence of adsorbed 

water, IRMOF-1 begins to convert to a new material even at the lowest pressure we studied, 0.21 

GPa. This conversion process is essentially complete at 5.17 GPa; some amorphous material is 

also generated. This new material is the result of a pressure-driven hydrolysis reaction; the 

product is a previously described material of approximate stoichiometry C24H22O18Zn4. At higher 

pressures, the hydrolysis product could be further compressed; it re-expands but not fully 

elastically upon releasing the pressure. Not surprisingly, the hydrolysis reaction is irreversible, 

and no IRMOF-1 is regenerated upon return to ambient pressure. When the amount of water is 

less (as in our study of as-synthesized material), IRMOF-1 is converted to a chemically-related 

material generated by pressure-induced hydrolysis and solvolysis.  
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Figure 4.7. Comparison of calculated PXRD of IRMOF-1, fresh IRMOF-1 and IRMOF-1 

exposed in air for one day obtained at room temperature.  Inset picture shows the unit cell of 

IRMOF-1. 
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Figure 4.8. Pressure dependence of the integrated intensities of the peak near 10.00 Å due to the 

new phase. 
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Figure 4.9. HP peak position changes upon the increase of pressure. 
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Scheme 4.1 Structural change of IRMOF-1 with increasing pressure  
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Experimental Section 

Synthesis of IRMOF-1. IRMOF-1 crystals were synthesized by the solvothermal method. 

Zinc nitrate hexahydrate (156 mg, 0.60 mmol) and 1,4-benzenedicarboxylic acid (33 mg, 0.20 

mmol) were dissolved in N,N-diethylformamide (10 mL) in a Teflon lined glass vessel. The 

vessel was kept at 90 ºC for three days.  The resulting cubic crystals were collected, and 

subjected to solvent exchange by soaking them in three successive solutions of chloroform over a 

period of one day. The chloroform was then decanted and the crystals were dried in an oven at 

120 ºC for one day to remove the remaining chloroform in the pores. The IRMOF-1 crystals 

were then crushed to a fine powder.   

Powder X-ray diffraction data collection at ambient pressure. Studies of the air 

stability of IRMOF-1 were carried out by collecting powder X-ray diffraction (PXRD) data on a 

Bruker General Area Detector Diffraction System (GADDS) equipped with a P4 four-circle 

diffractometer and HiStar multiwire area detector.  A Bruker M18XHF22 rotating anode 

generator operating at 50 kV and 60 mA supplied the Cu Kα (1.54056 Å) graphite 

monochromatized incident beam. 

Powder X-ray diffraction data collection at high pressure.  A Mao-bell type diamond 

anvil cell
21

 equipped with a 800 µm culet diamonds was used for the in situ high pressure X-ray 

diffraction studies. A stainless steel gasket was preindented to a thickness of 90 m, and a 250 

m diameter hole was drilled in the center of the indentation as a sample chamber. Pressures 

were determined by measuring the shift in the fluorescence energy of a ruby sphere loaded in the 

chamber along with the sample.
22

 In situ angle dispersive X-ray diffraction experiments were 

performed at HPCAT beamline 16-BMD at the Advanced Photon Source (APS) at Argonne 
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National Laboratory with a focused monochromatic X-ray beam (λ = 0.4134 Å).  Powder X-ray 

diffraction (PXRD) patterns were collected with a MAR345 imaging plate, and the experimental 

geometry was calibrated with a sample of NIST standard CeO2 powder.   

TOPAS analysis of diffraction patterns of IRMOF-1. The software program TOPAS 

was used to refine the powder diffraction patterns between 1 and 3.9° (2θ).  Each pattern was fit 

with a 6 fold Chebyshev polynomial background curve and pseudo-Voigt (PVII) or split-Pearson 

(SPVII) type peaks.
23
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Figure 4.10. Illustration of the process to fit the PXRD patterns using TOPAS. 
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