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ABSTRACT 

The focus of this research is to investigate how the exact shape, functionalization, 

and pore structure, specifically the distribution and filling of meso- and micropores, affects 

the chemical environment within the pores, especially when it comes to the adsorption and 

condensation of gas molecules. This is accomplished through pore engineering, tuning the 

nanostructures of the material for a particular application. However, the true rational 

design of MOFs and other porous materials is still a goal we have taken only a few small 

steps towards. Thus, considerable effort has also been devoted to the development of 

synthetic techniques necessary to grow new kinds of MOFs and PPNs in a planned 

manner. 

The development of an extensive library of synthetic and post-synthetic 

modification techniques for MOFs and porous polymers is how researchers will be able 

to eventually achieve ‘total synthesis’ of desired porous materials, rather than relying on 

trial and error and serendipitously discovered existing materials.   Organic chemists were 

able to achieve the total synthesis of complex natural products only after centuries of 

synthetic and theoretical study. Porous materials chemists will eventually be able to design 

or mimic complex pore environments such as enzyme active sites or catalysts for complex 

tandem and multistep reactions. However, this will only occur if we can develop a 
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similarly massive library of complicated synthetic techniques and improved theoretical 

understanding of crystallization processes.   

Our work towards this goal begins with a comprehensive review of recent 

developments in MOF synthesis, especially the development of new synthetic methods to 

impart intricate functionality into ultrastable MOFs.  Our group’s development of 

Kinetically Tuned Dimensional Augmentation, Post-synthetic Metathesis and Oxidation, 

and Sequential Linker Installation and Cluster Metalation have contributed to the grand 

challenge of the rational design and total synthesis of MOF structures and greater control 

of pore environments. As a related subject, we also cover recent development in the design 

of various types of porous carbons for hydrogen storage. 

We then cover the development of pre-synthetic modulation methods to alter MOF 

properties and produce new MOFs.  Using lithium salts as a modulator, the porosity and 

hydrogen uptake of anionic MOFs can be improved. We can also use Mn sources in 

different oxidation states to produce Mn(II) MOFs with different structures and porosities 

with the same linker.  

Post-synthetic modification techniques are explored through the loading of 

sorbents for CO2 and methane uptake with liquid alkylamines and alkanes, respectively, 

in order to  combine adsorption and absorption in a single material and efficiently use an 

available volume.  Both techniques demonstrate improvements in uptake over the 

unmodified materials, with a focus on their exceptional stability, cyclability, and cost-

effectiveness, as they are targeted for widespread application.
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NOMENCLATURE 

AC Activated Carbon 

ANG Adsorbed Natural Gas 

BDC 1,4-benzene dicarboxylic acid, or Terephthalic Acid 

BET Brunauer-Emmett-Teller 

BTC 1,3,5-benzenetricarboxylate 

CDC Carbide-Derived Carbon5 

CNG Compressed Natural Gas 

CNT Carbon Nanotubes 

COD bis(1,5-cycloocatdiene) 

COP Covalent Organic Polymer 

CVD Chemical Vapor Deposition 

DBA Benzene-1,3-diboronic acid 

DMA N,N-Dimethyl Acetamide 

DMF N,N-Dimethyl Formamide 

DMSO Dimethyl Sulfoxide 

DOE United States Department of Energy 

FESEM Field-emission Scanning Electron Microscopy 
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GO Graphene Oxide 

GOF Graphene Oxide Framework 

HCPM Hierarchically Porous Carbon Monolith 

HMS Hexagonal Mesoporous Silica 

IRMOF Isoreticular Metal-Organic Framework 

K Degrees Kelvin 

LNG Liquefied Natural Gas 

LC Liquid Crystalline, Liquid Crystal, or Liquid Chromatography 

MDC MOF-derived Carbon 

MeOH Methanol 

MOF Metal-Organic Framework 

MOP(s) Metal-Organic Polyhedron(Polyhedra) 

MS Mesoporous Silica 

MWCNT Multi-walled Carbon Nanotubes 

NPC Nanoporous Carbon 

NMR Nuclear Magnetic Resonance 

PAF Porous Aromatic Framework 

PCN Porous Coordination Network 
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PIM  Polymer of Intrinsic Microporosity 

PPN Porous Polymer Network 

PXRD Powder X-Ray Diffraction 

SBB Supramolecular Building Block 

SBU Secondary Building Unit 

SCXRD Single-Crystal X-ray Diffraction 

SSA Specific Surface Area 

SWCNT Single-Walled Carbon Nanotubes 

TEM Transmission Electron Microscopy 

TGA Thermogravimetric Analysis 

Wt. % Weight Percent 

XRD X-Ray Diffraction 

ZIF Zeolitic Imidazolate Framework 

ZTC Zeolite Templated Carbon 
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CHAPTER I  

INTRODUCTION 

Metal-Organic Frameworks(MOFs) are materials generated by the linkage of rigid 

or semi-rigid organic polytopic ligands with metal ions or clusters to form an ordered, 

repeating crystalline pattern that contains potential pores, or voids.1 These pores can often 

be evacuated or “activated” with vacuum and temperature, allowing the measurement of 

permanent porosity and the adsorption of other molecules within the material.2 A wide 

variety of other molecules can interact with the framework within its pores. Furthermore, 

the shape, arrangement, size, and content of these pores can be manipulated through 

continually advancing synthetic techniques.3,4 Because of this, MOFs can be used for gas 

storage or separations, catalysis, chemical sensing, drug delivery, photosensitive materials, 

or any of a wide variety of other applications that can take advantage of the ability to 

precisely influence the arrangement of atoms and functional groups in a well-defined 

porous material.3-22 

Of particular importance for the field of gas storage is that a MOF possesses a 

Brunauer–Emmett–Teller (BET) surface area exceeding that of any other known material, 

and MOFs in general can be synthesized with very high surface area and porosity.23 Gas 

molecules undergo adsorption, or binding to the surface of a material, and materials with 

more internal surface area often have higher uptake, depending on the size of the pores, 

temperature, pressure, molecule adsorbed, and affinity of that molecule for the adsorbent 

surface.24 Appropriately combined metals and linkers can produce MOFs with both high 
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surface area, and pores with size and arrangement optimized for sorption of a particular 

molecule. 

In the last several years, the Zhou group has helped develop several new 

crystallization methods in order to increase the stability, porosity, and ability to tune the 

pore environment of MOF materials. Previously, only copper, zinc, and other low-valence 

metals could be used to grow MOF crystals suitable for single crystal X-ray 

diffraction(SCXRD) measurements necessary to find the structure of a MOF, a 

prerequisite to being able to rationally alter that structure for different applications. These 

metals, due to their low charge and overall lability when bound to commonly used 

carboxylate ligands, produced MOFs that were vulnerable to degradation by water or 

humidity. This drastically reduced their practical application potential, as merely being 

left open to the air overnight could result in their complete framework collapse and loss 

of porosity. 25 

For some applications, precise control over the pore size, shape, and functionality 

is not required. For example, to enable the widespread application of CO2 flue gas capture, 

the most important criteria by far is the overall cost of capture per kilogram of CO2. This 

cost includes material synthesis cost, cyclability, and the energy cost for sorbent 

regeneration and CO2 sequestration. When designing porous materials for this application, 

porous polymer networks(PPNs) are appropriate. They are organic polymers of intrinsic 

porosity, typically branched copolymers grown under carefully controlled conditions from 

two monomers where at least one is rigid and tri- or tetratopic. Unlike MOFs, PPNs are 

disordered in structure and pore size, and are thus much less ‘designable’, but can still 
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reach very high surface areas and pore volumes. 

The overall goal of this research is to produce gas adsorbents with optimized 

performance by tuning the size and contents of pores to be appropriate for hydrogen, 

methane, or CO2 sorption in temperature and pressure ranges needed for practical 

application. This will be accomplished both by changing the pore size and contents of 

existing MOFs, and through synthesis of new MOFs with lighter metals that still retain 

high porosity and the appropriate pore size.  

This is accomplished via several methods: First, lithium doping will be 

investigated as a method to increase hydrogen uptake. Lithium carboxylate ligands will 

be used to allow synthesis of ionic MOFs which are better suited for hydrogen storage. 

Second, Metal-Ligand-Fragment coassembly, a method developed by the Zhou group, will 

be explored to easily tune the pore size and functionalization in a way that can increase 

pore size and change pore shapes, unlike standard isoreticular ligand exchange. Third, 

Kinetically Tuned Dimensional Augmentation(KTDA) will be used to synthesize MOFs 

with targeted metal clusters and topology suitable for maximizing gas uptake.3 In this way, 

the current highest performance hydrogen, methane, and carbon dioxide sorbents will be 

tuned to achieve even higher uptake. 

The KTDA method combines the “dimensional augmentation” of linking pre-

synthesized or known metal clusters, complexes, or Secondary Building Units (SBUs) 

with the “kinetic tuning” of modulated synthesis, where added monocarboxylic acids 

lower the pH hindering ligand deprotonation, act as a surface capping agent, and compete 

with the linking ligand, slowing nucleation and growth. Different choices of starting metal 
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sources can also alter the nucleation rate.26 By tuning the amount and type of starting metal 

complex or salt and the modulating monocarboxylic acid, large single crystals can be 

grown of MOFs that were either only found as powder or not reported at all. Furthermore, 

the increased crystallinity as well as defect modulation introduced by tuning the 

temperature and amount and strength of competing acid can alter the porosity of the MOF, 

for example by introducing mesoporous defects or extra open metal sites.27,28 

Another method our group has developed to increase the stability of MOFs is the 

Post-Synthetic Metathesis and Oxidation(PSMO) method, or the related reductive 

labilization or metal metathesis methods.29-31 First, a MOF is synthesized and 

characterized with a more labile metal such as Mg(II) or Fe(II). This MOF is preferably 

not chemically stable, as it is then either oxidized to Fe(III) or immersed in a solution 

containing a less labile metal such as Fe(III) or Cr(III). As long as the ligand field of the 

MOF is compatible with the higher-valence metal, the higher valence metal will replace 

the lower-valence, more labile metal within the framework. After this exchange, the 

framework will exhibit drastically increased chemical stability.30 

Perhaps more importantly, these ranges of parameters can be reported for a wide 

variety of MOF systems, which should facilitate the prediction and rationalization of MOF 

crystal engineering. Previously, the main method of produced predesigned MOF structures 

has been through isoreticular expansion of a framework by substituting lengthened or 

functionalized linkers with the same metal nodes. However, if more parameters were 

known, MOF synthesis could be better rationalized and predicted. MOFs can be 

synthesized in a range of conditions, which can produce a range of crystallinity and crystal 
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sizes in the products. By varying these conditions, most notably the amount and type of 

modulating reagent, the crystal sizes of the products can be controlled by a certain extent. 

As mentioned in section 1.2, storage gain is dependent on the bulk density of the material, 

as inter-granular pore space is “wasted.” To some extent, densification or other techniques 

can minimize this with minimal loss of crystallinity or porosity, as long as compaction is 

stopped at the ideal single crystal density.32 It has been shown that the specific surface area 

and pore volume of MOF crystals can vary widely based on their size and morphology, 

which can be altered by minor changes in solvent polarity and concentration ratios.33 Thus, 

high-throughput synthesis of a range of MOF samples with different crystal sizes has 

allowed synthesis of MOFs with optimized gas uptakes.  

Though precise control of the pore size and functionalization of polymers is less 

developed than for MOFs, porous polymers are still a promising sorbent material, due to 

their low cost and weight, high chemical stability, and their high porosity and 

functionalizability. One promising application for porous polymers is in acid gas capture, 

such as flue gas CO2 capture from fossil fuel power plants. Flue gas CO2 capture is most 

efficient through the reaction of amines and CO2 to form carbamate salts. The first reason 

for this is the temperature range needed – adsorption must be around 40°C, a temperature 

that is too high for good uptake with most CO2 physisorbents. The second is the presence 

of water and possible presence of SO2 or other molecules that could quickly collapse 

chemically fragile MOFs. Water assists amine-CO2 capture, as it can act as a proton 

acceptor after amine attacks the CO2, eventually resulting in bicarbonate formation that 

requires only one amine per CO2 molecule captured instead of two. The most relevant 
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parameters for amine-based CO2 sorbents are the density of accessible amine moieties, the 

cost, the cyclability, and the energy cost for regeneration. 
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CHAPTER II 

INCREASING THE STABILITY OF METAL-ORGANIC 

FRAMEWORKS1 

2.1 OVERVIEW 

Metal-Organic Frameworks (MOFs) are a new category of advanced porous 

materials undergoing study by many researchers for their vast variety of both novel 

structures and potentially useful properties arising from them. Their high porosities, 

tunable structures and convenient process of introducing both customizable functional 

groups and unsaturated metal centers have afforded excellent gas sorption and separation 

ability, catalytic activity, luminescent properties, and more. However, the robustness and 

reactivity of a given framework is largely dependent on its metal-ligand interactions, 

where the metal-containing clusters are often vulnerable to ligand substitution by water or 

other nucleophiles, meaning that the frameworks may collapse upon exposure even to 

moist air. Other frameworks may collapse upon thermal or vacuum treatment, or simply 

over time. This instability limits the practical uses of many MOFs. In order to further 

enhance the stability of the framework, many different approaches, such as the utilization 

of high-valence metal ions or nitrogen-donor ligands, were recently investigated.  This 

1 Reproduced with permission from “Increasing the Stability of Metal-Organic 

Frameworks,” Mathieu Bosch, Muwei Zhang, and Hong-Cai Zhou, Advances in 

Chemistry, vol. 2014, Article ID 182327, 8 pages, 2014. doi:10.1155/2014/182327 

Copyright 2014 by the authors. 
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review details the efforts of both our research group and others to synthesize MOFs 

possessing drastically increased chemical and thermal stability, in addition to exemplary 

performance for catalysis, gas sorption, and separation.   

2.2 INTRODUCTION 

Metal-Organic Frameworks are composed of metal-containing secondary building 

units (SBUs) connected by rigid or semi-rigid polytopic organic linkers. Depending on the 

geometry and connectivity of the SBUs, this can often create a structure with inherent 

porosity, with the void volume in the framework initially filled by solvent molecules.2 

These frameworks are often robust enough to survive a desolvation process termed 

activation by heating and/or vacuum, resulting in materials with extremely high surface 

areas. Some representative MOFs include MOF-5, MIL-101, HKUST-1, PCN-14, and 

UiO-66.34-38 MOF development has experienced a rapid expansion after the discovery of 

MOF-2 in 1998.39 Even though MOF-2 only possesses a modest porosity, it is one of the 

earliest MOFs that were demonstrated to have permanent porosity, as it was stable enough 

to survive solvent exchange with chloroform followed by vacuum desolvation, or 

activation.    
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Figure II-1. The Zn4(μ4-O) unit of MOF-5 shown coordinated by 6 carboxylates.40 

 

Soon after, MOF-5 was published, which is composed of Zn4(μ4-O) SBUs (Figure 

II-1) and benzene-1,4-dicarboxylate (BDC) linkers in a pcu topology. Subsequent sorption 

measurements showed an exceptional surface area, breaking all porosity records at the 

time. However, while MOF-5 is thermally stable to approximately 300°C, it is not water 

stable, and thus cannot survive long after exposure to humid air.41 The thermal and 

chemical stability of MOFs are both of great interest to researchers for multiple reasons. 

First, a MOF must be stable enough to undergo characterization. For example, a MOF that 

decomposes quickly is difficult to characterize by X-ray diffraction (XRD), and thus its 

crystal structure is difficult to determine. A MOF that collapses upon solvent removal 
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cannot be said to be practically “porous”, because its experimental surface area and gas 

sorption cannot be determined. Furthermore, many applications of MOFs, such as gas 

storage and separation, hinge on their chemical stability, as materials that are not air-stable 

are often much less cost-effective than materials that may have inferior absolute 

performance but that are more robust. Some applications may also rely on thermal 

stability, such as catalysis.42 

The vulnerability of MOFs typically lies in the lability of ligand-metal bonds. 

According to ligand field theory, because Zn2+ is a transition metal ion with d10 electron 

configuration, it experiences no ligand field stabilization energy overall. Thus, its ligand 

environment will be controlled primarily by steric factors. This favors a tetrahedral 

environment, but is not heavily destabilized when this environment is disturbed during 

ligand exchange. Facile ligand exchange allows the formation of a crystalline framework 

with high surface area, and favors the formation of larger single crystals, allowing more 

precise structural characterization through single-crystal  XRD.43 However, it also lowers 

the chemical stability of the resulting MOF, as easily exchanged carboxylates will be 

displaced by water or other nucleophiles, and if too many of the linking carboxylates are 

displaced, the framework will collapse. Even if the bond strength is high, if the energy 

barrier for ligand substitution is low, the MOF will not be chemically stable.  

In general, MOFs with SBUs consisting of tetrahedral Zn2+ are not chemically 

stable. However, MOFs containing Zn2+ in a different coordination environment, such as 

MOF-69, have been shown to be more stable than those with purely tetrahedral Zn2+ ions. 
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MOF-69 contains both tetrahedral and octahedral Zn centers which share oxygens to form 

infinite columns, and exhibited chemical stability to exchange with a variety of solvents.44  

To increase the chemical stability of MOFs, early effort involved the employment 

of SBUs containing Cu2+ ions with d9 configuration. Compared to a d10 transition metal 

like Zn, metal ions with d9 configuration possess ligand field stabilization energy, 

regardless of what coordination environment it adopts. This increased ligand field 

stabilization energy should make the ligand substitution processes less favorable. 

HKUST-1, composed of copper paddlewheel SBUs (Figure II-2) capped by axial water 

ligands and 1,3,5-benzene-tricarboxylate (BTC) displays an increased chemical stability 

and shelf-life over MOF-5.45,46 When this material is activated, the water ligand on its 

axial position will be removed, leaving a relatively stable square planar coordination 

geometry on cupric SBUs in the activated sample.  However, this material was reported 

to be unstable to direct contact with water, indicating only a limited increase in stability.47  



 

 

12 

 

Figure II-2. The copper paddlewheel unit of the PCN-6X series, found in many MOFs. 

Typically, it is coordinated equatorially by 4 ligand carboxylates, while the axial ligands 

are solvent molecules that may be removed by activation. The zinc paddlewheel is almost 

identical, but unlike the copper paddlewheel, attempted activation usually causes 

framework collapse. 

 

Our group has reported the PCN-6X series of (3,24)-connected isoreticular MOFs 

using copper paddlewheel SBUs and extended trigonal planar ligands with isophthalate 

groups as linkers on each arm,  which exhibited both surface areas of up to 5109 m2 g-1 
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and moderately good stability.48 The framework structure itself can also impact the 

stability, as in PCN-61 where the mesoporous structure is stabilized by areas of less open 

connectivity, i.e., the microwindows into the mesopores.49 The control of framework 

topology and how it might impact framework stability was comprehensively reviewed 

elsewhere and will not be further covered here.50  In general, the chemical stabilities of 

Cu-paddlewheel based MOFs were improved compared to Zn4(μ4-O) based MOFs, but 

are still insufficient for certain applications. For example, HKUST-1 was reported to 

undergo framework collapse under steaming conditions at temperatures above 343 K.45  

2.3 FRAMEWORK TEMPLATING, METAL-ION METATHESIS, AND HIGH-

VALENT MOFS  

Our group has explored a technique called framework templating, in which single 

crystals of a MOF using a more labile metal (such as zinc) are synthesized, which are then 

metal exchanged with a less labile metal (such as copper) that is still stable in the 

coordination environment produced in the Zn MOF. The lability of the metal-ligand bond 

is decreased and the stability is enhanced by replacing, for example, the zinc in a 

paddlewheel SBU with copper. Many frameworks based on Zn paddlewheel SBUs also 

possess an isostructural MOF with Cu paddlewheels. 51 Consequently, a zinc based MOF, 

PCN-921, by metal exchange with copper, was transformed to an isostructural MOF 

named PCN-922 via a single-crystal-to-single-crystal transformation. Zinc-based PCN-

921 collapsed upon activation, while copper-based PCN-922 exhibited a BET surface area 

of 2006 m2 g-1 after activation, showing a permanent porosity.52 Interestingly, it also 
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changed its color from green to blue, which is consistent with copper’s change in 

coordination environment from a distorted square-pyramidal geometry with an axially 

coordinated solvent molecule to a square planar one stabilized by the Jahn-Teller effect 

due to its d9 configuration.53 On the other hand, Zn2+, upon loss of the axial solvent ligand, 

presumably twists into a tetrahedral geometry which destroys the framework.54 Metal 

exchange like this is also known as metal-ion metathesis, and has been used to synthesize 

many MOFs which were not able to be synthesized directly. 55 

To further increase the chemical stability of MOFs, researchers can go further 

along the path of using high-valence metal ions, such as Cr3+, Fe3+, Zr4+ and so on. 56 With 

all the coordination environments being equal, an increased charge will decrease lability 

simply by increasing the electrostatic interaction between the metal ions and the ligands. 

This trend can also be rationalized by the hard/soft acid-base principle, where soft acids 

like low-oxidation state metals form less stable coordination bonds with harder bases like 

the oxygen donors on carboxylate ligands. It is not just the charge of the metal ion that 

increases stability, but also the charge density. Small, hard ions with high charge density, 

such as Cr3+ or Zr4+, are able to bond more strongly to carboxylates than larger, soft ions 

like Zn2+ could. 57 This was exploited in the synthesis of MIL-101, which has a complex 

structure consisting of large clusters of four smaller Cr3(μ3-O) SBUs (Figure II-3) joined 

by BDC linkers. This produces a framework with both a high BET surface area (4100 m2 

g-1) and very high chemical stability, being stable for several months in air and also being 

stable to various solvents and conditions.36  
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Among metal units of a particular charge and coordination number, different 

metals can have ligand-metal exchange constants that are slower, which would result in a 

more chemically stable MOF. For example, Ni(bdc)(ted)0.5 (BDC= 1,4-

Benzenedicarboxylate, TED =triethylene diamine) was shown to undergo slower ligand 

substitution with water vapor than Cu(bdc)(ted)0.5, Zn(bdc)(ted)0.5, or Co(bdc)(ted)0.5, 

even though these MOFs were isostructural.   
46 This is analogous to the differences found 

in the water exchange rate constants among the metal ions, though carboxylate-water 

exchanges will have different values than the known water-water exchange rate constants. 

Al3+ has a lower water exchange constant than Fe3+, and Cr3+ is lower still, and so MOFs 

based on Cr3+ and Al3+ should be more water stable, all other things being equal, than 

isostructural MOFs based on Fe3+ or Ti3+.  
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Figure II-3. The Cr3(μ3-O) SBU of MIL-101, shown bound by 6 carboxylates and 3 solvent 

oxygen atoms. 

 

Increased chemical stability is also reported in UiO-66 and its isoreticular 

derivatives.35 UiO-66 possesses 12-connected Zr6O8 SBUs in which the Zr4+ ions have 

stronger interactions with carboxylate ligands than copper or zinc, and thus these SBUs 

are less vulnerable to ligand substitution.58 Additionally, the larger, more highly connected 

cluster means the framework suffers proportionally less disconnection if substitution were 

to occur. In general, higher nuclearity in the metal-containing unit of MOFs can increase 

stability in this manner. This is also shown by the increased stability of infinite chain 

SBUs. For example, as discussed earlier, MOF-69 is more chemically stable than Zn2+ 

MOFs containing tetrahedral Zn2+ paddlewheels and other discrete SBUs. 44 MIL-140, 
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with its infinite Zr-oxide chains, is more water stable than MOFs containing the same 1,4-

BDC linker but a discrete Zr6 SBU such as UiO-66. 59,60  

However, the increased chemical stability reported for Cr3+, Zr4+, and other MOFs 

comes at a cost: the decreased lability that causes the higher chemical stability also makes 

it more difficult for the researchers to obtain high-quality single crystals for single crystal 

XRD purposes, typically producing only microcrystalline powders. Even Cu2+ MOFs are 

more difficult to crystallize than labile but unstable Zn2+ ones.52 Lability, and a relative 

equilibrium of ligand substitution, is essential to the formation of single crystals. If the 

ligands bind very strongly to the metals with slow exchange and the equilibrium shifted 

toward precipitation, any nucleation will resort in the formation of either microcrystalline 

powder, or of amorphous products of typically low porosity and little use. Both laboratory 

research and industrial application of MOFs rely on accurate characterization of the 

products, and single-crystal XRD requires relatively large single crystals. Scientifically, 

development of MOFs requires study and understanding of the relationships between the 

structure of the MOF and its particular properties, which can only happen when the 

structure is well understood. Undoubtedly, many MOF and other products that may have 

had great application potential have been shelved or thrown away because of an inability 

to adequately characterize them, so synthesis of single-crystalline products over 

microcrystalline powders is very often highly preferred in a research setting. 
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2.4 MODULATED SYNTHESIS TO INCREASE CRYSTAL SIZE AND 

CRYSTALLINITY OF HIGH-VALENCE MOFS 

It is desirable to find suitable reaction conditions that give the MOF ligands high 

lability during synthesis, while producing a framework with extremely strong bonds and 

low ligand lability after synthesis is complete. In order to produce large single crystals 

with high chemical stability despite the fact that the metals producing this stability are 

correlated with decreased lability and lower crystal size and crystallinity, modulated 

synthesis, originally developed by Kitagawa43 and very successfully used by Behrens61, 

should be employed. In this approach, non-bridging ligands are used to influence crystal 

growth.  The addition of modulating reagents, such as monocarboxylic acids, can allow 

the formation of large single crystals of a MOF that otherwise may have only been 

synthesized as a powder.57,62 
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Figure II-4. The Zr6O8 “brick” of UiO-66 shown coordinated by 12 carboxylates. 

 

MOFs containing high-valence Zr4+ cations such as UiO-66 (Figure II-4), PIZOF-

1, and PCN-222 have been demonstrated to be stable towards air and water.35,62,63 

Additionally, zirconium is attractive as a MOF component due to its high abundance and 

low cost, 57 both important when designing novel catalysts or sorbents.  Note that much 

said about zirconium-based MOFs can also be applied to isostructural hafnium based 

MOFs due to the two elements’ high chemical similarity, but Hf-based MOFs are less 

studied due to that element’s higher expense. As discussed above, there were previously 

few examples of Zr MOFs being isolated in a single-crystalline state, due to the fact that 
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using less labile metal-ligand bonds simultaneously increases chemical stability and 

hinders the crystallization process. Through the use of carefully tuned modulated 

synthesis, our group has recently synthesized and characterized single crystals of several 

Zr-MOFs for both gas sorption and catalysis study.63-65 This is done by adding a varying 

amount of acetic, trifloroacetic, or other monocarboxylic acid that can both change the pH 

of the solution and bind competitively to the metal ions during crystal formation.43,61 

Equilibria in chemical reactions are governed not only by the energetic differences 

between the different atoms and molecules, but by the concentrations of the products and 

reactants. By simply introducing an excess amount of modulating ligand, we can drive the 

equilibria of crystal formation away from overly quick structure formation and towards 

the consecutive binding, release, and rebinding of ligands that allows ordered and large 

single crystal formation. However, since the mechanisms of crystal formation and solution 

equilibria under these conditions are difficult to predict, the exact amount and type of 

competing reagent must be tuned over many trials to produce large single crystals, as 

opposed to microcrystalline powders or no product at all. Catalysis is a possible 

application of MOFs that is especially demanding of chemical and thermal stability.66 The 

MOF catalyst must not only possess appropriate sites, such as Lewis acidic or basic sites 

that are well exposed in accessible pores, but it must also be stable to the solvents, 

reagents, and temperatures that the reaction demands.67 Based on synthesis conditions, the 

same catalytic cluster can exhibit different connectivity without compromising its 

stability. For instance, besides 12-connected Zr6O8 in UiO-66, 8-connected (in PCN-222 

and PCN-521) and 6-connected (in PCN-225) Zr6O8 has also been found. Furthermore, by 
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varying reaction conditions, MOFs based on cubic Zr8O6 have also been isolated in our 

laboratory.  

In PCN-222, our group synthesized single crystals of an extremely stable Zr-based 

MOF with porphyrin-containing ligands that can themselves bind different metal ions, 

enabling a variety of catalytic activities, which was enabled both by the actual catalytic 

sites and by the high pore size and water and temperature stability of this MOF.63 PCN-

222 is stable to not only to air and boiling water, but also to immersion in concentrated 

HCl for 24 hours. Similar Zr-porphyrin MOFs PCN-224 and PCN-225 exhibited different 

catalytic activity64 or pH-dependent fluorescence65. Additionally, by using similar Zr 

SBUs along with tetrahedral ligands, stability was maintained alongside a higher surface 

area (BET 3411 m2 g-1) in PCN-521 (Figure II-5), which mimicked the topology of fluorite 

by exploiting the cubic nature of the 8-connected Zr6O8 clusters in combination with the 

4-connected tetrahedral linkers.57 All of these Zr-MOFs exhibited high chemical stability 

due to the strong Zr-O bonds, and all were synthesized as single crystals by carefully 

varying the type and amount of modulating reagent. However, while many Zr-MOFs have 

demonstrated stability to neutral or acidic aqueous solutions, their stability towards base 

was lower, with only NO2-functionalized UiO-66 retaining its crystallinity in pH 14 

aqueous NaOH among tagged UiO-66 derivatives, and PCN-225 being stable from pH 1-

11. 65,68 
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Figure II-5. The Zr6O8 unit of PCN-521, which is similar to that of UiO-66 except that it 

is 8-connected instead of 12 connected, having a “cubic” symmetry that is compatible with 

the tetrahedral ligands used. The equatorial Zr atoms are coordinated by hydroxyl groups 

on the periphery of the unit.57 

 

Behrens et al. developed a series of porous interpenetrated zirconium-organic 

frameworks (PIZOFs,) using Zr4+ and HO2C[PE-P(R1,R2)-EP]CO2H linkers. These MOFs 

demonstrated high porosity, tunability, and high stability against moisture and 

temperature. The very long organic linkers in these MOFs retain chemical stability, unlike 

UiO-67 and other UiO-66 derivatives with extended ligands.  This is an example of 

modulated synthesis being used to prepare single crystals of a high valence metal 

containing MOF, with single-crystal X-ray diffraction studies produced for PIZOF-1, -2, 

and -8 after they were synthesized with benzoic acid as modulating reagent. 62 Other 
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examples of water-stable Zr4+-based MOFs after the use of modulating reagents have also 

been published.69 

2.5 N-DONOR LIGANDS 

So far, carboxylates are the most commonly used ligands in MOF synthesis. 

Utilization of high valence metals as hard acids appears to be the most straightforward 

approach for the construction of stable MOFs by taking advantage of the existing ligand 

database. In addition to this approach, the interactions between softer ligands (such as 

imidazolates, triazolates, tetrazolates, and other nitrogen containing heterocycle-

incorporated ligands) with softer metal ions (such as Zn2+ and Co2+) can also be exploited 

in stable MOF synthesis. An early example of this by the Long group was the synthesis of 

a framework using Mn2+ and 1,3,5-benzenetristetrazolate.70 Detailed stability 

measurements were not conducted, but a crystal remained single through activation at 

150°C allowing single-crystal XRD structural determination of the desolvated framework, 

implying high stability. Chen et al. published Zn2+ MOFs with imidazolate ligands and 

zeolite topology that possessed high thermal stability, Eddaoudi et al. developed zeolite-

like MOFs using indium and bis(bidentate) imidazoledicarboxylic acid ligands, and the 

Yaghi group also introduced Zeolitic Imidazolate Frameworks (ZIFs), using soft Zn2+ and 

Co2+ and imidizolate linkers to construct a wide variety of highly stable frameworks that 

mimic zeolite topology, due to the metal ions adopting a tetrahedral environment while 

the imidizolates link them at angles similar to the oxides in zeolite minerals.71-73 
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The Rosi group synthesized a mesoporous framework bio-MOF-100, which is, to 

our knowledge, the highest BET surface area material known using N-donor ligands with 

4,300 m2 g-1.18 However, this material uses soft nitrogen containing adeninate only to build 

Zn2+ SBUs with the SBUs linked by biphenyl dicarboxylate (BPDC) ligands. Thus, its 

overall stability would actually be expected to be much lower than that of Zn2+ MOFs 

linked exclusively by soft N-donor ligands, and this was confirmed by the fact that 

“gentle” supercritical CO2 activation methods were required to achieve high porosity, with 

“harsh” conventional activation methods producing low N2 adsorption consistent with 

collapse of the framework. This is in contrast with Bio-MOF-1 developed by the same 

group, which survived activation and demonstrated porosity at 125°C.74 This is likely 

partially due simply to its relatively lower porosity compared to bio-MOF-100. 

Similarly, our group reported another adenine-incorporated MOF, PCN-530, 

which consists of 2 distinct Zn-adeninate SBUs forming 1-D zinc-adeninate chains linked 

by 4,4′,4′′-s-triazine-2,4,6-triyl-tribenzoate (TATB) ligands. 75 Even though the porosity 

of this framework is not impressive due to the utilization of low symmetry ligands, this 

framework has demonstrated a significantly improved stability over the traditional Zn 

MOFs. 

Using 1,3,5-tris(1H-pyrazol-4-yl)benzene (H3BTP) and Ni, Co, Zn, and Co salts, 

Long et al. synthesized several different frameworks that are very stable both thermally 

and chemically compared to most carboxylate-based MOFs, due to the less labile linkages 

between the pyrazolate-based ligand and metal,. Ni3(BTP)2 in particular was stable to both 
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430° C in air and immersion in boiling acid (pH=2) or base (pH=14), while retaining 

crystallinity and possessing a BET surface area of 1650 m2g-1. This framework is both 

extremely stable and can expose Ni metal sites, making it promising for catalysis, even 

for reactions in harsh conditions.76 The same group later reported  Fe2(BDP)3, which has 

a BET surface area of 1230 m2 g-1  and is based on a benzene dipyrazolate ligand. This 

material was stable to 280° C in air and boiling in aqueous acid (pH=2) and base (pH=10) 

for two weeks, and was proven to be useful in separation of hexane isomers. Though the 

BET surface areas of these frameworks are not record-breaking, their extreme stability 

while retaining high porosity makes them extremely promising materials that showcase 

the capabilities of N-based MOFs. 77 

2.6 LIGANDS WITH SUPERHYDROPHOBICITY 

Our group also attempted a method of synthesizing moisture-stable MOFs that did 

not involve altering the metal-containing units at all: synthesis of superhydrophobic MOFs 

by functionalizing the ligands with pendant hydrophobic groups. By partially filling the 

pores with −OnHex groups attached to [1,1':4',1"]terphenyl-3,3',5,5'-tetracarboxylic acid 

(TPTC) ligands, the water stability was drastically increased as compared to the non-

functionalized copper paddlewheel containing NOTT-10X structure, or even compared to 

ligands functionalized with shorter hydrophobic groups. 78 Predictably, some porosity was 

sacrificed, but a moderate BET surface area of 1083 m2 g-1 was retained. Most interesting 

was the superhydrophobic behavior of Cu2TPTC-OnHex, which completely resisted any 

absorption of water under standard conditions. However, this behavior was inversely 
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proportional to the thermal stability of the material, with a loss of crystallinity found in 

the –Onhex variant at 292°C as compared to 315°C for the –OnEt variant. (Figure II-6) 

 

Figure II-6. Superhydrophobicity shown in Cu2TPTC-OnHex. (Reprinted with permission 

from 78. Copyright 2013 American Chemical Society.) 

 

The Omary group developed the fluorous MOFs FMOF-1 and FMOF-2, which 

showed no water adsorption found near 100% relative humidity and no solvent adsorption 

after being immersed in distilled water for extended periods, despite its large channels that 

show high and selective adsorption of C6-C8 hydrocarbons. 79 FMOF-1 is built from 3,5-

bis(trifluoromethyl)-1,2,4-triazolate and Ag+, and FMOF-2 is produced by annealing 

FMOF-1 followed by resynthesis from a toluene and acetonitrile solution, so these can 

also be counted as examples of stable N-based MOFs. Serre et al. studied a series of MIL-

88 derivatives with many different functional groups attached to the terephthalate and 
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4,4’-biphenyl dicarboxylate ligands of the Fe3+ MOFs, including various fluorinated 

ligands. Permanent porosity was retained in the 2CF3 versions of MIL-88B, with a BET 

surface area of 330 m2g-1, while very little surface area was found in the 4F derivative, 

likely because the pore size in that version is too small to accommodate N2 molecules. 

This study mainly covered how the functional groups changed the flexibility and swelling 

of the framework, but it also showed that most functional groups (except for the BDC-

2OH linker) did not cause a large change in the thermal stability of the framework. 80  

Another example of superhydrophobic N-based MOFs stable to moisture were the 

Ni- bis-pyrazolate MOFs developed by Navarro et al.81  These were designed to take 

advantage of the more stable bonds between azolates and softer “borderline” metal ions.21 

Their hydrophobicity was tuned by changing the ligand length to change pore size, and by 

using trifluoromethyl and methyl-functionalized ligands.  [Ni8(L5-CF3)6], the most 

hydrophobic MOF presented, effectively captured a flow of diethylsulfide, a hydrophobic 

and volatile organic compound, under 80% relative humidity, unlike similar non-

hydrophobic MOFs. High water stability was further demonstrated by water adsorption-

desorption isotherms. 

2.7 CONCLUSION AND PERSPECTIVE 

MOF research, though based on decades of research on coordination polymers and 

traditional porous materials (such as zeolites or mesoporous silica), blossomed after the 

discovery of porous, functionalizable Zn2+ and Cu2+ frameworks that could be grown as 

single crystals and thus easily characterized.34,37 Due to the limited stability of the early 
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frameworks, researchers tried various methods to create more robust frameworks. One of 

the most popular and successful methods, incorporation of high-valence metals, had the 

downside of decreasing crystal size and crystallinity.35 This has caused difficulties in 

structural characterization that have been partially surmounted through the use of novel 

techniques82  for deeper elucidation of MOF structures.83 A modulated synthesis strategy 

for the growth of larger single crystals of stable high-valence MOFs can also be used to 

allow structural characterization through single crystal X-ray diffraction.43,61  

As discussed in a recent review of our and other work on the rational design of 

MOFs 67, it should also be noted that modulated synthesis techniques have also been 

reported to increase the porosity and catalytic activity of UiO-66, due to the introduction 

of defects that leave coordinated modulator in place of some proportion of the linking 

ligands.84,85  However, it is possible that this defect creation may reduce the stability of 

the resulting MOF as well. Our group has used these techniques to synthesize a variety of 

Zr-MOFs of lower cost and high stability and porosity, as well as exploring the use of soft 

N-donor and hydrophobic ligands to increase the stability of MOFs using bivalent metals. 

Many promising recently reported MOFs for gas storage and catalysis have used high-

valence metals that have low ligand exchange rates, and so promising avenues of near 

future MOF research likely involve the use of modulating reagents, metal exchange, and 

other new techniques to synthesize highly porous and stable MOFs from other readily 

available high-valence metals, such as iron, chromium, or aluminum.  
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So far, most stability measurements on MOFs have been concentrated on their 

thermal and water stabilities, but further avenues of possible research are to determine 

their stabilities towards contaminants such as salts, body fluids, or corrosive molecules 

such as H2S or NH3. Some studies of this sort have been done, especially on MOFs 

designed for drug delivery, and have been reviewed elsewhere.86 As future MOFs are 

developed for more widespread application, their stability towards more varied chemicals 

and contaminants should be determined, and application-built MOFs should be rationally 

designed to be stable towards conditions present in their targeted environment. 
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CHAPTER III 

GROUP 4 METALS AS SECONDARY BUILDING UNITS: TI, ZR, & 

HF-BASED MOFS2 

3.1 OVERVIEW 

Many early Metal-Organic Frameworks (MOFs) made from copper or zinc showed 

exceptional porosity and other properties and promise for a wide variety of applications, 

but ultimately proved unsuitable for further development because of their lack of stability 

to ambient moisture. To overcome this problem, many researchers have in recent years 

been concentrating on the development of MOFs based on high-valence group 4 metals, 

which tend to possess much greater moisture and chemical stability due to the strength of 

the carboxylate M4+ bonds and, under some circumstances, connectivity of the M4+ 

clusters. 

3.2 INTRODUCTION 

Metal-Organic Frameworks, abbreviated as MOFs, are composed of metallic 

clusters, also known as Secondary Building Units(SBUs), or rarely single metal nodes, 

and organic ligands. The metal component plays an important role in determining the 

MOF’s properties.87 First, the metal-ligand bond is usually the most labile site of the MOF 

2 Reused with permission from “Group 4 Metals as Secondary Building Units: Ti, Zr, 

and Hf-based MOFs. In The Chemistry of Metal–Organic Frameworks“, Bosch, M.; 

Yuan, S.; Zhou, H.-C.: Wiley-VCH Verlag GmbH & Co. KGaA, 2016; pp 137-170. 

Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA. 
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structure, and determines the MOF stability. Second, certain metallic clusters imbue the 

structure with various functions. For example, the open metal sites produced after 

activation and the removal of solvent interact strongly with gas molecules, which enhances 

the gas uptake of the material. Some metal-oxo clusters exhibit catalytic properties, which 

combined with the inherent porosity of MOFs makes them a new platform for designing 

novel catalysts. 88 

The metallic clusters are mainly composed of monovalent (Na+, Cu+, K+, Ag+, etc.) 

divalent (Mg2+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+,etc.), trivalent (Al3+, Sc3+,Cr3+, 

Fe3+, In3+, lanthanides3+,etc.) or tetravalent (Ti4+, Zr4+, Hf4+) metals.89 The MOFs based 

on tetravalent metals have drawn particular attention due to their high stability which has 

made them feasible for use in wide-scale practical applications. There are two main 

reasons that the tetravalent metals have significantly enhanced chemical stability 

compared to MOFs produced from other metals. The first is that a higher charge and 

charge to radius ratio(Z/R) makes them hard acids, and a better match to the relatively 

hard carboxylate oxygens used in most MOF ligands, in addition to the higher positive 

charge itself producing a stronger ionic attraction.90 This first reason is connected to why 

many zirconium MOFs have nearly identical halfnium analogues: in addition to Hf4+ 

having a d0 electronic configuration as Zr4+ has, it also has a nearly identical radius to Zr4+ 

despite being in a lower period, due to the lanthanide contraction. These factors contribute 

to the observed fact that hafnium is chemically almost identical to Zr, reacting to the same 

ligands in the same fashion, which allows it to form the same MOF structures.91 Due to 

the fact that these MOFs behave in a nearly identical fashion to their zirconium analogues, 
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mainly distinguished only by their increased weight and cost, they will not be extensively 

covered here.  

The increased valence of the group 4 metals also contributes to a challenge in MOF 

crystal growth, that partially explains why there was a gap of several years before Zr-based 

MOFs were discovered and widely studied: the higher strength of the oxygen-M4+ 

interaction lower ligand lability and a slower rate of ligand exchange, which makes the 

MOFs more chemically stable, but also makes the MOF structure slower and less likely 

to grow in the first place. Furthermore, a key part of MOF research is the crystallographic 

characterization of the MOF product. MOFs can only be rationally designed because of 

extensive study of their structure-property relationships, which requires that their structure 

is investigated. However, many Zr-based MOFs are grown, at least in initial studies, as 

polycrystalline powders that can not be characterized by single-crystal X-ray 

diffraction(XRD), likely due to their lower metal-ligand lability preventing an appropriate 

equilibrium between ligand association and dissociation required to form large single 

crystals. In these MOFs, the ligand association is faster and stronger than that in lower-

valence MOFs, and the dissociation is less favored. This causes relatively fast crystal 

growth, and in addition to the presence of many nucleation sites, results in a 

polycrystalline product.  

However, in recent months and years, synthesis techniques have been developed 

that can partially overcome this difficulty. In 2009, the Kitagawa group reported that acetic 

acid could be added to the solvothermal solution prepared for a copper MOF synthesis, 

resulting in different products than those obtained without the presence of the non-linking 
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carboxylic acid.43 This „modulating reagent“ competes with the linker, but should not be 

so strong that it cannot be eventually displaced completely by the linker to make the MOF 

the thermodynamically favored product. In the case initially explored by Kitagawa and in 

several other places, this can result in a completely different product composition than is 

found without the modulator. However, in some cases, it serves to slow down crystal 

growth, reduce the number of sites of initial nucleation, and ultimately allow the growth 

of larger single-crystals. This phenomenon has been investigated and expanded upon 

extensively in the last several years, especially in zirconium systems which produce acid-

stable product MOFs. 

 The second reason that most group 4-based MOFs have much higher 

chemical stability than many other MOFs is that the SBUs they form as the MOF structure 

grows have much higher nuclearity than the SBUs of other MOFs. For example, copper 

and zinc MOFs often form paddlewheels, which are 2-metal units surrounded by 4 

carboxylate ligands and (before activation) a solvent or water ligand in the axial position 

such that each metal has a square pyramidal ligand field. Thus, each SBU is considered 4-

connected. By contrast, MIL-125, the most studied titanium-based MOF, has a 12 

connected SBU, as described below. Zirconium-based MOFs have a larger variety of 

SBUs and connectivity, but are commonly formed of, for example, Zr6O8 SBUs. These 

SBUs can have varying but high connectivity, such as being 12-connected, 8-connected, 

or 6-connected depending on the demands of the topology in which the MOF forms. In 

each of these cases, the higher connectivity of these clusters will make the MOF 

framework more resilient to ligand substitution by alternative nucleophiles such as water. 
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A MOF with 4-connected SBUs will be “disconnected” 3 times as much by a ligand 

substitution event than a MOF with 12 connected SBUs. This hypothesis is given support 

by the fact that even for notoriously unstable zinc-based MOFs, MOFs with infinite chain 

Zn-SBUs, like MOF-69, tend to have measureably higher chemical stability than those 

based on zinc paddlewheels or other SBUs of lower connectivity.44 However, this field of 

study is still new, and further investigation of how MOF structures and their chemical 

stability are related is needed. 

3.3 TITANIUM-BASED MOFS 

Among them, the Ti-MOFs are especially interesting due to their high stability and 

photocatalytic activity. However, only a limited number of Ti-MOFs (MIL-125, MIL-125 

derivates and NTU-9) have been reported. MIL-125 is constructed from Ti8O8 clusters and 

BDC (BDC= 1,4-benzenedicarboxylate) linkers. It demonstrates high stability, permanent 

porosity and photocatalytic activity towards alcohol oxidation.92 Further work has been 

done to functionalize the BDC linker with amino groups to adjust its band-gap.93 Recent 

work also demonstrates that MIL-125 and its NH2-functionalized derivative (MIL-125-

NH2) can catalyze light-driven water splitting94 and CO2 reduction95, which makes Ti- 

MOFs more attractive as photocatalysts.  

Compared with Zr-MOFs, the Ti-MOF field is less developed because of difficulty 

in achieving high crystallinity. Unlike the Zr-MOFs, there is no comprehensive method 

yet developed to synthesize Ti-MOFs. Two reasons account for the difficulties in 

synthesis. First, in order to obtain single crystals, a reversible bond and an 
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association/dissociation process is required to allow sufficient structure reorganization and 

defect reparation. The strong Ti-O bond, however, makes the bond dissociation extremely 

difficult. The Z/R of titanium may simple be too much of a match to that of oxygen, 

preventing the ligation reversibility necessary for MOF growth.   

 

Figure III-1. Isolated Ti-O clusters. Reprinted with permission of The Royal Society of 

Chemistry from Reference 96. 
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Second, an overview of reported Ti-oxo clusters found that the symmetry, 

connectivity, or stability of the clusters is not suitable for MOF formation, as seen in 

Figure III-1. 

Many of these clusters are synthesized by the controlled hydrolysis of titanium 

alkoxides, and their shape and size are controlled by the bulkiness of the ligands 

surrounding them. These conditions may not be compatible with common MOF synthesis 

conditions. Also, the low symmetry of many of these clusters is such that they could not 

connect with common linkers to form an energetically favored MOF topology, and so 

other products are favored overall. Finally, most of these clusters have low hydrolytic 

stability, due to the presence of residual monodentate alkoxy ligands left over from their 

synthesis.96 

Interestingly, one of the titanium clusters with high hydrolytic stability, 

Ti8O8(OOCR)16, is very similar to the SBU of one of the only reported titanium MOFs, 

MIL-125. This may be a clue to the conditions required for synthesis of titanium MOFs 

with new SBUs, especially considering the development of Kinetically Tuned 

Dimensional Augmentation as a strategy to synthesize new MOFs starting from pre-

formed clusters.97 Ti-MOFs, due to their applications, will be a promising field as a general 

synthetic methodology for them is developed. 
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3.3.1 MIL-125  

 

Figure III-2. Structure of MIL-125. Top left: Ti8O8(OH)4(CO2)12 unit; right: crystal 

structure; bottom left: fcu topology. Reprinted with permission from reference 92. 

 

To date, only a limited number of Ti-MOFs have been reported. The first 

crystalline Ti MOF based on carboxylate ligand are MIL-125 with a formula of 

Ti8O8(OH)4(O2C-C6H4-CO2)6.(Figure III-2) The structure of MIL-125 contains a Ti8O8 

ring as inorganic building unit that is composed of eight TiO6 octahedra connected by 

oxygen in a corner/edge sharing fashion. This SBU is almost identical in structure to that 

of the isolated cluster described above, with the exception of being linked by dicarboxylate 

ligands instead of being separated by monocarboxylate ligands. The wheel shaped Ti8O8 

rings are further connected through twelve BDC linkers to form a 12-connected network. 

The arrangement of the 8-rings can be viewed as cubic centered packing and the overall 
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structure is simplified into a fcu topology. Two types of cages, distorted octahedral and 

tetrahedral cages respectively, are found in MIL-125.  

 

 

Figure III-3. Alcohol oxidation catalyzed by MIL-125 under UV radiation. Reprinted with 

permission from reference 92. 

 

Interestingly, MIL-125 exhibits photocatalytic properties associated with Ti8O8 

clusters.(Figure III-3) MIL-125 is able to oxidize adsorbed alcohols under UV irridation, 

giving rise to a photochromic behavior resulting from the generation of Ti3+/Ti4+ mixed 

valence MOFs. The Ti3+ are back oxidized to Ti4+ in the presence of oxygen to close the 

catalytic cycle. The overall reaction is photocatalytic alcohol oxidation into aldehyde. This 

is indicative of the potential applications of MIL-125 as a MOF-based photocatalyst.92 

3.3.2 MIL-125 Derivatives and Studies 

Novel titanium MOF structures are rarely reported, but considerable efforts have 

been made to modify MIL-125 for photocatalysis.93-95,98-100 The major disadvantage of 

MIL-125 for photocatalysis is its large band gap which limits its light absorption to the 

UV region. The visible light absorption of MIL-125 can be enhanced by replacing BDC 

with functionalized linker as photosensitizer. Walsh and coworkers reported the band-gap 

engineering of MIL-125 by ligand modification. Through a combination of synthesis and 
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computation, they demonstrate that the band gap of MIL-125 could be controlled by 

adopting linkers with different functional groups (-OH, -CH3, -Cl). The band gap decrease 

was observed when the functionalized linker, NH2-BDC(NH2-BDC= 2-amino-1,4-

benzenedicarboxylate), was used instead of BDC. The band gap change arises from 

donation of the N 2p electrons to the aromatic linking unit, resulting in a raised valence-

band edge. The (NH2)2-BDC linker was predicted to further lower the band gap of MIL-

125 to 1.28 eV, which was confirmed experimentally. This study illustrates the possibility 

of tuning the optical response of MOFs through rational design of the linker.93 

 

 

Figure III-4. Photocatalytic CO2 reduction over NH2-MIL-125 under visible light 

irradiation. Reprinted with permission from reference 95. 

 

The NH2-MIL-125 system behaves as an active photocatalyst under visible light 

irradiation. (Figure III-4) Li and co-workers demonstrate that the NH2-MIL-125 can 

reduce CO2 to formate anion under visible-light irradiation with TEOA (triethanolamine) 

as an electron donor. This work highlights the potential of MOFs as photocatalysts for the 

reduction of CO2. Although the activity for the reduction of CO2 over the NH2-MIL-125 
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is still relatively low, highly efficient MOF-based photocatalysts for the reduction of CO2 

could be developed considering the variability of MOF structure and properties.95 

 

 

Figure III-5. Schematic illustration of photocatalytic hydrogen production reaction over 

Pt@ NH2-MIL-125. Reprinted with permission from reference 94. 

 

Subsequently, Matsuoka and co-workers demonstrate that NH2-MIL-125 system 

behaves as an effective photocatalyst for visible light promoted hydrogen evolution 

reaction.(Figure III-5) Pt nanoparticles as cocatalysts are deposited onto NH2-MIL-125 

via a photodeposition process, giving rise to Pt@ NH2-MIL-125. Pt@ NH2-MIL-125 as a 

catalyst shows photocatalytic activity towards hydrogen production from an aqueous 

solution containing triethanolamine (TEA) as a sacrificial electron donor under visible-

light irradiation. In this process, the organic linker is excited by visible light, and transfers 

electrons to the conduction band of the titanium-oxo cluster which generates hydrogen at 



 

 

41 

the presence of Pt hydrogen evolution catalyst. The longest wavelength available to drive 

the reaction is 500 nm.94 In a following up work, the Pt@NH2-MIL-125 demonstrated to 

be efficient photocatalyst towards nitrobenzene reduction. The photocatalytic activity was 

improved through the optimization of the deposition amount of Pt as a cocatalyst. In situ 

ESR measurements clearly indicate that the reaction proceeds through the electron transfer 

from the organic linker to deposited Pt through titanium-oxo clusters. This work offered 

new insight into the design of functional MOFs that have applications in the fields of 

photocatalysis.98  

The selective oxidation of alkyl-substituted phenols, for example 2,3,6-

trimethylphenol and 2,6-di-tert-butylphenol, with the clean oxidant H2O2 catalyzed by 

MIL-125 and NH2-MIL-125 were also reported.98 NH2-MIL-125 can be further 

functionalized post-synthetically with dye-like molecular fragments. The new material 

(methyl red-MIL-125) exhibits improved light absorption over a wide range of the visible 

spectrum, and shows enhanced photocatalytic activity towards benzyl alcohol oxidation 

under visible light illumination.99  

Besides photocatalytic applications, MIL-125 has also been investigated for its 

porosity and high-stability. The H2S resistant NH2-MIL-125 is studied for the concomitant 

elimination of CO2 and H2S from biogas and natural gas. The stability of MIL-125 can be 

enhanced by modification of its ligands. A methyl-modified MIL-125 using a tetramethyl 

benzene-1,4-dicarboxylate ligand (BDC-Me4) shows significantly enhanced hydrolytic 

stability than unmodified MIL-125.101 
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The first Ti MOF based on carboxylate ligands (MIL-125) was published in 2009. 

The second Ti MOF was not reported until 2014 (NTU-9).102 NTU-9 is based on single-

atom Ti nodes and the DOBDC ligand (DOBDC = 1,4-dioxido-2, 5-

benzenedicarboxylate). In this MOF, the Ti is chelated by an oxygen atom from the phenol 

group and another carbonyl oxygen on the adjacent carboxylic group, forming a 2D 

honeycomb-like layer. These layers are stacked along the c-axis, giving rise to 1D 

channels. NTU-9 displayed strong absorption in the visible region with a band-gap of 1.72 

eV. Photoelectrochemical studies indicated that NTU-9 acts as a p-type semiconductor. 

Its catalytic properties were studied by the degradation of rhodamine B and methylene 

blue in aqueous solution under visible light irradiation.  

3.4. ZIRCONIUM-BASED MOFS 

The Zr based MOFs have attracted considerable attention in recent years. There 

are three advantages of Zr MOFs, which is the stability, predictability and diversity. The 

predominant advantage of Zr MOFs over other MOFs is their high stability. To date, lack 

of hydrolytic and chemical stability has hindered the performance of MOFs when subject 

to numerous adsorption/desorption cycles. However, some Zr MOFs are reported to be 

stable in water or even acidic conditions, while the stability under basic aqueous 

conditions is quite limited. Zr4+, with high Z/r ratio, interacts strongly with the carboxylate 

ligands, which helps account for the excellent stability of Zr MOFs. Furthermore, the 

structure and topology of Zr MOFs can sometimes be predicted based on the expected 

SBU and the linker used.  
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The two difficulties that need to be overcome for this sort of rational design to be 

possible are as follows: First, the ligand conformation must be predicted, and second, the 

cluster structure must be controlled. The conformation of the ligand can be controlled by 

adopting rigid ligands. However, the cluster connectivity and symmetry can be hard to 

control as the structure of metal-oxo clusters can vary greatly. The Zr6O8 cluster is a 

unique building unit, as most of the reported Zr-MOFs are found to possess similar Zr6O8 

clusters. This inorganic building unit is highly symmetric and robust, which facilitates the 

prediction of the resulting MOF structure.  

In addition, the structure of Zr-MOFs can be varied based on adjusting 

connectivity between very similar Zr6 clusters, with the unused coordination spots on the 

cluster being replaced with non-linking ligands like water or hydroxyl groups as necessary 

to balance charge, or even monocarboxylate ligands like acetic acid if any are used in the 

synthesis as modulating reagents. The connectivity of Zr6O8 clusters, unlike most of the 

metal-oxo clusters, can easily vary based on synthetic conditions. The connectivity of Zr 

clusters can be 12, 11, 10, 8, and 6, which adds to the diversity of Zr MOF structures.  

3.4.1 UiO-66 and Derivatives 

The first zirconium-based MOF to be discovered, and one of the most widely 

studied and used MOFs in the last several years, is the zirconium MOF UiO-66. 35 In the 

roughly 6 and half years between its publication in 2008 and the writing of this book, it 

has been cited over 180 times. A large proportion of those citations are either direct studies 

of various properties or adsorbed species or catalysts using UiO-66 or -67, or directly 

derivative MOFs consisting of the Zr6O8 SBU. A comprehensive evaluation of all the 
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research involving UiO-66 could easily fill its own book. It would be beyond the scope of 

this book to give a detailed description of each paper studying UiO-66 or its derivatives, 

but the most important and interesting results will be highlighted. 

The high impact of the UiO-66 series is due to its porosity, ease of synthesis, low 

cost, and most importantly its extremely high thermal, chemical, and mechanical stability. 

As shown in Figure III-6, UiO-66 and its isoreticular derivatives are 12-connected 

frameworks with fcu topology, and can most simply be described as a cubic close 

packing(CCP) of linker-separated Zr6O4(OH)4(CO2)12 SBUs, with tetrahedral and 

octahedral pores corresponding to the tetrahedral and octahedral holes of the CCP 

structure. This SBU consists of 8-coordinated zirconium atoms each coordinated by 4 

carboxylate oxygens, 2 O2- anions which are shared between 3 zirconium cations, and 2 

OH- anions also shared between 3 zirconium atoms. These SBUs are each surrounded by 

up to 12 linear dicarboxylate linkers. The Zr6O4(OH)4(CO2)12 SBUs are hereafter referred 

to as Zr6O8 clusters, as 8 of the oxygens are incorporated in the cluster itself as opposed 

to being part of the carboxylate linkers.  
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Figure III-6. The structure of UiO-67, an isoreticular derivative of UiO-66 distinguished 

by using a biphenyl dicarboxylate(BPDC) organic linker instead of UiO-66’s benzene 

dicarboxylate(BDC) linker. Reprinted with permission from reference 61. Copyright 2008 

American Chemical Society. 

 

3.4.1.1 Stability of the UiO-66 Series 

UiO-66 has a Langmuir surface area of 1167 m2/g, while its extended-linker 

isoreticular derivative UiO-67 has 3000 m2/g, and UiO-68 has 4170 m2/g. It was initially 

reported that the higher surface area derivatives had the same stability as UiO-66, but it 

has been reported more recently that UiO-67 is less stable than UiO-66 to moisture or 

aqeuous media.61,103 These more recent studies show that UiO-66 analogues can readily 

exchange ligands in dimethylformamide(DMF) or aqeuous solutions.104 Post-synthetic 

exchange of BDC for hydroxyl-BDC or azido-BDC was observed, suggesting that 

thermodynamic, rather than kinetic, stability is responsible for the stability of UiO-66. 

Zirconium is water-soluble as [Zr4(OH)8]
8+ or other clusters and not monometallic aquo 

complexes, meaning that it is energetically unlikely to leave the cluster under aqueous 
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conditions. Facile Zr-carboxylate ligand exchange is plausible because d0 metals like Zr4+ 

have no ligand field stabilization energy(LFSE). Ligand exchange rates depend on many 

factors including both charge density and on the electronic structure of the metal , so 

depending on the conditions Zr4+ may exchange a given ligand more quickly than, for 

example, Cr3+, despite chromium’s lower charge, due to d3 chromium’s LFSE increasing 

the activation energy for a ligand removal or displacement, which would disrupt the shape 

of the complex and the ligand field. 104,105 Due to its d0 nature, Zr4+‘s square antiprismatic 

coordination in the Zr6O8 SBU can be changed to any other without loss of geometry-

based stability. 

 

 

Figure III-7. The Zr6O8 can be dehydrated to form a Zr6O6 SBU of identical linker 

connectivity. Reproduced with permission from reference 58. Copyright 2011 American 

Chemical Society. 

 

The Zr6O8 SBU is also interesting in that it can be dehydrated to form a similar 

Zr6O6 SBU in UiO-66 through the loss of two oxygens and four protons as shown in Figure 

III-7.58 This does not change the overall charge of the cluster, but it does reduce the 
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zirconium coordination number to 7. This is an example of the mutability of this cluster 

that is explored in more detail in the porphyrinic zirconium MOF section below. 

 

 

Figure III-8. Post-synthetic modification of UiO-66-NH2 (left) with acid anhydrides leads 

to stoichiometric reaction with the amino functional group. The product formed with 

acetic anhydride is shown (right). Reprinted with permission from reference 106. 

Copyright 2010 The Royal Society of Chemistry. 

 

Post-synthetic modification of UiO-66-NH2 with acid anhydrides was 

demonstrated as shown in Figure III-8, but lower stability was observed in these modified 

frameworks.106,107 Lowered thermal stability was also independently confirmed for UiO-

66-NH2 and UiO-66-NO2, while UiO-66-Br had similar thermal stability to 

unfunctionalized UiO-66, with steric and electronic effects not rationally correlating with 

these changes in stability.68 Chemical stability was tested by immersion in water, pH=1 

(HCl), and pH=14 (NaOH) solutions for 2 hours. All derivatives were stable in acid, but 

only UiO-66-NO2  was stable in base, with UiO-66-NH2 showing complete and UiO-66 

and UiO-66-Br showing partial amorphization. Conversely, a separate report showed 
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enhanced chemical stability and CO2 uptake in a UiO-66 derivative using dimethyl-BDC 

as a ligand.108  

3.4.1.2 UiO-66 Titanium Post-synthetic Exchange 

Interestingly, UiO-66 has also been reported to be post-synthetically exchanged 

with Ti4+ without significant loss of surface area.104,109,110 Substitution of the Zr4+
 cation 

with Ti4+ increases the surface area and the overall pore volume as expected, because these 

measurements are gravimetric, and titanium is significantly lighter than zirconium. It was 

found that the pore dimensions actually decreased upon titanium exchange, and that the 

exchanges were not complete, with the highest reported exchange showing 56 wt% 

titanium loading with randomly exchanged sites. This partial loading still was able to 

drastically increase the affinity of the framework for CO2 as shown in Figure III-9, due to 

the new, smaller pore size providing significantly increased adsorption enthalpy for 

CO2.
110 Membranes made with partially exchanged Ti-UiO-66 also show greatly enhanced 

CO2 permeability with retained selectivity when compared to Zr-UiO-66.110 However, this 

field still requires more study to better understand structure property relationships. 

 

 



 

 

49 

 

Figure III-9. The increased CO2 uptake of UiO-66 after post-synthetic titanium exchange. 

Reproduced with permission from reference 110. Copyright 2013 The Royal Society of 

Chemistry. 

 

3.4.1.3 The UiO-66 Series and Modulated Synthesis 

An important note is that modulation of the MOF nanoparticules through the use 

of HCl or various carboxylic acids does not have to increase the crystal size, and can 

instead influence other properties like the measured surface area. This modulation has 

been used in many UiO-66 derivatives both to increase surface area and to create open 

metal sites for catalysis, as shown in Figure III-10.111 No catalytic activity would be 

expected for a defect-free sample of UiO-66, as the Zr6O8 SBU is coordinatively 

completely covered with linker carboxylates and hydroxyl or water moieties. In this case, 

a combination of HCl and triflouroacetic acid(TFA) was used to increase the number of 

missing-linker defects in UiO-66, while producing crystals of the same size and shape as 

the non-modulated synthesis. The addition of HCl pushes the solution towards the 
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presence of more ZrCl4 and protonated carboxylic acids. TFA, as a much stronger acid 

than acetic or benzoic acid, has a weaker conjugate base. Thus, it will not prevent 

nucleation as well as stronger competing carboxylate ligands, and will act as a weaker and 

more easily removed ligand, allowing its removal under harsh heating and vacuum.  

 

 

Figure III-10. UiO-66 modulated synthesis to increase surface area and catalytic activity. 

Reproduced with permission from reference 111. Copyright 2013 American Chemical 

Society. 

 

Synthesis modulation using stronger monocarboxylic competing reagents has been 

shown to increase the size of the MOF crystals, even allowing the growth of single crystals 

suitable for X-ray diffraction, as shown in Figure III-11.61 This work was the first example 

of single-crystal structures found for a zirconium MOF, and extension of the use of 

modulating reagents also allows the synthesis of MOFs that are not obtainable at all, even 

as crystalline powders, without it.97 The amount of modulator must be carefully tuned to 

produce the desired size of MOF crystals, depending on the MOF system studied. It was 

hypothesized that the reason for large single crystals being formed of this system only 

after approximately 30 equivalents of benzoic or acetic acid were added was because at 
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these high levels of modulator, the formation of molecular zirconium benzoate complexes 

is favored. These complexes were then linked by BDC or BPDC linkers displacing the 

benzoate or acetate ligands, with more equivalents of modulator kinetically disfavoring 

the formation of the presumably thermodynamically favored MOF product. This results 

in few nucleation sites, which can then grow into large single crystals, and contrasts with 

the non-modulated synthesis where the zirconium is quickly ligated by linker molecules 

only, with many nucleation sites immedatiely forming and only the relatively weak solvent 

molecules as ligands to displace and allow correction of disordered or amorphous 

products. 

 

 

Figure III-11. UiO-67 prepared with b)no benzoic acid, c) 3 equivalents of benzoic acid, 

and d) 30 equivalents of benzoic acid. Reproduced with permission from reference 61. 

Copyright 2011 John Wiley and Sons, Inc. 
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However, significantly lowered thermal stability was found for UiO-66 single 

crystals synthesized with large quantities of competing monocarboxylate ligand. Later 

studies proved that this was due to the missing linker defects created by the disordered 

ligation of the SBUs by non-linker carboxylate ligands, as shown in Figure III-12.84 

Replacement of BDC linkers by TFA was shown to be energetically accessible at high 

TFA/HCl concentrations.112 Furthermore, the number of these defects could be tuned with 

varying synthesis time and modulator concentration, with BET surface areas varying from 

1000 m2/g to 1600m2/g for UiO-66 depending on the number of vacancies. However, the 

thermal and chemical stability of the MOF decreases as the surface area decreases, as 

missing linkers both lower the structural integrity of the MOF and expose the SBUs to an 

increased amount of interaction from non-linking species such as water that will destroy 

the framework upon sufficient substitution.  

 

 

Figure III-12. The proportion of missing-linker defects in UiO-66 changes with amount of 

modulator used. Reproduced with permission from reference 84. Copyright 2014 

American Chemical Society. 
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An extensive study of this behavior showed that UiO-66 synthesized at 220°C with 

a 2:2:1 HCl:BDC:Zr ratio produced a sample with a negligible amount of missing-linker 

defects.113 This „ideal“ UiO-66 sample was far more thermally stable than samples 

synthesised at other temperatures and with other methods, losing crystallinity between 

400° C and 450° C. The PXRD measurements used to determine this are more accurate 

measures of the thermal stability of a MOF than previously used methods such as the 

540°C temperature reported originally reported for decomposition of UiO-66, as thermal 

gravimetric analysis(TGA) may not record significant weight loss at the temperature of 

framework breakdown and amorphization at which the crystal will lose its porosity.This 

report de-emphased the use of HCl, as opposed to the original report of UiO-66 which 

used no additional HCl or modulator, but it may have played an important role in the 

formation of the highly stable and crystalline „ideal“ UiO-66 samples, by aiding in the 

dissociation of BDC and altering the chemical equilibrium. The reproducibility of UiO-

66 synthesis without HCl or other modulating reagent added has been inconsistent, and 

some UiO-66 derivatives are not synthetically accessible without HCl or modulator 

added.114  

The use of HCl in the synthesis can affect the growth of the MOF crystals, both 

for reasons stated above and because HCl is produced as a biproduct of the synthesis, as 

what is left over when the ligands are deprotonated and the zirconium is dechlorinated.115 

An alternative synthesis using zirconium propoxide yields UiO-66 with no HCl needed or 

produced, but only in the presence of at least 15 equivalents of acetic acid. These 

conditions using acetic or benzoic acid produced a pH of between 1.3 and 4 necessary to 
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form UiO-66 with zirconium propoxide as a starting material. Interestingly, addition of 

HNO3 until a pH of 1.5 is reached resulted in no product formed, indicating that the 

presence of a modulating reagent of some sort may be necessary for even microcrystalline 

UiO-66 formation from zirconium propoxide as opposed to ZrCl4.
115  

Modulating reagents were also recently used to synthesize a MOF isoreticular to 

UiO-66 with a significantly smaller linker – a zirconium-based squarate MOF, ZrSQU, 

shown in Figure III-13.116 This MOF was synthesized with the use squaric acid, ZrCl4(or 

HfCl4 to synthesize the Hf analogue), HCl and acetic or formic aicd in DMF at 110° C, 

and no crystalline material is able to be isolated without the presence of a high 

concentration of monocarboxylic modulator. When acetic acid is used as the modulator, 

the MOF shows a non-porous type II isotherm for nitrogen sorption, while when the 

smaller formic acid modulator is used, there is a type I isotherm corresponding to a surface 

area of 179 m2 g-1. However, both MOFs adsorb hydrogen. This indicates that while the 

modulating carboxylates both create missing linker defects, only the defects occupied by 

formic acid create windows large enough for nitrogen to pass, and shows that the pore and 

window sizes of the UiO-66 system can be tuned to be selective even for molecules like 

hydrogen and helium.   
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Figure III-13. Structural and topological representation of ZrSQU. SQU linkers (a) and 

Zr6O4(OH)4(C2O2)12 clusters (b) stack in an fcu-lattice (c), delineating octahedral (orange, 

d) and tetrahedral (green, e) cages with triangular windows. (Zr = blue; O = red; C = 

black). Reproduced from reference 116 with permission from The Royal Society of 

Chemistry. 

 

3.4.1.4 UiO-66 Series Applications 

UiO-66 and derivatives have been investigated for several applications common 

to MOFs. One investigated application for functionalized or titanium exchanged UiO-66 

is the CO2 uptake and permeability mentioned above for UiO-66 derivatives with smaller 

pores. These smaller pores result in a better size-match and heat of adsorption for CO2 

than that found in UiO-66, or larger derivatives. However, UiO-67 showed higher H2 

uptake at 77K than UiO-66, due to its higher surface area.107 At 77K, the size match or 

heat of adsorption between the framework and a target sorbed molecule is less important 

than the raw surface area, as very little heat of adsorption is required to sorb even H2 onto 
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any available surface area. However, at higher temperatures, heat of adsorption becomes 

more important, and UiO-67’s large, open pores and open metal sites only accessible 

through missing linker defects that create even larger pores may not be a good match for 

small molecule adsorption. 

Recently, several novel applications that are more specialized than the classic 

MOF gas sorption applications have been explored for functionalized UiO-66 derivatives. 

Using postsynthetic exchange, dihydro-1,2,4,5-tetrazine-3,6-dicarboxylate was partially 

exchanged with BDC in a sample of UiO-66. As shown in Figure III-14, this ligand 

undergoes a visible color change upon oxidation by the gases nitric oxide or nitrogen 

dioxide, making it useful as a sensor for oxidizing gases. It is reversibly reduced back to 

its original form by aqeous sodium dithionite, and can be reused without loss of MOF 

crystallinity or effectiveness.117 
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Figure III-14. Dihydro-1,2,4,5-tetrazine-3,6-dicarboxylate ligand exchange. Reprinted 

with permission from reference 117. Reprinted with permission from The Royal Society 

of Chemistry. 

 

 UiO-67 has been modified with a disordered partial loading of PtCl2(H2bpydc) 

linkers to synthesize UiO-67-Pt(II/IV), as shown in Figure III-15. 118 This was achieved 

through 3 separate methods: one pot synthesis, premade linker synthesis, and 

postsynthesis functionalization, with highly crystalline products found for the products of 

premade linker synthesis and postsynthesis functionalization. Temperature stability was 

shown to be the same for each derivative, and reactivity was explored primarily by 

extended X-ray absorption fine structure(EXAFS) spectroscopy. BpydcPt0, 

bpydcPt0(CO)2 dicarbonyl complexes, substitution of Pt-bound Cl- for bulky dithiol 

ligands, and bpydcPtIVBr4 products were all measured, showing the accessibility, 

reactivity, and stability of the bound platinum in the MOF. 
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Figure III-15. UiO-67-Pt(II/IV) using PtCl2(H2bpydc) linkers. Reprinted with permission 

from reference 118. Copyright 2015 American Chemical Society. 

 

Uio-66, UiO-67, and UiO-66-NH2 were investigated for sorption-based heating 

and cooling applications through measurement of their water adsorption isotherms. 

Materials with high H2O stability and adsorption enthalpy will release that enthalpy as 

heat upon water adsorption if dry, and can take up heat energy from the environment, 

cooling it, to evaporate or desorb the water when wet. These effects can be exploited to 

create efficient heat pumping devices, especially if water adsorption takes place at low 

relative pressures, an effect that also requires high hydrophilicity and adsorption 

enthalpy.119 High water adsorption enthalpy of around 120 kJ mol-1 at around 0.8 g g-1 

loading,  and water uptake occuring at low partial pressures below 0.2 p/p0 were found for 

UiO-66-NH2, but the maximum water loading fell significantly short of the total pore 

volume, due to hydrophobic domains in each MOF pore, but this effect is minimized in 

UiO-66-NH2 due to the hydrophilicity of the amine moieties. However, though the PXRD 

of UiO-66-NH2 remains crystalline after 40 adsorption-desorption cycles, the water and 

nitrogen adsorption capacity of the MOF steadily decreases with use, and at a faster rate 
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than the MIL-125-NH2 also tested, as shown in Figure III-16. UiO-66-NH2 is found to 

have a decrease in micropore volume of 42% and a decrease in total pore volume of 33% 

after 40 water sorption cycles. This indicates that UiO-66-NH2, while relatively water 

stable, is not water stable enough for this application, especially when compared to MIL-

125-NH2, which only lost 3.6% of total pore volume over 40 sorption cycles. The increased 

hydrolytic stability of the Ti8O8-based MIL-125-NH2over the Zr6O8 UiO-66-NH2 is an 

interesting and important result that should inform further research into the relationship 

between MOF structures and their chemical stability. 119 

 

 

Figure III-16. N2 ad-/desorption isotherms of H2N-UiO-66 before ( ) and after ( ) the 

cycling procedure, and of H2N-MIL-25 before ( ) and after ( ) the cycling procedure. 

Adsorption is depicted with filled and desorption with empty symbols. Reproduced from 

reference 119 with permission of The Royal Society of Chemistry.  

 

To contrast with the squarate-based MOF already described, a squaramide-

incorporating MOF, UiO-67 functionalized with a squaramide-based moiety attached to 

the BPDC linker, was shown to act as a catalyst dramatically increasing the rate of several 

Friedel-Crafts reactions, as shown in Figure III-17.120 This is an example of a recently 
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developed hydrogen-bond donating organocatalyst, which catalyze a wide variety of 

reactions which form bonds useful for organic synthesis.121 

 

 

Figure III-17. (A) Reaction conditions for F-C reaction between indole and β-nitrostyrene. 

(B) UiO-67-Squar/bpdc (blue) shows drastically improved catalytic activity over UiO-67-

Urea/bpdc (green) and UiO-67 (red). The MOF-free control shows no detectable yield 

(black). Reaction progress was monitored by 1H NMR spectroscopy. Standard deviation 

at 24 h determined using multiple synthesized batches of respective MOFs. Product 

determined to be racemic by chiral HPLC. Reprinted with permission from Reference 120. 

Copyright 2015 American Chemical Society. 

 

UiO-66 derivatives were recently tested for photocatalytic activity.122,123As 

described for titanium-based MOFs, the band gap of a MOF can be easily tuned by 

modification of the organic linker. Unmodified UiO-66 absorbs only in the UV region due 

to a LMCT, while UiO-66-NH2 shows a strong redshift into the visible region between 

300 and 450 nm, due to the nitrogen lone pair’s ability to resonate through the benzene 

raising the energy of the ligand‘s HOMO and reducing the energy required for the 
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LMCT.124 The photocatalytic oxidation of As3+ to As5+ in the presence of oxygen and 

simulated sunlight was tested, and as expected, the rate found for the oxidation was 0 in 

the absence of catalyst and/or oxygen. It was highest for the most electron-rich ligand, 

UiO-66-NH2, and decreased linearly as the BDC-functionalizing group became more 

electron-withdrawing, as shown in Figure III-18.  

 

 

Figure III-18. Hammett plot for oxidation of aqueous As(III) with UiO-66-X (X = H, NH2, 

NO2 and Br) catalysts. Reproduced from reference 124 with permission of The Royal 

Society of Chemistry.  

 

3.4.2 Zirconium Porphyrinic MOFs 

We now move on to zirconium porphyrinic MOFs as an example to further explain 

the stability, predictability and diversity of Zr-MOFs. The tetrakis(4-

carboxyphenyl)porphyrin (TCPP) ligand is a tetratopic linker with square planar 

symmetry. The connectivity and symmetry of Zr-clusters is highly variable. It can be a 

12-connected truncated tetrahedron node, 8 connected tetragonal prism node or a 6-
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connected hexagon node. A combination of the cluster node and the ligand node will result 

in different topologies. (Table 3.1) Some of the topology is not possible because of the 

limitation of bond angle and the ligand conformation. For the allowed topology, we would 

be able to get MOF structures (Figure III-19, Figure III-20). 

 

 

Figure III-19. Topology guided design of zirconium-porphyrin MOFs. 

  

 

Figure III-20. Possible vertex figure of cluster and ligands. 
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Table III-1. Possible combinations of clusters and ligands 

Node 1 (ligand) Node 2 (clusters) Topology MOFs 

Square Cuboctahedron ftw PCN-221, PCN-228 

Square Tetragonal prism  

csq PCN-222 

scu PCN-223 

sqc PCN-225 

Square Hexagon she PCN-224 

 

The combination of square and cuboctahedron nodes will give rise to ftw topology. 

(Table III-1) However, the Zr6O8 cluster and TCPP ligand cannot form a network of ftw 

topology because of the conformation of the ligand. In an ideal case, the benzene ring 

should be perpendicular to the porphyrin ring in TCPP ligand in order to eliminate the 

steric hindrance (Figure III-21a). However, in ftw topology, the benzene ring will be 

forced to a coplanar fashion with the porphyrin ring (Figure III-21 b). The strong steric 

hindrance prevents the formation of the ftw structure with Zr6O8 cluster and TCPP ligand. 

There are two possible ways to form the ftw topology. First, the connectivity of cluster 

could be changed. In this case, if the Zr6O8 cluster is replaced by Zr8O8, the benzene ring 

can be perpendicular to the porphyrin ring in TCPP ligand and the steric hindrance can be 

avoided. The resultant structure is nominated as PCN-221.101 Another way is to elongate 

the TCPP ligand so that the benzene ring can rotate freely. We designed an elongated 

TCPP ligand, TCP-1, in which the carboxylate and the porphyrin ring is spaced with two 
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benzene rings. This design allows the peripheral benzoates to rotate freely to stay in the 

same plane as the porphyrin center without significantly increasing the inherent energy. 

The ligand can be further elongated; all of them form cubic crystals with ftw topology, 

namely PCN-228, PCN-229 and PCN-230 respectively125. A short time later, CPM-99 was 

reported which exhibits similar structure as PCN-228. A carbonized pyrolytic derivative 

of the Fe-porphyrinic version, CPM-99Fe/C, was shown to exhibit oxygen reduction 

reaction catalytic activity comparable to a 20% Pt/C catalyst while also demonstrating 

increased methanol stability and higher overall stability than the 20% Pt/C.126 
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Figure III-21. (a) Representation of the connections of Zr6O8 and TCPP, and the sterically 

controlled phenyl and carboxylate angle. (b) Substitution of the Zr6O8 cluster and TCPP 

in ftw topology and the chemically forbidden conformation of ligand (highlighted with 

red circle). (c) Representation of the Zr6O8 and Zr8O6 cluster, and the 90° rotation of the 

carboxylate groups between these two clusters. (d) Structure of PCN-221 constructed with 

Zr8O6 cluster and TCPP. (e) Structure of PCN-228 constructed with Zr6O8 cluster and 

TCP-1 (ethyl groups were omitted for clarity). Reprinted with permission from reference 

125. Copyright 2015 American Chemical Society. 
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Figure III-22. Structure of elongated porphyrinic ligands. Reprinted with permission from 

reference 125. Copyright 2015 American Chemical Society. 

 

 

 

Figure III-23. Structure of MOFs with elongated porphyrinic ligands. Reprinted with 

permission from reference 125. Copyright 2015 American Chemical Society. 

 

The connectivity of the Zr6O8 cluster can be reduced from 12 to 8. The vertex 

figure for 8-connected Zr6O8 cluster is tetragonal prism. The combination of square and 

tetragonal prism will give rise to csq, scu and sqc topologies, corresponding to PCN-22214, 
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PCN-223101 and PCN-22564 respectively(Figure III-22, Figure III-23). It should be noted 

that the structure of PCN-223 can be viewed as a derivate from scu topology. PCN-223 is 

a disordered structure. The N2 uptake indicates a small pore size which may attribute to 

the triangular channel. There is a way to simplify the disorder. First, the 8 connected Zr6O8 

cluster with tetragonal prism symmetry forms a structure with scu topology. Then, the 

terminal OH of Zr6O8 clusters further react with carboxylate linker, giving rise to the 

installation of TCPP linkers in the rhombic channel. As a result, the overall structure has 

a shp-a topology with triangular channels. (Figure III-24) 
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Figure III-24. The shp-a topology derived from scu topology by linker installation. 

 

The connection number of Zr- clusters can be further reduced to 6. The vertex 

figure for 6 connected Zr6O8 cluster is a hexagon. The combination of a square and a 

hexagon will give rise to she topology corresponding to PCN-224.127 

These porphyrinic Zr-MOFs obtained from variation of the synthetic conditions 

exhibit not only different pore sizes and shapes but also different chemical stabilities, 

which offer eligible candidates for different applications.  
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Figure III-25. Structure of zirconium porphyrinic MOFs. 

 

PCN-221 is composed of 12 connected Zr8O6 clusters and TCPP linkers with a 

(4,12)-connected ftw topology. The Zr8O6 cluster features an idealized Zr8 cube, in which 

each Zr atom resides on one vertex and each face of the cube is capped by one μ4-oxygen 

atom. On each edge of the cube, a carboxylate from a porphyrinic ligand bridges two Zr 

atoms to afford a 3D MOF with a ftw topology, in which two types of polyhedral cages 

with diameters of ∼1.1 and ∼2.0 nm and a cage opening of ∼0.8 nm are found. PCN-221 

exhibits high surface areas and gas uptakes. With accessible active porphyrinic iron(III) 

centers, PCN-221 catalyzes the oxidation of cyclohexane with very high selectivity toward 

ketone and alcohol products.101 
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PCN-222 is composed of 8-connected Zr6O8 clusters and TCPP linkers with a (4, 

8)-connected csq topology. (Figure III-25) A N2 uptake of 1009 cm3 g-1 (STP) and a 

Brunauer-Emmett-Teller (BET) surface area of 2200 m2 g-1 have been observed for PCN-

222(Fe). Evaluation of a density functional theory (DFT) simulation from the N2 sorption 

curve indicates that there are two types of pores, with sizes of 1.3 nm and 3.2 nm, assigned 

to triangular microchannels and hexagonal mesochannels, respectively. The powder X-ray 

diffraction (XRD) patterns and N2 uptake remain unchanged upon immersion in water, 

boiling water, as well as 2M, 4M, 8M, and concentrated aqueous HCl solutions for 24 h, 

confirming high stability. PCN-222 also exhibits biomimetic catalytic activities towards 

the oxidation reaction of pyrogallol. The active site of the catalyst is located on the inner 

wall of an open channel with a diameter of 3.7 nm and shows good activity for the 

oxidation of a variety of substrates. 14 

PCN-223 is a disordered structure. It contains the unprecedented D6h-symmetric 

12-connected Zr6O8 cluster, which gives rise to the shp-a network. The shp-a network can 

be viewed as a derivate of scu topology by installing TCPP linkers in the rhombic 

channels, giving rise to triangular channels. PCN-223 has uniform one-dimensional (1D) 

triangular channels with porphyrinic walls. With the highest connectivity among the Zr-

MOFs, PCN-223 shows excellent stability in aqueous environments with pH values 

ranging from 0 to 10. A naked cationic iron(III) porphyrin center in PCN-223(Fe) is also 

generated that catalyzes the hetero-Diels-Alder (hDA) reaction between unreactive 

aldehydes and a diene in very high yield with excellent recyclability.97 
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PCN-224 is assembled with 6-connected Zr6O8 clusters and TCPP linkers with a 

(4, 6)-connected she topology. It not only exhibits the highest BET surface area 

(2600m2/g) among all the reported porphyrinic MOFs but also remains intact in pH = 0 to 

pH = 11 aqueous solutions. PCN-224(Co) exhibits high catalytic activity for the 

CO2/propylene oxide coupling reaction and can be used as a recoverable heterogeneous 

catalyst.127 

The combination between the 8-connected Zr6O8 cluster and TCPP linkers give 

rise to a MOF with two types of open channels, representing a (4,8)-connected sqc net. 

The MOF remains intact in both boiling water and aqueous solutions with pH ranging 

from 1 to 11, an extensive pH range for a MOF to remain stable. Given its exceptional 

stability and pH dependent fluorescent intensity, the MOF can potentially be applied in 

fluorescent pH sensing.64 
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3.4.3 Towards Rationally Designed Zr-MOFs 

3.4.3.1 PIZOFs 

 

Figure III-26. PIZOF ligands. Reprinted with permission from Reference 62. Copyright 

2011 John Wiley and Sons, Inc. 

 

By using the extended linkers HO2C[PE-P(R1,R2)-EP]CO2H, shown in Figure III-

26, along with a modulated synthesis approach, the Behrens group synthesized a series of 

8 porous interpenetrated zirconium organic frameworks(PIZOFs) of high chemical and 

thermal stability.62 Their structure can be described as one elongated, isoreticular UiO-66 
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topology interpenetrated by an identical framework, with the SBUs of one framework 

occupying the tetrahedral holes of the other. This is similar to a sphalerite or diamond 

cubic structure except that the SBUs are linked to the 12 non-adjacent instead of the 4 

adjacent SBUs, with the long, semi-flexible linear linkers bending to pass each other. This 

divides all pores into convex and concave tetrahedral shapes, seen in Figure III-27.62 The 

PIZOF series possesses a BET surface areas similar to that of UiO-66, such as 1250m2/g 

for PIZOF-2, while having slightly reduced thermal stability(350°C) and similar chemical 

stability to that of UiO-66 or UiO-67. 

  

 

Figure III-27. The PIZOF structure, which consists of interpenetrated fcu topologies. 

Reprinted with permission from Reference 62. Copyright 2011 John Wiley and Sons, Inc. 

 

3.4.3.2 Zr(IV) based metal–organic frameworks with intentionally altered topology 

As the fcu topology of the UiO-66 series has tetrahedral and octahedral pores gated 

by windows of limited size, it is not suitable for the adsorption of large guest molecules. 
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For example, UiO-66 was reported to trap benzoic acid molecules used as a modulating 

reagent, which could not be removed after synthesis and reduced the thermal stability and 

the surface area of the resulting MOF.61 To synthesize a MOF with the stability imparted 

by the Zr6O8 SBU with larger windows and thus the ability to incorporate or remove larger 

guests, the topology should be altered by changing the symmetry of the linker or SBU. 

This was accomplished in DUT-51(Zr) and (Hf), topologically and chemically identical 

frameworks synthesized from the reaction of the metal tetrachloride, the bent dithieno[3,2-

b;2′,3′-d]thiophene-2,6-dicarboxylate (DTTDC) linker, and benzoic acid in DMF at 120°C 

for 72 hours. The reduction in linker symmetry, combined with the presence of non-

linking benzoic acid allows the Zr6O8 unit to form an 8-connected SBU and a structure of 

reo-topology found through single-crystal XRD, shown in Figure III-28.69 

 

 

Figure III-28. DUT-51(Zr) and (Hf). Reprinted with permission from Reference 69. 

Copyright 2012 of The Royal Society of Chemistry. 
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This structure has fewer ligands per unit volume than a similar 12-connected 

structure would, and thus the windows leading into its large 15.6 Å octahedral and 18.8 Å 

cuboctahedral pores are larger, allowing the adsorption of large dye molecules such as 

rhodamine 6G, Nile red, and brilliant green. A BET surface area of 2335 m2g−1
 was 

calculated from nitrogen adsorption isotherm measurements, and high water stability was 

confirmed by checking PXRD after soaking the MOFs in water for 12 hours. 

3.4.3.3 NU-1000 

As in PCN-222/MOF-545 described in the porphyrin-based Zr-MOF section, the 

combination of a 4-connected square node with the bridging carboxylates perpendicular 

to the plane of the square and the adaptable Zr6O8 SBU will produce a framework with a 

tetragonal-prism 8-connected Zr6 SBU of csq, scu, or sqc topology, depending on the 

tuning of the modulating reagent and other synthesis conditions. 21,128 To design a MOF 

suitable for gas phase metalation with aluminum, Mondloch et al. chose this system, which 

has mesoporous channels, is highly stable, and possess crystallographically ordered Al-

functionalizable groups such as the terminal hydroxyls on the Zr6O8. The 1,3,6,8-

tetrakis(p-benzoicacid)pyrene (H4TBAPy) ligand was designed to symmetrically suitable, 

and when reacted with ZrCl4 and benzoic acid in DEF single crystals of NU-1000 were 

isolated, with powder product obtained from the reaction in DMF.129 NU-1000 has the 

same topology as PCN-222, replacing the porphyrin ligand center with a pyrene center, 

and it possesses a BET surface area of 2320 m2 g-1. After activation to replace benzoic 

ligands with the terminal hydroxyls needed, Atomic Layer Deposition(ALD) was used to 

deposit zinc or aluminum within the channels. Diffuse reflectance infrared fourier 
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transform spectroscopy(DRIFTS) measurements were used to confirm that the loaded 

metals reacted with hydroxyl groups. The MOFs containing the deposited aluminum or 

zinc were then used as Lewis acid catalysts for the Knoevenagel condensation to confirm 

their presence, activity, and lack of leaching after filtration. 

The NU-1000 system, as a convenient platform for deposition of many different 

chemical species, has undergone extensive investigation. Solvent-assisted ligand 

incorporation(SALI) was explored as a method to further functionalize NU-1000. In the 

original synthesis of NU-1000, benzoate ligands were removed to facilitate their 

replacement by metal-functionalizable hydroxyl groups. After removal of the benzoate 

ligands, these sites can then be replaced by  over 30 other carboxylic functional groups as 

shown in Scheme 1.130 
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Scheme 3.1. a) Carboxylic functional groups (CFGs) incorporated through SALI into NU-

1000; (b) secondary functionalization reactions: (i) “click”, (ii) imine condensation and 

(iii) methylation, involving SALI derivatives of NU-1000. Reprinted with permission 

from Reference 130. Copyright 2014 of The Royal Society of Chemistry. 

 

In this way, it has been shown that the mesoporous channels of NU-1000 can be 

functionalized with a vast variety of functional groups and functionalities, whether organic 

or metallic. It has also been functionalized with phosphonate ligands in addition to the 

carboxylate-based ligands shown above.131 There is typically increased binding strength 

of phosphonates to zirconium compared to carboxylates.132 This enables both increased 

stability for the incorporated ligands and the possibility of sequential incorporation of a 

phosphonate and then a carboxylate-based ligand. Interestingly, the MOF framework itself 
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collapses in the presence of an excess of phosphonate-based ligand, as the tridentate 

phosphonate ligand may begin to take the place of the framework TBAPy ligands. The 

phosphonate ligation mode, as compared to the carboxylate ligation, is shown in Figure 

III-29. 

 

 

Figure III-29. Molecular Representations of NU-1000(top) and Depictions of Solvent-

Assisted Ligand Incorporation (SALI) (bottom). Reprinted with permission from 

Reference 131. Copyright 2015 American Chemical Society. 

 

3.5 SUMMARY AND CONCLUSIONS 

Group 4 metal-based MOFs have been extensively studied in recent years due to 

the ease of their synthesis combined with their high thermal and chemical stability. In this 

chapter, we have been able to cover only a small fraction of the great number of published 
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relevant MOFs, but we hope we have been able to show a representative sample of the 

materials exhibiting the varied applications and properties common to titanium, zirconium, 

and halfnium-based frameworks. The few reported titanium-based MOFs are extremely 

promising due to their stability, which is in some circumstances measurably higher than 

that of similar zirconium based MOFs, and their promising photocatalytic applications. 119 

Difficulties in their synthesis may soon be resolved by KTDA, modulated synthesis, or 

post-synthetic exchange strategies, such as was used to produce Ti-UiO-66. 104,109,110  

Meanwhile, the booming field of zirconium MOF development produces new 

advances on a continual basis, due to the ability of modulated synthesis to produce highly 

stable and crystalline zirconium MOFs with high variation in SBU shape and connectivity, 

in addition to the continuing development of the field of linker design and modification. 

Increasing knowledge of these factors, in addition to the study of how Zr-MOF structure, 

stability, and sorption and catalytic properties are related, has begun to produce an 

environment where rational choice of structural components can be made to explore 

desired functionality.  
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CHAPTER IV 

POROUS CARBONS FOR HYDROGEN STORAGE3 

4.1 OVERVIEW 

Porous carbon-based materials are promising candidates as adsorbents to increase 

the gravimetric and volumetric uptake of hydrogen at cryogenic temperatures and 

moderate pressures. In most cases, this uptake increases linearly with surface area, but 

strategies to increase uptake beyond that predicted by this “Chahine rule”, to increase 

surface area, and to otherwise improve these materials are discussed. 

4.2 INTRODUCTION 

In this chapter, we will summarize recent progress in the storage of hydrogen gas 

in porous carbon-based materials through physical or chemical interactions.  The class of 

materials is diverse and consists of porous polymer networks (PPNs), porous organic 

polymers (POPs), graphene oxide frameworks (GOFs), activated carbons (ACs), metal-

organic framework (MOF), derived carbons (MDCs) and other carbon class of 

nanomaterials.  Recent advancements in preparation of these porous materials with 

ultrahigh surface areas makes them viable candidates for hydrogen storage, especially at 

low temperatures (T<123K; P>25 bar) where the weak intermolecular forces inherent to 

3 Reused with permission from “Porous Carbons for Hydrogen Storage. In 

Nanostructured Materials for Next-Generation Energy Storage and Conversion”, Bosch, 

M.; Zhou, H.-C.: Springer-Verlag GmbH Germany, 2017. Copyright 2017 Springer-

Verlag GmbH Germany 
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all physisorption phenomena, such as adsorption of hydrogen.  This approach to hydrogen 

storage promises high gravimetric hydrogen uptake at higher temperature; distinct to 

cryogenic storage approach (≤ 123 K), which require cooling with nitrogen (77 K) or argon 

(87 K) and a resultant insulation capsule.  Room temperature (≥ 123 K) interactions occur 

because, the adsorption forces of the hydrogen to the pockets, surfaces, and functional 

groups are carefully chosen to maximize intermolecular forces between the hydrogen 

molecules and material.  Thus, it is essential to maximize the adsorption enthalpy of any 

porous material for hydrogen storage, because, for the use of these materials to be 

economical, requires cooling temperature close to room temperature to avoid additional 

costs in materials and weight.  For this reason, special consideration will be given in this 

overview to attempt to increase the adsorption enthalpy of hydrogen in engineered porous 

materials at higher than cryogenic temperatures. 

These materials are engineered to meet the current US Department of Energy 

(DOE) 2020 performance targets for hydrogen storage materials, namely, materials that 

can store 5.5 weight-percent (wt %) of hydrogen for the gravimetric target, 0.040 kg 

hydrogen / L for the volumetric target, and at $333/ kg stored hydrogen capacity for the 

cost target.  It should be noted that this target is for the complete storage system “including 

the tank, storage media, safety system, valves, regulators, piping, mounting brackets, 

insulation, added cooling capacity, and any other balance-of-plant components,” not just 

the porous material, so the material must have a significantly higher capacity.  This DOE 

benchmark essentially excludes all organic synthesis requiring many steps or resulting in 

low yields, or use of anything other than low-cost bulk commodities.  This is where porous 
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polymers may have an advantage over materials such as metal-organic frameworks 

(MOFs) or metal-hydride based materials, that require expensive components, and 

expertise, whereas with carbon-based polymers can potentially be synthesized at a much 

lower cost, depending on the synthesis steps chosen, with a lower skill-set once the 

methodology has been perfected.  

4.3 ADSORPTIVE HYDROGEN STORAGE  

4.3.1 The Chahine Rule 

Most of these materials have a total hydrogen storage capacity that linearly scales 

to their surface area, based on the physisorption interactions. Experimentally, it was found 

that most materials with optimum pore size of 7 Å stored about 2 wt% H2 per gram of 

material per 1000 m2/g surface area at 77 K. At higher temperature, this storage dropped 

to 0.35 wt% per 1000 m2/g surface area at 120 bar pressure at 298 K; which was not greatly 

influenced by an increase in pressure, for example almost trebling the pressure, gave a 

new storage value of 0.45 wt% per 1000 m2/g surface area at 300 bar hydrogen pressure. 

This phenomenon is known as the “Chahine rule”.133  It should be noted that this rule is 

only applied to materials that have pores appropriate to the size of hydrogen in the low 

Ångström range (Å). Porous materials with large open pores (≥ 10 Å) and a high surface 

area (≥ 6000 m2/g) as measured by nitrogen (N2) adsorption (77 K) may not have as high 

H2 uptake as calculated, as H2 may not condense into these pores as easily as N2.   Current 

porosity materials areas in the range of 4000 - 7000 m2/g surface area,23 less than what is 

required to meet the 2020 DOE targets using physisorption at room temperature alone 



 

 

83 

using porous materials.  Most research focuses on materials with high hydrogen gas (H2) 

uptake at 77 K.  As some of these materials reach hydrogen sorption saturation or near 

saturation at 77 K at high pressure, while none reach saturation at (293 K) room 

temperature. Therefore, an intermediate temperature may be suited to sorption, higher than 

cryogenic temperatures but lower than room temperature. 

In general, hydrogen uptake at 77 K and 1 bar (100,000 Pa ≈ 750.06 Torr or 

mmHg) was found to be linearly related to the hydrogen uptake at 298 K and 100 bars in 

porous adsorbents, (Figure IV-1 for plot of adsorption versus temperature) with uptake 

occurring mostly in extremely small micropores, under either (77K or 298 K) set of 

conditions.134  This occurred across many different types of adsorbents, as long as those 

adsorbents were primarily microporous in morphology.  In contrast, the adsorbents with 

larger pores had relatively high uptakes at 77 K, but showed small uptakes, below 0.5 wt% 

at 298 K and 100 bars pressure.  Clearly, hydrogen is able to be adsorbed into larger pores 

but only at low temperature.  However, the porous materials with the highest overall 

surface area also have relatively larger pores, and are not suitable for hydrogen adsorption 

at higher temperatures.  To improve hydrogen adsorption at higher temperatures, materials 

must be designed with maximum pore volume and surface area, but also, pore size 

optimized to hydrogen uptake at the temperature and pressure allowed.  A material with 

optimal hydrogen uptake at 77 K and 1 bar is not likely to be the best material at 77 K at 

100 bars or 298 K and 100 bars of pressure.  Under the conditions in Figure IV-1, only 

pores below 1 nm diameter contribute significantly to hydrogen uptake, unlike at 77 K 

and 100 bars where hydrogen can adsorb efficiently into larger pores.134 
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Figure IV-1. A linear relationship between hydrogen uptake at 77K, 1 bar, and 298K, 100 

bar. Reprinted with permission from 134. Copyright 2012 American Chemical Society. 

 

4.3.2 Deliverable (or Working) Capacity 

Deliverable capacity is the difference in hydrogen uptake between a low and high-

pressure (e.g. 1-100 bars) environment and is more important than total capacity for most 

hydrogen storage applications.  Depending on the material used, some amount of hydrogen 

will remain in the material at a low pressure, and unless the material is re-activated by 

heat, vacuum, or some other input of energy to remove it, that amount of hydrogen cannot 

be used as a fuel source.  In this manner, the deliverable capacity is less than total capacity, 

and is a more practical consideration.  An analysis of isotherms at different pressure levels 
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can yield information on adsorption capacity but materials with high total uptake at very 

low pressure may not yield a practical deliverable capacity. 

4.3.3 BET Surface Area  

The Brunauer–Emmett–Teller (BET) method can over-estimate the surface area of 

highly microporous materials, due to quasi-capillary condensation occurring at a P/P0 

range of 0.1-0.3 (where P and P0 are the equilibrium and the saturation pressure of 

adsorbates at the temperature of adsorption) although analysis applied below this region 

is expected to give valid results.135  This is of critical importance for hydrogen sorbents, 

which often have very small pore sizes.  At a temperature below the critical temperature, 

many molecular species may condense into a liquid form inside the pores.  This 

phenomenon occurs normally in type II and Type IV of the pressure-temperature 

isotherms.  But in materials with microporous pockets that have very high affinity for N2, 

adsorption occurs at a very low pressure, lower than the isotherm calibration, giving rise 

to a higher standard error.  

The BET calculations can further over-estimate the surface area of materials that 

have pores 1 nm or larger, “due to the overlap of pore-filling and formation of monolayer- 

consisting of these two types of pores.”136,137  The BET surface area calculations attempt 

to estimate the monolayer loading, where low-pressure pore-filling nitrogen adsorption is 

“counted” as monolayer-formation adsorption and used to determine the surface area.  For 

example, for graphene-slit pores, a diameter of 13.2 angstroms drastically overestimates 

surface area due to inclusion of second-layer molecules in the monolayer regime (see 

Figure IV-2 for conceptual model of hydrogen adsorption) where H2 uptakes are also 
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susceptible to experimental error if appropriate control and checks in the experimental 

setup are not properly implemented.138  

In general, the porosity or uptake behavior of a material cannot be described 

adequately by one or two parameters.  Complete porosity data would include multiple gas 

loading isotherms at a variety of temperatures and as pressures ranging from zero until 

saturation is reached, if possible.  “BET surface areas should always be given with the 

range used for analysis.”139  In most cases, this is not the case, and hence BET surface 

areas must always be assumed to be provisional.  In all cases, BET surface area results are 

less informative than complete H2 (or other gas of interest) and N2 uptake isotherms, which 

should be examined for isotherm type, total uptake values, and saturation.  

 

 

 



 

 

87 

 

Figure IV-2. Even when all BET consistency criteria are applied, calculated surface area 

can differ dramatically from calculated “true” nitrogen accessible surface area in certain 

types of pores. Reprinted with permission from 5a. Copyright 2015 American Chemical 

Society. 

 

4.4 POROUS CARBONS WITH HIGH HYDROGEN UPTAKE 

4.4.1 Activated Carbons 

The theoretical maximum hydrogen adsorbed per surface area in a monolayer on 

the pore surfaces on a porous material is 2.28 wt% per 1000 m2/g, assuming a surface 

density identical to liquid hydrogen.  At 77 K, various activated carbons and single-walled 

carbon nanotubes (SWCNTs) of various dimensions, exhibit a surface area that is quasi-

proportional to surface area, as determined from the gradient. An analysis of the plot 

reveals an average adsorption per surface area of 1.91 mass% per 1000 m2/g, analogous 

to 84% surface coverage.  At room temperature, this coverage was only 0.23 mass% per 

1000 m2/g or 10%.133  These materials did not show changes in hydrogen adsorption 
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between SWCNTs and conventionally produced activated carbons. (Figure IV-3)  The 

best conventionally prepared activated carbons have surface areas lower than MOFs, 

leading to a further development of high surface area materials based on porous carbon.  

 

Figure IV-3. Weight % storage of activated carbons versus surface area at 77 K. The best 

fit line for the experimental values roughly describes the Chahine rule. Reprinted with 

permission from 133. Copyright 2005 Elsevier Ltd. 

 

In general, carbon materials may be activated and made porous through “chemical 

activation” by reactive liquids, solids, or solvated species that can oxidize and remove 

some of the carbon at high temperature in an inert gas, or through “physical activation” 

with gasses or gas mixtures.  The precise method of activation, in addition to the carbon 

feedstock, can influence the porosity, pore size distribution, and degree of graphitization 
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or oxidization of the resulting porous carbon.140  Direct physical activation in the air tends 

to result in mesopore formation and surface area of only 700 m2/g,141 unsuitable for 

hydrogen storage.  However, when already porous titanium carbide (TiC)-derived carbon 

was further activated in carbon dioxide (CO2), a surface area of 3100 m2/g was 

achieved.142 In general, chemical activation is more expensive than physical due to the 

additional cost of the activating chemical, but results in higher surface area materials with 

greater control of porosity with narrow pore size distribution.142-144 

A highly porous activated carbon was prepared by the further activation of 

commercially available activated carbon through impregnation of the carbon with 

potassium hydroxide (KOH), slowly heating to 750 °C under argon atmosphere, and 

washing with hydrochloric acid (HCl) and water consequently.145  Oxidation of the carbon 

with KOH affords as one of the products potassium carbonate (K2CO3), which breaks 

down into potassium oxide ( K2O) and CO2.
146  With a ratio of 5 grams of KOH to 1 gram 

of activated carbon used, a carbon with a surface area of 3190 m2/g was produced, 

compared to the 1585 m2/g of the carbon before additional activation.  This material had 

an H2 uptake of 7.08 wt% at 77 K and 20 bars, only slightly less than the theoretical 

maximum value of 7.27 wt% at that surface area (assuming an adsorbed monolayer and 

the density of liquid hydrogen).  The authors showed some evidence that the hydrogen 

uptake per surface area, which is usually about 2 wt% H2 per gram of material per 1000 

m2/g surface area at 77 K was as according to the Chahine rule, where increases in the R 

value of graphitic porous carbons led to an increase in hydrogen uptake. The R value is an 

empirical parameter relating to the ratio of the 002 Bragg peak to the background in 
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powder X-ray diffraction (PXRD), pattern. A large R value corresponds to more ordered, 

parallel single graphitic layers in most instances. 

It was found that in the KOH-activated carbons, R values were close to 1 (no 002 

peak present), lower than the values of other activated carbons, indicating randomly 

oriented graphene sheets.145,147,148  R-value increases with edge orientation of the sheets 

within the pores, as sheet edges provide higher adsorption enthalpy.149  However, these 

KOH activated carbons still had the highest overall wt% uptake of hydrogen, as the 

increased surface area and micropore volume was a more important factor at cryogenic 

temperatures where condensation into less-optimized larger micropores may have taken 

place. 

Potassium hydroxide activation is a well-documented technique to attempt to 

achieve greater surface area and hydrogen uptake in porous carbons. This higher surface 

area is due to the microporous nature of the materials produced as opposed to larger pores 

from other activation methods.150  For example, use of the technique on hemp stem as a 

carbon feedstock afforded carbon with BET surface area of 3241 m2/g and 3.28 wt% H2 

uptake at 77 K and 1 bar pressure, at higher pressure and cryogenic temperature mesopores 

morphology was reported151. Potassium hydroxide activated carbons derived from various 

commercially available fungi reported a maximum BET surface area of 2526 m2/g and 

hydrogen uptake of 2.4 wt% at 77 K and 1 bar pressure.152  Chitosan-derived activated 

carbons (ACs) further activated with KOH achieved a BET surface area of up to 3066 

m2/g and hydrogen adsorption of 2.95 wt% at 77 K and 1 bar, and 5.61 wt% at 77 K and 

4 MPa (40 bars).153  Materials with poly(vinylidene chloride), carbonized and KOH 



 

 

91 

activated, was found to have a hydrogen uptake of 4.85 wt% at 77 K and 20 bars, with 

2.43 wt% at 77 K and 1 bar.154 

 

 

Figure IV-4. H2 uptake/surface area vs R value. Reprinted with permission from 154. 

Copyright 2009 American Chemical Society. 

 

Zinc chloride (ZnCl2) or phosphoric acids (H3PO4) are common chemical 

activation reagents150 which upon treatment produce distinct pore size distributions 

between 0.5-2.5 nm in activated carbons.  Impregnation of feedstock with homogenously 

distributed amounts of ZnCl2 followed by pyrolysis results in porous carbon “monoliths” 

that have evenly distributed and sized pores with sizes controlled by the amount of Zn 

added, with a total volume of micropores around the same as the volume of the salt 

originally added.  Removal of the salt by washing physically creates the pores, and the 
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high temperature removes functional groups from the feedstock and bonds the surrounding 

carbon atoms to allow the carbon to retain the pores in its structure instead of collapsing.  

In contrast, H3PO4 activation results in a wider pore size distribution, and at high acid 

concentration, the volume of the porosity is higher than the volume of the acid, indicating 

that chemical reaction between the feedstock and the phosphoric acid takes place. Overall, 

as seen in Figures 4.4 and 4.5, the highest reported BET surface area among 

conventionally produced activated carbons was found with KOH activation process. 

 

 

 

Figure IV-5. Highest reported BET surface areas for various porous materials as of 2014. 

 

4.4.2 Porous Graphene-based Materials 

Graphite oxide (GO), a form of graphite that is modified with oxide defects upon 

its surface, has attracted much interest both as a precursor material for graphene and other 

advanced materials due to its electrical and optical properties.155  These sheets are readily 
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produced by oxidizing graphite, and can be suspended and processed in water.156  The 

hydroxyl and other functional groups produced can then be functionalized in various ways 

to increase hydrogen uptake.  Theoretically, high uptakes can be achieved in structures 

such as a graphene oxide/carbon nanotube pillared material.  This may have been realized 

in graphene oxide / multi-walled carbon nanotube (MWCNTs) materials as shown in 

Figure IV-6. 

 

 

Figure IV-6. Graphene oxide / multiwalled carbon nanotube structure. Reprinted with 

permission from 157. Copyright 2012 Wiley Co. 

 

This graphene oxide / MWCNT material was reported to have a hydrogen uptake 

of 2.6 wt% at room temperature and 50 atm (50.6 bar) pressure.157  The researchers suggest 

that the liquid crystal synthesis route produces highly ordered structures with more well-

defined and controllable pore size.  The enhanced structure and pore size results in an 

increase of the uptake, just as their LC-GO dispersions were reported to have 1.4 wt% 

uptake at room temperature, as opposed to the 0.2 wt% reported for GO prepared by other 
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groups.  However, this material had slow adsorption kinetics, taking 60 minutes to reach 

full capacity of gas uptake, with no additional information regarding the materials surface 

area.  It seems likely that the hydrogen uptake is correlated with both the surface area and 

the heat of adsorption of hydrogen to the material, which is influenced by the material 

type, the pore size and shape.158 

In another example, random hydroxyl groups of GO, similar to those shown below 

in Figure IV-7, were functionalized with benzene-1,3-diboronic acid (DBA).155 As one 

GO sheet is functionalized on one side of the linker,  another is functionalized on the 

opposite side.  This functionalization process theoretically connects many layers of GO 

sheets into disordered graphene oxide frameworks (GOFs).  

However, these materials were found to undergo swelling in polar solvents, which 

would not be compatible with such a rigidly linked structure.  Further investigation 

indicated two likely outcomes either DBA molecules attached on only one side, or the GO 

sheets were separated by self-reacted DBA molecules (Figure IV-8a shows cross-section 

with DBA molecules as linkers). Optimization of synthesis conditions produced material 

with the specific surface area of about 1000 m2/g.  Since many of these materials follow 

the Chahine rule for hydrogen uptake, further development is likely to increase hydrogen 

storage capacities.  Even materials that have high adsorption enthalpy and deviate from 

the Chahine rule must retain very high pore volume and overall porosity to be able to meet 

DOE targets.140 
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Figure IV-7. Example structures of graphitic carbon sheets and graphene oxide (GO). 

Reprinted with permission from 156. Copyright 2012 Elsevier Ltd. 

 

 

Figure IV-8. Graphene oxide sheets separated by DBA dimers, trimers, or larger 

polymeric units. Reprinted with permission from 155. Copyright 2015 American 

Chemical Society. 
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The DOE targets appear to be reachable by physiorption materials under 

cryogenic conditions due to the limited heat of adsorption of hydrogen to carbon 

materials. Tailored synthesis of materials with controlled pore sizes above those 

recommended for maximizing total hydrogen uptake in physiorption materials must be 

attempted in addition to chemical activation or metal doping to increase hydrogen 

binding energy as a means to meet the DOE target.  To increase H2 uptake at ambient 

conditions, including temperature and pressure, simulation studies have demonstrated 

that higher heat of adsorption than what is produce by small pores is required. 159  This 

“energy deficit” may be met if porous material are designed with pores optimized for 

hydrogen sorption at a higher than cryogenic temperatures, while still allowing efficient 

hydrogen saturation of its pores. 

An example of this strategy was realized by a graphene scaffold material was 

made more porous through both KOH activation and hydrogen annealing, which 

removed oxygen moieties and broadened pores.160  In this material, BET surface area 

determined to be 3400 m2/g and the material exhibited a saturated H2 uptake of 7.5 wt% 

at 77 K, while non-saturated hydrogen uptake was 1.25 wt%  at 296 K.  The non-

saturated uptake was 4.2 wt% at 120 bar pressure at 193 K, the temperature of solid CO2.  

This report also showed that hydrogen weight-percent (wt%) versus specific surface area 

of many porous carbons followed the Chahine Rule (summarised in Figure IV-9). 
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Figure IV-9. The Chahine rule illustrated for many porous carbons at different 

temperatures.  It follows logically and has been demonstrated in a few experiments that 

porous carbons using physisorption should follow a Chahine line in between the two 

temperatures at an intermediate temperature. Reprinted with permission from 160 . 

Copyright 2015 Royal Society of Chemistry. 

 

4.4.3 MOF-derived Porous Carbons 

Some of the highest surface areas to be measured among porous carbons are 

found among MOF-derived carbons (MDCs).161  Here, high-surface area MOFs are 

synthesized, sometimes with metals or functional groups specific to the application such 

as catalysis.  Then, the MOF is calcined, or carbonized, subjected to extremely high 

temperatures sufficient to quickly remove the metals from the structure while somewhat 

preserving the pre-existing pore size and shape.162  However, the behavior and products 
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of calcination of MOFs made from different metals can vary because the metals and 

metal oxide clusters can have very different melting points. 

For example, in one study, porous carbons resulted from isoreticular metal-

organic framework 1 (IRMOF-1, MOF-5, the structure has Zn4O nodes with 1,4-

benzodicarboxylic acid as struts between the nodes) had higher porosity overall than 

ones produced by calcination of chromium-based MOFs, as, according to the study, the 

Cr-based porous carbons had pores clogged with chromium oxides and carbides while 

the Zn oxides and carbides were removable from the crystalline structure.  Carbonization 

of MOFs is done by slow heating under inert gas to prevent oxidization of carbon to 

carbides or metal to metal oxides.  It was found that zinc was not present in the 

carbonized samples based on MOF-5 while chromium-based MOFs had residual metal 

still present.  omwDepending on the ligand and metal used, nonporous or even porous 

metal oxides can be the end-product.163   Chromium-MOF based porous carbons were 

observed by powder X-ray diffraction (PXRD), which contained chromium carbide and 

oxide at various synthesis temperatures, and were treated further with HF or HCl to 

remove residual chromium.  This treatment was unsuccessful as confirmed by 

differential thermal analysis (TGA) and a drastic lowering of measured surface area, as 

opposed to the increase in surface area of Zn-MOF based carbon from 835 to 2393 

m2/g/g was observed.  The preliminary result also indicate that MOFs based on metals 

with low melting and boiling points, such as zinc, may be more appropriate for 

development of new MDCs. 
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Figure IV-10. Carbonization of MOF-5(IRMOF-1) to MDC-1. Reprinted with 

permission from 161. Copyright 2012 American Chemical Society. 

 

MOF-derived carbons(MDCs) in generalcan store more hydrogen per surface 

area than standard MOFs, when their pore sizes are smaller than the corresponding 

MOFs. (Figure IV-10) MDCs also usually retain overall high porosity.  This is because 

structures containing large and open pores, such as mesopores are not as suitable for 

hydrogen adsorption as materials with high micropore density.  It is possible that 

structures with hierarchically sized pores may have a higher hydrogen uptake at higher 

pressures. This is because ultramicropores (extremely small pores with a size similar to 

that of the hydrogen molecules) may become saturated at low temperature and high 

pressure, even though those pores are more appropriate to hydrogen sorption at higher 

temperature.161  In general, both ultramicropores and extremely high total pore volume 

are required for high gas uptake. 
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An MDC derived (modified) from a Zn-BTC MOF achieved a surface area of up 

to 1671 m2 /g.164  The unmodified MOF was unsuitable for H2 storage, due to its 

mesoporous nature.  Carbonization of an MOF based on aluminum (Al) and 1,4-

naphthalene-dicarboxlate afforded a porous carbon with a surface area of 5500m2/g, 

which was confirmed by 10 repeated syntheses and measurements.165  The carbonization 

was carried out at 800 °C under inert gas, followed by removal of remaining Al species 

with HF.  This material did, however, have a wide pore size distribution of between 1 - 5 

nm.  Graphitization and collapse of the surface area occurred at 900 °C or above, and the 

material retained approximately 65% of its pore volume after compression at 10 MPa for 

10 minutes.  In another study, a metal-organic xerogel was prepared and carbonized, 

resulting in a BET surface area of 3770 m2/g.166 

Interestingly, a “foam-like” porous structure was observed in a carbonized Zn-

MOF that was synthesized using a nitro-functionalized ligand.  Rapid removal and 

gasification of these functional groups during carbonization result in a unique 

microstructure with many large macropores, which are formed by removal of the Zn 

products through post-carbonization washing.167  Though this material is not suitable for 

hydrogen storage, it is a key example of how ligand choice can drastically affect the 

character of the resulting porosity in MOF carbonization. 

In another study, an MDC with high surface area and pore volume, 3000 m2/g 

and 5.45 cm3/g, respectively, was synthesized through the direct carbonization of 

IRMOF-1 immersed in dimethylformamide (DMF). The rapid removal of the DMF 

molecules introduced large pores into the MDC without destroying the microporosity.  
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Interestingly, pyrolysis of the activated, solvent-free IRMOF-1 produced an MDC with a 

surface area of 3110 m2/g, but a total N2 uptake of only 1720 cm3/g at 1 bar pressure 

and 77 K.  The MDC derived from DMF-infused IRMOF-1 had a BET surface area of 

2980 m2/g, but a total N2 uptake of 3526 cm3/g.  As seen in Figure IV-11, the 

introduction of large mesopores by this carbonization method lowered the surface area, 

but drastically raised the pore volume and overall porosity.168  This is furthur example of 

how BET surface area is not a complete measure of the total porosity of a material, and 

also of how the type of porosity can be drastically altered by synthesis conditions. 

 

 

Figure IV-11. The porosity of IRMOF-1 derived MDC carbonized solvent-free (Blue) 

versus in chloroform(Red)  or DMF(green). Reprinted with permission from 168. 

Copyright 2014 Elsevier Ltd. 

 

In some cases, MOFs act as templating agents for other carbon sources in addition 

to being the carbon source themselves, similar to the use of solvents above. This can 
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produce templated ACs with higher surface areas than those of the original MOFs.  One 

example of this approach is use of isoreticular metal-organic framework-3 (RMOF-3, 

[Zn4O(NH2-BDC)3]·xDMF, NH2BDC = 2-amino-1,4-benzene-di-carboxylate) was used 

with various quantities of sucrose (C12H22O11), heated to promote uptake of sucrose into 

the pores, and pyrolyzed in an inert atmosphere (such as Ar) at 900 °C for 6 hours.169  The 

sample was washed with dilute HCl and then with a binary mixture of water / ethanol, 

followed by removal of remaining Zn species.  A surprising observation was that the BET 

surface areas varied among samples based on sucrose loading, as shown in Table IV-1.  

The number in each sample name refers to the milligrams of sucrose used in each 

pyrolysis.  Field-emission scanning electron microscopy (FESEM), transmission electron 

microscopy (TEM), PXRD, and Raman spectroscopy analyses all showed different 

morphology in each sample.  In NPC-300, hydrogen uptake of 2.45 wt% at 77 K and 1 bar 

pressure was observed which was much higher than the unmodified MOF. This was 

attributed to the modified structure having a higher microporosity than the unmodified 

parent MOF.  This is another example of how guest solvent or other small molecules 

introduced into an MOF before pyrolysis can drastically affect the properties of the final 

MOF-derived carbon.  
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Table IV-1. Textural parameters of the resultant functional nanoporous carbon 

(NPC) samples. Reprinted with permission from 169. Copyright 2015 Elsevier Ltd. 

Sample 
SBET 

(m2/g)a 

SLang 

(m2/g)b 

Smicro 

(m2/g)c 

Smeso 

(m2/g)d 
Smeso/Smicro 

Vt  

(cm3/g)e 

Vmicro 

(cm3/g)f 

Vmeso 

(cm3/g)g 

Vmeso/micro 

(cm3/g) 

Sucrose 258 391 117 141 1.2 0.17 0.08 0.09 1.125 

NPC-0 392 581 299 93 0.31 0.409 0.36 0.049 0.136 

NPC-150 1022 1567 898 124 0.13 0.65 0.58 0.07 0.121 

NPC-300 3120 4031 2987 133 0.03 1.93 1.89 0.04 0.024 

NPC-500 1761 2687 1692 69 0.04 0.74 0.58 0.16 0.103 

NPC-1000 1077 1622 994 83 0.08 0.435 0.245 0.19 0.175 

a) SBET is the BET specific surface area.

b) SLang is the Langmuir specific surface area.

c) Smicro is the t-plot specific micropore surface area calculated from the N2 adsorption–

desorption isotherm. 

d) Smeso is the specific mesopore surface area estimated by subtracting Smicro from SBET.

e) Vt is the total specific pore volume determined by using the adsorption branch of the N2

isotherm at P/P0= 0.99. 

f) Vmicro is the specific micropore volume calculated by a non-local density functional

theory (NLDFT) method. 

g) Vmeso is the specific micropore volume calculated by subtracting Vmicro from Vt.

The morphology of the MDCs produced can be further influenced by other 

experimental parameters such as  carbonization temperature, ligand, solvent used or 

temperature of reaction.  For example, materials of institute Lavoisier (MIL) framework 

with aluminum metal [MIL(Al)]  was fabricated with aluninium and oxygen (Al3O2) 

nodes with btc acid supporting struts between the nodes Al3O(OH)(H2O)2(btc)2·nH2O 

(btc = 1,3,5-benzenetricarboxylate), was carbonized at 800 °C under argon to produce an 

MDC.170  This MDC required HF washing to remove residual aluminum oxide (Al3O2) 

http://www.sciencedirect.com/science/article/pii/S1387181114006908#tblfn1
http://www.sciencedirect.com/science/article/pii/S1387181114006908#tblfn2
http://www.sciencedirect.com/science/article/pii/S1387181114006908#tblfn3
http://www.sciencedirect.com/science/article/pii/S1387181114006908#tblfn4
http://www.sciencedirect.com/science/article/pii/S1387181114006908#tblfn5
http://www.sciencedirect.com/science/article/pii/S1387181114006908#tblfn6
http://www.sciencedirect.com/science/article/pii/S1387181114006908#tblfn7
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species.  Upon removal of Al3O2,  hollow octahedral carbon shells were produced, with 

outer morphology mimicking that of the source MOF and micro and mesoporosity in the 

shell.  Large interconnected (50 nm) nanochannels in the center of the particles were 

shown by TEM (in Figure IV-12, the nanochannels are marked by vertical lines).  The 

BET surface area of 1711 m2/g, hydrogen uptake of 1.5 wt% at 77 K and 1 atm (1.01 

bar) pressure, and pore size distribution collectively indicated that this material 

possessed hierarchical micro, meso, and macropores.  This would make it less suitable 

for pure hydrogen storage, but is additional example of how metal and activating agent 

choice can control the nature of the pores produced.  

 

 

Figure IV-12. MDC cage particles with massive voids in the center of porous carbon 

shells. Reprinted with permission from 170. Copyright 2014 Elsevier Ltd. 

 

4.4.4 Doped Porous Carbons 

Lithium-atom doped graphene sheets were shown in grand canonical Monte 

Carlo simulation to possess a maximum hydrogen adsorption of 6.5 wt% at room 
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temperature and 20 bar pressure. The model is based on the assumption that if 1 atom of 

lithium is present per carbon and the sheets are separated by 10 angstroms, the 

interactions would yield between 5-7 % adsorption.  However, such a structure has 

proved synthetically inaccessible.159  Other simulations predicted a hydrogen uptake of 

up to 16 wt% in graphenes with adsorbed lithium or boron (Figure IV-13 is a graphical 

illustration of the various simulations.)159  In general, high adsorption enthalpy, surface 

area, and pore volume that is accessible to about 2 layers of hydrogen is optimal for 

room temperature hydrogen storage meeting targets.  However, physisorption of 

hydrogen onto graphitic carbon does not produce the required adsorption enthalpy, 

necessitating cryogenic temperatures for high uptake in most materials.  One way to 

increase the adsorption enthalpy is to administer metal ions or particles into the pores of 

the carbon, due to the Kubas interaction between the hydrogen sigma bonding or 

antibonding orbitals with the d-orbitals of transition metals, or the polarization of the H2 

molecules by the charged metals.171 
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Figure IV-13. Simulation of hydrogen adsorption to Li-doped graphenes. Reprinted with 

permission from 159. Copyright 2015 Elsevier Ltd. 

 

Metal-nanoparticles doped hierarchically porous carbon monoliths (Ni-HCPMs) 

were demonstrated to have hydrogen uptakes well in excess of what would be predicted 

by the Chahine rule, with 4.29 wt% H2 uptake at 77 K and 5 bar pressure while 

possessing only 620 m2/g surface area. 172  This is because of the hydrogen spillover 

effect, where chemisorption of H2 molecules on metal nanoparticles is followed by 

dissociation of the hydrogen into isolated atoms bonded to the nanoparticle, which can 

then migrate to the graphitic activated carbon surfaces near the nanoparticles.173  (Figure 
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IV-14) This drastic increase in the adsorption enthalpy would also increase uptake at 

higher temperatures.  

 

 

 

Figure IV-14. Hydrogen spillover from metal nanoparticles to graphitic porous carbons. 

Reprinted with permission from 173. Copyright 2011 American Chemical Society. 

 

Carbon monoliths were prepared by suspending a nickel salt in a polymeric 

precursor solution of phenol, formaldehyde, NaOH, water, and pluronic P123 

(E21P67E21) and F127 (E98P67E98) co-block polymers (where E is ethylene glycol 

monomer and P is propylene glycol).  The above precursor was then heated at 100 °C for 

18 hours to produce a polymeric monolith, which was then pyrolyzed and made porous 

under nitrogen at 600 °C with slow heating.  The prepared HCPM was pyrolyzed in the 

same fashion except without nickel and showed a surface area of 688 m2/g, but 

hydrogen uptake of 1.44wt%, helping to show the efficacy of the spillover effect, which 
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was enhanced by using nickel nanoparticles directly within micropores.  It is possible 

that similar materials may be fabricated starting from porous materials with the higher 

surface area which may have performance criteria capable of meeting the 2020 DOE 

targets.  The previous example is an illustrtation of how pyrolysis and carbonization can 

make even non-porous materials into porous carbons, though templating from already 

porous materials tends to result in higher surface areas.  Templating from nonporous Zn 

MOFs, for example, resulted in maximum surface area of 1278 m2/g in one study.174 

 

 

Figure IV-15. Porous carbon monoliths prepared from polymer blocks. Reprinted with 

permission from 172. Copyright 2015 Springer. 
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Nitrogen-doped (7 wt%) graphenes holding 20 wt% of Palladium (Pd) 

nanoparticles were shown to have hydrogen uptake of 1.9 wt% at 298 K and 20 bar 

pressure, even with a low surface area of 146.4 m2/g. This was enhanced by 48.1 % by a 

spillover mechanism as estimated by the uptake of the nanoparticles alone under 

identical conditions.175 Nitrogen doping may have increased uptake due to enhanced 

interaction between the nitrogen-doped graphene and the metal nanoparticles. Graphene 

doped with nickel boron nanoalloys through reduction showed hydrogen uptake of 2.81 

wt% at 77 K and 1.06 bar pressure through spillover enhancement.176 Another graphene 

with a low surface area of 272 m2/g was doped with nickel boride (Ni-B) was shown to 

have 4.4 wt% hydrogen uptake at 77 K and 1.06 bar, as seen in Figure IV-16.177  For the 

doping process , solutions of graphene oxide (GO) and nickel acetate (C4H14NiO8) were 

reduced with sodium borohydride (NaBH4).  
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Figure IV-16. Hydrogen uptake of Ni-B doped graphenes at 77K. Closed symbols refers 

to adsorption, open symbol refers to desorption. Reprinted with permission from 177. 

Copyright 2010 Royal Society of Chemistry. 

 

A carbon foam similar to graphene oxide was prepared, but with a higher oxide 

and defect concentration. The GO surface was doped with nanoparticles of an alloy of 

palladium (Pd) and mercury (Hg) with the formula Pd4Hg. It was reported to have 4.6 

wt% hydrogen uptake at 298 K at 20 bars.178  However, due to the spillover mechanism 

of the storage, the adsorption or induction time was extremely long to achieve maximum 

uptake, and the uptake was not as high on other cycles.  As shown in Figure IV-17, 

measurements were made after a 1500 minute equilibrium, with the first isothermal point 

being determined at a 15 min interval, subsequent points were determined at 15-40 

minutes and the plots showed a very high wt% hydrogen uptake.  It was hypothesized 
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that if all cycles had been set to 1500 minute induction time, uptake would have been 

identical.  Attempts to reproduce the same results were successful only once, with other 

attempts producing materials with maximum 2 wt% uptake, with retained enhancement 

after doping.  The isotherm also showed that a deliverable hydrogen capacity of uptake 

between, for example, 10 bar and 20 bars pressure, would be extremely low as a vacuum 

is necessary to desorb the hydrogen taken up through spillover. This mechanism will be 

explored further below. 

 

 

Figure IV-17. Hydrogen uptakes among Pd4Mg-CF composite varying wildly based on 

cycle induction time. Reprinted with permission from 178. Copyright 2011 Royal 

Society of Chemistry. 
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4.4.5 Zeolite-templated Carbons 

Zeolite-templated Carbons (ZTCs), are prepared by filling a zeolite structure with 

polymer feedstock such as propylene through a method such as chemical vapor 

deposition (CVD), heating to fill all pores with polymer, and final removal of the zeolite 

with HF or another etching agent.179  Zeolite beta (for example CB850h) have 

demonstrated hydrogen uptake of 6.9 wt% at 77 K and 20 bars pressure.  This sample 

was prepared from zeolite  templates and was subject to the zeolite / carbon composite 

obtained after the CVD step to further heat treatment under nitrogen flow for 3 h. 180  At 

room temperature, one ZTC preparation showed an hydrogen uptake which was 

proportional to their specific surface areas until 10 MPa (100 bar) pressure.  However, 

above that pressure, having an appropriate pore size of 1.2 nm diameter seemed more 

important, in terms of H2 uptake. This may be due to the condensation or multi-layer 

adsorption of H2 occurring in those pores at high pressure resulting in enhanced 

adsorption enthalpy within the pores.  Another ZTC preparation had a BET surface area 

of 3370m2/g, and a hydrogen uptake of 2.2 wt% at high pressure. This reported uptake 

was greather than corresponding measurements using activated carbons with the similar 

surface area but uncontrolled pore size and shape.  Hydrogen spillover was also 

demonstrated by an increase in capacity after Pt nanoparticle loading.  This is an 

example of how ZTCs with the similar surface area can exhibit higher hydrogen uptake 

at high temperatures and low pressures. This is because their enthalpy of adsorption to 

hydrogen is raised after loading of metal nanoparticles.  Material pore design can also 

raise heats of adsorption somewhat without nanoparticles, but this study also serves as 
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evidence that DOE targets are likely to be unontainable at room temperature through 

pure physisorption processes.  

In another study, a physical composite of MIL-101, composed of chromium and 

terephthalic acid (BDC), was formed by adding ZTC to the synthesis conditions of MIL-

101 metal-organic framework, resulting in crystals of MIL-101 grown in and around the 

ZTC particles.181  Poly crystaline X-ray diffraction spectroscopy confirmed peaks in the 

composite corresponding to both structures.  Slight increases in surface area and 

hydrogen uptake were seen from either ZTC or MIL-101 materials.  The nitrogen 

isotherm had higher uptake in the low-pressure region due to additional micropores and 

hysteresis in the high-pressure region consistent with newly formed mesopores.  The 

pore size distribution showed a new unimodal pore size as opposed to the bimodal pore 

size of MIL-101.  The surface area of MIL-101(Cr) was 2552 m2/g and H2 uptake was 

1.91 wt% at 77K and 1 bar pressure, ZTC was 2577 m2/g and 2.39 wt%, and the hybrid 

composite was measured to have a surface area of 2957 m2/g and 2.55 wt%.  The finding 

of mesoporosity due to the new isotherm shape is not consistent with the narrow pore 

size distribution found, and the higher uptake may be primarily due to new pores formed 

between the ZTC and the MIL-101 grown on and around the nodes.  Such pores could 

physically increase the porosity and uptake of the material when compared to crystals or 

polymer pieces that are physically separated by distances which do not enhance sorption 

process due to smaller pores which allow more layers of adsorbate to interact with each 

other (a phenomenon not accounted by BET theory). 
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Figure IV-18. SEM Images of ZTC, MIL-101, and the composite. Reprinted with 

permission from 181. Copyright 2015 Springer. 

 

Other ZTCs were hydrogen uptake as improved through post-synthetically 

impregnating them with 2-5 nm Pd nanoparticles. (Figure IV-18) This impregnation was 

accompiolished through a CO2 supercritical mediated hydrogenation and reduction of a 

precursor. After Pd was added, the surface area went down from 2045 m2/g to 1390 

m2/g, while the H2 uptake went from 4.9 wt% at 77 K and 20 bars pressure to 4.7-5.3 

wt%, indicating a higher heat of adsorption for hydrogen uptake, as the material has a 
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similar gravimetric uptake despite lower porosity.182  A Pd loading of 0.4 wt% optimized 

for H2 uptake is summarised in Figure IV-19, which depicts the relationship between 

uptake and percent metal loading.  This procedure demonstrated the hydrogen spillover 

effect, demonstrating that a precursor of much higher intrinsic porosity would be 

required for optimal application.  Hypothetically a material with mesopores structure 

could be filled with slightly smaller nanoparticles, which would then promote hydrogen 

spillover into now-optimal pore sizes. 

 

 

Figure IV-19. Pd loading versus H2 uptake in Pd-doped ZTCs.  Reprinted with 

permission from 182. Copyright 2013 American Chemical Society. 

 

Hydrogen spillover in Pt-loaded ZTCs was studied more extensively, where they 

investigated both endothermic and exothermic process in addition to speciation, 

summarised in Figure IV-20).183  It was found that processes increasing spillover 
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occurred at increased temperature and pressure, making nanoparticle loading an 

especially promising method for improving hydrogen uptake at higher temperatures.  An 

appropriately prepared ZTC alone had a surface area of greater than 3000 m2/g and pore 

size of 1.2 nm, resulting in hydrogen storage capacity of 2.2 wt% at 34 MPa (340 bar) 

pressure and room temperature.  Mixing the prepared ZTC with Pt nano colloidal 

suspension resulted in uptake of 3.23 wt% of Pt into the carbon, without loading 

optimization.  The BET surface area was found to decrease to 3060 m2/g from 3220 

m2/g.  The PXRD confirmed the presence of ZTC and Pt nanoparticle, as both species 

partly ordered and crystalline, due to the ZTC being broad template, and Pt being much 

smaller in size relative to the ZTC.  

The study found that the dissociated hydrogen radicals, migrating throughout the 

ZTC surface, enabled the release of the spillover only after a degas cycle at 423 K for 6 

hours to recover the chemisorbed hydrogen radicals.  This spillover storage increases at 

higher temperature, as the diffusion of the particles onto the carbon is endothermic, 

which is promoted at  higher temperatures.  The total hydrogen uptake was not reported, 

although the reported hydrogen uptake for unmodified ZTC was 2.2 wt% . The lower 

than anticipiated uptake for the modified material may be due to the high loading of Pt 

nanoparticles. Collectively, this study showed that dissociative spillover would produce 

an increase in hydrogen uptake that is not easily reversible, making it unsuitable for 

hydrogen storage applications unless long adsorption and desorption times and harsh 

experimental conditions necessary for desorption can be remedied. The spillover based 

chemisorption of hydrogen radicals appears to have unfavorable desorption kinetics, 
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making facile recovery much more difficult.178,184,185  This approach for hydrogen uptake 

is similar to chemical and other chemisorption-based hydrogen storage methods which 

exhibit very high uptake, but also very unfavorable desorption kinetics and 

thermodynamics requiring long desorption times, lower temperatures, or other harsh 

treatment conditions that make the overall procedure too expensive for practical DOE 

applications.159 

Materials with hexagonal mesoporous silica (HMS) were also used as a template 

to produce a porous carbon with a BET surface area of 2644 m2/g. Here the carbon was 

decorated with nickel during the synthesis to increase hydrogen uptake.  Resol-type resin 

(HOCH2-ArOH, where Ar are different polyphenols) was used as the carbon source after 

glucose (C6H12O6) and sucrose (C12H22O11) sources were found to produce carbons with 

a BET surface area of 1100 m2/g.  Nickel-decorated materials had a loss of surface area 

to 1326 m2/g and of mesoporosity, suggesting nickel nanoparticles filled many 

mesopores.  Room temperature hydrogen uptake was 0.53 wt% at 20 bars pressure with 

no saturation shown in the isotherm for a carbon with a moderate amount of nickel, 

which was the highest as expected due to a balance between increased sorption and a 

loss of porosity due to the nickel.  It was hypothesized that large Ni nanoparticle size 

caused a enhancement in hydrogen uptake, although this measured enhacement was less 

than calculated, suggesting that smaller nickel nanoparticles might be more effective in 

terms of improved hydrogen uptake.186 



 

 

118 

 

Figure IV-20. Hydrogen spillover in Pt-loaded ZTCs. Reprinted with permission from 

183. Copyright 2014 American Chemical Society. 

 

4.4.6 Carbide-derived Carbons 

Carbide-derived carbons (CDCs)187,188 usually have specific surface areas from 

1000 to 2000 m2/g and have been used for hydrogen uptake.189  A molybdenum carbide-

derived carbon was heated, exposed to chlorine gas, heated under an Ar purge, and then 

hydrogen annealed at 600 °C.  The BET surface area of this modified CDC was 2520 m2/g 

at 800 °C, with a pore size distribution between 2-4 nm, although there was pores with 

wider diameter, which was not suitable for hydrogen adsorption.  An uptake that was 20% 

higher was found in the CDC material, produced at 600 °C during chlorination, that had 

⅔ of the total pore volume of the more porous carbon materials; as its larger pores 

increased its total porosity but lowered its hydrogen uptake at 77 K and 35 bar pressure.  

This is an evidence that in general, large pores degrade hydrogen uptake under many 
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conditions, acting only as “wasted space” that does not adsorb hydrogen, unless either the 

heat of adsorption is increased through another mechanism, or extreme conditions such as 

77 K and 100 bar pressure are adopted.190 

Porous CDCs, which were “super activated” by chemically activating them with 

KOH, reached 2800 m2/g BET surface area, with a retention of microporosity, and an 

increase of the hydrogen uptake from 3.8 wt% to 6.2 wt% at 77 K and 20 bar pressure.191  

This observation was found to be partially due to the porous carbons becoming more 

functionalized with surface oxygen moieties after oxidation by the KOH.  One  study 

demonstrated an uptake of 2.7 wt% at 77 K and 1 bar pressure, indicating higher affinity 

of hydrogen for this material, as shown in Figure IV-21, where the super activated 

materials have H2 uptake deviated above the nominal Chahine plot. 

 

 

Figure IV-21. Chahine plot of H2 uptake versus porosity of Zr-CDCs (clear symbols) and 

super activated CDCs (black circles).  Reprinted with permission from 191. Copyright 

2009 Royal Society of Chemistry. 
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4.4.7 Porous Polymer Networks 

Porous polymer networks (PPNs) are polymers of intrinsic microporosity (PIMs), 

due to the geometry, symmetry, and rigidity of their monomers or other linking units.192  

The porous aromatic framework-1 (PAF-1) was synthesized from tetrakis(4-

bromophenyl)methane through a Yamamoto homo-coupling.193  The PAF-1 material 

exhibited a BET surface area of 5600 m2/g and a hydrogen uptake of 10.7 wt% at 77 K 

and 48 bar pressure. This high hydrogen uptake may be due to the “activation” of 

polymer supports under relatively mild conditions that merely remove guest molecules 

as opposed to reacting with species within the material as chemical or physical activation 

does.  The PAF-1 structure needed only to be placed in a vacuum at 200 °C for the 

uptake measurements.  Highly Stable porous polymer networks-4 (PPN-4, schematically 

shown in Figure IV-22), was based on the approach used for the fabrication of PAF-1. 

The material was synthesized by an Yamamoto homo-coupling of tetrakis(4-

bromophenyl)silane under reaction conditions desiogned to slow polymerization.192  

This fabricated material had a BET surface area of 6461 m2/g, which was the highest 

reported among all porous materials with a hydrogen uptake of 8.34 wt% at 77 K and 55 

bars of pressure.  Additionally, the H2 deliverable or working capacity of PPN-4 was 

approximately 5.5 wt% 1.5 bar pressure at 77 K and was higher than other comparable 

materials at that time and currently and remains one of the highest hydrogen storage 

materials.  
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Figure IV-22. PPN-4 a) synthesis route and b) idealized structure. Reprinted with 

permission from 192. Copyright 2011 John Wiley and Sons. 

 

This above example demonstrates that if the  pore size can be carefully adjusted 

for gas capture, high uptake is feasible in meeting the DOE targets for hydrogen storage 

using porous materials.  When the pore size is below 1  nm, hydrogen uptake (measured 

at 1 bar and 77 or 298 K) may also increase.134 Therefore, to design materials with the 

highest uptake at these conditions, it is imperative to maximize the density of small 

micropores and minimize any pores above that size.  However, to produce a higher 

deliverable capacity at a given temperature, uptake near and below 1 bar, and thus small 

micropores, must be minimized, while larger pores which have size and shape 

appropriate to saturate with hydrogen near whatever maximum pressure is allowed by a 

particular system must be maximized, assuming no increase of heat of adsorption due to 

metal doping or other techniques. 

However, PAF-1 and PPN-4discussed above had a shortcoming preventing 

practical application , due to the expensive coupling reagent Ni(COD)2 (where COD is 

bis(1,5-cyclooctadiene) necessary for the Yamamoto homo-coupling during the 
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synthesis step.194 . The DOE target cost is $333/ kg stored hydrogen capacity, thus any 

porous material adopted for hydrogen storage applications will have to be synthesized in 

large quantities, using cheap precursors  Many other porous polymers such as porous 

poly(triazines) have been prepared and have hydrogen uptake of 1.44 wt % at 77 K and 1 

bar pressure.195  Another triazine-based PPN, TPC-1, showed 1.02 wt % uptake at 77 K 

and 1 bar pressure.  A wide variety of covalent organic polymers (COPs) were 

synthesized by the polymerization of a tetrahedral and C4-, C3-, or C2-symmetrical 

linking unit, producing porous polymers of up to 3624 m2/g.196 

The demonstrtation of the hydrogen storing capacity of PPN-4, has been adopted 

for gas capture of CO2 or CH4, catalysis, separations, or other applications, indicating 

this synthetic approach is flexibile and can be used towards hydrogen capture.  To our 

knowledge no directly synthesized and vacuum-activated porous polymers have yet been 

reported with hydrogen uptake performance unambiguously exceeding PAF-1 or PPN-

4.197  However, PAF-1 was synthesized, carbonized under high temperature, then 

chemically activated with KOH.198  This K-PAF-1-750 had improved H2 uptake at 1 bar 

pressureand 77K of 3.06 wt%, but at higher pressures the hydrogen uptake was slightly 

reduced (though the CO2 and CH4 uptakes increased.)  This is consistent with a decrease 

in mesoporosity and an increase in microporosity as confirmed by pore volume analysis, 

despite much lower surface area (2926 m2//g) and total pore volume is summarised in 

Figure IV-23 which is a plot of pore volumes at different curation temperatures. 
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Figure IV-23. Pore volume analysis of PAF-1 versus K-PAFs KOH-activated at different 

temperatures.  Reprinted with permission from 198. Copyright 2013 Nature Publishing 

Group. 

 

4.5 SUMMARY 

In the design of porous materials for hydrogen storage, carbon-based porous 

materials have many advantages, such as intrinsically low molecular weight, high 

gravimetric porosity, excellent stability, and in some cases low fabrication costs.  

However, advanced hydrogen sorbents have several challenges to overcome in order to 

meet the DOE targets, particularly at high temperatures.  Because of the low heat of 

adsorption inherent to hydrogen physisorption, materials with very small pores, either 1 

nm or less; or materials with lower pore density must be utilised at low temperatures  (77 

K) making them unsuitable as materials which meet the DOE target. On the other hand 
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materials which are engineered to increase the heat of adsorption to hydrogen promoting 

hydrogen spillover, have their own set of challenges which must be overcome.  It is 

possible that DOE targets can be met with materials that have extremely high 

microporosity and pore volume, kept at low temperature but above 77 K and high 

pressures (40 bar pressure); however technical challenges remain in the engineering of 

sorbent materials to meet the benchmarks in terms of capacity and cost. 
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CHAPTER V  

STEPWISE SYNTHESIS OF METAL-ORGANIC FRAMEWORKS4 

5.1 CONSPECTUS 

 Metal-Organic Frameworks(MOFs) are a category of porous materials that offer 

unparalleled control over their surface areas (demonstrated as higher than for any other 

material), pore characteristics, and functionalization. This allows them to be customized 

for exceptional performance in a wide variety of applications, most commonly including 

gas storage and separation, drug delivery, luminescence, or heterogeneous catalysis. In 

order to optimize biomimicry, controlled separations and storage of small molecules, and 

detailed testing of structure-property relationships, one major goal of MOF research is 

“rational design” or “pore engineering”, or precise control of the placement of multiple 

functional groups in pores of chosen sizes and shapes. MOF crystal growth can be 

controlled through judicious design of stepwise synthetic routes, which can also allow 

functionalization of MOFs in ways that were previously synthetically inaccessible.  

Organic chemists have developed a library of powerful techniques over the last century, 

allowing the total synthesis and detailed customization of complex molecules.  

Our hypothesis is that total synthesis is also possible for customized porous 

materials, through the development of similar multi-step techniques. This will enable the 

                                                 

4 Reproduced with permission from “Stepwise Synthesis of Metal–Organic 

Frameworks”, Bosch, M.; Yuan, S.; Rutledge, W.; Zhou, H.-C. Accounts of Chemical 

Research 2017, 50, 857-865. Copyright 2017 American Chemical Society. 
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rational design of MOFs, which is a major goal of many researchers in the field. We have 

begun developing a library of stepwise synthetic techniques for MOFs, allowing the 

synthesis of ultrastable MOFs with multiple crystallographically ordered and 

customizable functional groups at controlled locations within the pores. In order to design 

MOFs with precise control over pore size and shape, stability, and the placement of 

multiple different functional groups within the pores at tunable distances from one 

another, we have concentrated on methods which allow us to circumvent the lack of 

control inherent to one-pot MOF crystallization. 

Kinetically tuned dimensional augmentation (KTDA) is an approach using pre-

formed metal clusters as starting materials and mono-topic carboxylates as equilibrium 

shifting agents to make single crystals of ultra-stable MOFs. Post-synthetic metathesis and 

oxidation(PSMO) takes advantage of the fast ligand exchange rate of a metal ion at the 

low oxidation state as well as the kinetic inertness of the same metal at high oxidation 

state to make ultrastable and highly crystalline MOFs. Multiple similar strategies have 

been successful for the metathesis of Fe-based MOFs to Cr3+. Several highly crystalline 

Ti-MOFs have also been prepared. Kinetically controlled linker installation and cluster 

metalation methods utilize a stable MOF with inherent coordinatively unsaturated sites as 

matrix and post-synthetically install linkers or grow clusters on the matrix, so that a robust 

MOF with precisely placed functionalities is realized. This method has diverse 

applications especially when specific functional groups or metals having synergistic 

effects are desired in the proper proximity. 
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Exceptional porosity and stability are required for many potential applications. We 

have demonstrated several of these, including entrapment of nanoscaled functional 

moieties such as enzymes. We have developed a series of metal-organic frameworks 

(PCN-333) with rationally designed ultra-large mesoporous cages as single-molecule traps 

for enzyme encapsulation. We successfully incorporated metalloporphyrins, well-known 

bio-functional moieties, into robust MOFs for biomimetic catalytic applications. By 

rationally tuning the synthetic conditions, we obtained several different porphyrinic Zr-, 

Fe-, and Ti-MOFs with distinct pore size and concentrated acid or base stability, which 

offer eligible candidates for different applications. These and other stepwise kinetic tuning 

and catalyst incorporation methods are small steps towards achieving the grand challenge 

of detailed control of the placement of matter on an atomic and molecular level. 

5.2 INTRODUCTION 

One-pot Metal-Organic Framework (MOF) syntheses are often developed through 

trial and error. The Yaghi group has described the customization of MOF structures 

through the “reticular approach” of functionalizing and lengthening the linkers of known 

structures, and mixed-ligand MOFs are often “multivariate”, or distributed randomly. This 

allows customization of the pore sizes of known structures, and the placement of many 

functional groups within them, but it can also make detailed control of the shapes of the 

pores and the placement of the functional groups within the pores difficult.199,200 Many 

early MOFs made from divalent metals show exceptional porosity and promise for a wide 

variety of applications, but some proved unsuitable for many applications because of their 
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lack of long-term stability to ambient moisture.2 Therefore, researchers such as Férey and 

Lillerud developed stable MOFs based on trivalent and tetravalent metals(M3+ and M4+) 

which tend to possess much greater chemical stability due to the decreased lability of the 

M-O bonds.35,201 The exceptional stability of M3+ and M4+ based MOFs have made them 

feasible for use in wide-scale practical applications. However, the stability of the high-

valent metal-ligand bonds also causes challenges in MOF crystal growth and 

functionalization.  

In order to produce MOFs that are chemically robust, a prerequisite for most 

applications, a few basic approaches have been developed over the last several years, 

which can be rationalized by the application of hard-soft acid-base theory. MOFs based 

on copper and zinc with carboxylate ligands are both easy to crystallize as large single 

crystals and are chemically unstable for the same reason: their metal-ligand bonds are 

relatively labile. Those bonds can be made less labile, increasing MOF chemical stability, 

by using softer, better matching ligating moieties such as those based on nitrogen 

heterocycles, or by using carboxylate linkers modified to protect the SBU or increase bond 

strength, or by using harder higher-valence metals that naturally have less labile bonds 

with relatively hard carboxylates.25 The first two approaches often require complicated or 

expensive organic synthesis that limits the large-scale synthesis of the resulting MOFs, so 

our group has focused mostly on the use of high-valence metals. However, this often 

results either in non-crystalline, non-porous amorphous products, or MOFs that could not 

be grown as single crystals for characterization, with other characterization methods 

taking far more time and effort overall. To overcome this difficulty, we have in the last 
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few years developed several MOF synthesis, crystallization, and post-synthetic 

modification(PSM) methods, building on years of advancements in these techniques by a 

large number of research groups.43,61,202 

When high-valence metal salts such as FeCl3 and polycarboxylate linkers are 

mixed under traditional solvothermal conditions, the carboxylate linkers quickly bind to 

the iron to form non-crystalline, amorphous metal-ligand coordination polymers. 

“Modulated synthesis” using a monocarboxylic acid was developed by the Kitagawa 

group to alter crystal growth and morphology, and was used by the Behrens group to grow 

single-crystals of high-valence Zr-MOFs that had previously only been characterized 

using nanocrystalline powder.43,61 This method slows nucleation both through lowering 

solution pH(slowing and reducing ligand deprotonation) and through competitive ligation 

of the metals in solution. Depending on the metal and ligand used, the exact concentration 

of modulating reagent can be increased over several trial reactions to allow the synthesis 

of amorphous products, to polycrystalline powders, typically in high yield, to large single 

crystals of the same MOF in lower yield, and finally to clear solutions producing no 

products at a high concentration of acid.203 These methods allow the synthesis of high-

valence, chemically robust MOFs with tunable crystallinity and yield. However, they still 

typically require the use of acidic solutions at temperatures exceeding 100°C, which limits 

direct one-pot incorporation of some functional groups. Our research has focused on 

enabling the rational design of MOFs through finding methods to overcome these and 

similar limitations. By using these stepwise pre- and post-synthetic modification methods, 

multiple functional groups can be placed at controlled positions within the structure in 
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order to customize materials for biomimicry, gas separation, catalysis, and other new 

applications. 

5.3 KINETICALLY TUNED DIMENSIONAL AUGMENTATION 

While the modulated synthesis method alone seemed to be sufficient for the 

synthesis of single-crystals of a variety of Zr-MOFs, Fe- and Ti-MOFs remained difficult 

to synthesize or characterize.Growing single crystals, as opposed to powders, is still 

difficult in these systems. This is likely because crystal nucleation is too fast and 

widespread, creating many microcrystalline powder particles which do not have the 

opportunity to continue to grow into single crystals. It may also be influenced by the lesser 

reversibility in the metal-ligand bond.The modulating acid concentration zone between 

polycrystalline powders and clear solutions was small or nonexistent. At a very high 

modulating reagent concentration, starting materials such as solvated metal salts may be 

favored, as the pH would be too low for a resulting MOF framework to be stable. Soluble 

metal-carboxylate clusters may also be favored when the concentration of non-linking 

monocarboxylates is too much higher than that of linkers. Inspired by concepts like “scale 

chemistry” introduced by Férey,204 we decided not to use highly soluble metal salts as a 

starting material. Instead, we started from soluble metal-acetate preformed clusters, 

[Fe2M(µ3O)(CH3COO)6] (M=Fe2+/3+, Co2+, Ni2+, Mn2+, Zn2+).203 

This alters the equilibria in favor of slowing nucleation and allowing larger crystal 

growth in several ways. First, the less labile cluster-carboxylate bond is far slower to be 

displaced by an energetically very similar linking-carboxylate bond. Entropic effects, with 
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the displacement into solution of multiple monocarboxylates per linker, play a major role 

in the crystallization, and the amount of modulating acetic acid can be tuned to slow linker 

ligation and framework growth even further. This was validated experimentally with the 

synthesis and single-crystal x-ray diffraction(SCXRD) characterization of 34 different Fe-

MOFs based on this cluster and 30 distinct ligands (Figure V-1).  

 

 

Figure V-1. (a) Four different connecting modes of the [Fe2M(µ3-O)] cluster. Carboxylates 

on ligands and terminal acetates are represented by black and purple, respectively. (b) 

Thirty different ligands and two types of mixed ligands used in constructing Fe-MOFs.203 

Reprinted by permission from Macmillan Publishers Ltd: Nature Communications 

copyright 2014. 

 

The trends observed in this work provide key insight into MOF kinetics and 

crystallization equilibria. We found that higher-connected ligands of similar size always 
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required more acetic acid to produce large single crystals, with in some cases 10 times 

higher concentrations of acetic acid required to get single crystals of a MOF with the same 

SBU, when using a tetracarboxylate linker instead of a dicarboxylate linker. This implies 

that the larger coordination number of the linker, displacing more acetate from the starting 

clusters, was a highly important factor in the MOF crystallization, though higher 

connectivity may increase the thermodynamic stability of the framework as well. When 

starting from carboxylate clusters instead of metal salts such as FeCl3 less acetic acid or 

other nucleation-disfavoring changes were required to grow single crystals. Starting from 

a pre-formed cluster allows the chemist to incorporate other metals such as Co2+ into the 

(µ3O) cluster and thus tune the SBU for other properties, and acts as a lever for 

crystallization control. 

However, the preassembled inorganic clusters are not always preserved during the 

MOF formation process. The cluster should be kinetically stable under the synthetic 

conditions used. We aimed at using the KTDA method for the synthesis of a porphyrinic 

titanium MOF. A pre-formed Ti6O6(O
iPr)6(abz)6 (abz = 4-aminobenzoate) cluster was 

selected as starting material which is expected to form a she topology when combined 

with tetratopic porphyrinic linker (TCPP). Starting from a preformed Ti6O6 cluster, a 

single crystalline porphyrinic titanium MOF, PCN-22, was obtained. A large excess of 

benzoic acid was required to produce single crystals, as is typical for tetracarboxylate 

linkers with high-valence metals. As far as we know, this was the first report of a single-

crystalline Ti-carboxylate MOF and one of very few Ti-MOFs ever reported.205 However, 

the Ti6O6 cluster was transformed into a Ti7O6 cluster in PCN-22 (Figure V-2). This shows 
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how a robust cluster under the MOF synthetic conditions is required for the KTDA 

method, but as starting from a titanium salt did not produce the MOF products, it shows 

that even attempted KTDA can be a useful kinetic modulation method.  This is similar to 

other examples found by our group where attempted KTDA resulted in new MOFs with 

different SBUs than that which were added, under conditions where the attempted original 

SBU was not completely stable.206 
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Figure V-2. (a) Ti6O6(O
iPr)6(abz)6 and TCPP as starting materials; (b) cluster and structure 

of PCN-22; (c) cluster and structure of predicted MOF with she topology. 

 

It is worth noting that use of different amounts and types of modulating reagents 

can produce effects both during and after crystallization. For example, lower pKa 

modulators such as trifluoroacetic acid have been reported to increase the Lewis acidity, 

pore volume and/or surface area, and proportion of mesoporous defects in UiO-66-type 

Zr MOFs when compared to use of higher temperatures and higher pKa modulators, which 

can produce UiO-66 with few defects.27,207 Some MOFs can even be synthesized under 
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basic conditions in order to influence their porosity.208 It is possible to tune the properties 

of UiO-66 and many other MOFs by using different modulating reagents of different 

solubility and pKa. This should be tried when attempting to grow single crystals, as each 

solvothermal system only crystallizes in a certain range of modulator concentration. The 

pKa of the modulating reagent is another kinetic parameter that we can tune as part of our 

crystallization toolbox. However, certain systems and metals, such as Cr(III)-based MOFs 

which possess even less labile metal-ligand bonds than Fe(III) or Zr(IV)-based MOFs, are 

still difficult to crystallize directly, even with these tools. Furthermore, this method does 

not directly allow the rational design of new MOFs. However, KTDA is still a useful part 

of the synthetic toolbox, even if it does not directly provide structural control. This is 

because the empirical “kinetic control” methods developed as part of KTDA are used in 

the later structural control methods. In methods such as postsyntheic metathesis and 

oxidation or sequential linker installation, a MOF with a known structure is modified using 

the kinetic methods developed in KTDA.  

5.4 POSTSYNTHETIC METATHESIS AND OXIDATION 

Some extremely stable high-valence MOFs such as Ti- and Cr- based MOFs are 

extremely rare, due to the aforementioned difficulties in their synthesis and 

characterization. Building on a large variety of post-synthetic modification techniques 

developed by many researchers in the MOF field,202 our group has developed a variety of 

approaches based on metal metathesis in order to produce MOFs based on these metals, 

which then demonstrate much higher chemical stability than the isoreticular parent 
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frameworks they are based on. Postsynthetic Metathesis and Oxidation (PSMO) refers to 

the synthesis of a targeted MOF based on metals such as Sc3+, Zn2+, or Mg2+. The use of 

scandium3+ here, along with example such as Zr4+ MOFs, is actually a useful example of 

how “high-valence” and “low-valence” MOF is a shorthand that is too simplistic to be 

completely accurate. Sc3+-based MOFs, as d0 metals, actually tend to be less or similarly 

chemically stable than, for example, d9 Cu2+-based MOFs, despite their increased valence, 

possibly because ligand exchange is not energetically destabilized by the ligand field 

stabilization energy(LFSE) of the metal. Similarly, d0
 Zr4+ and Ti4+ MOFs tend to be less 

stable than d3 Cr3+ MOFs. There are also many other factors affecting stability, such as 

SBU and ligand connectivity, porosity, and the functionalization and ligating moieties of 

the linker.  

Because the original MOFs are made with labile metals, an excess of less labile 

metal in solution after synthesis should be entropically driven to exchange. The speed and 

completeness of this metal metathesis depends on both the metal concentration and the 

relative thermodynamic stability of each metal in the MOF SBU’s coordination 

environment. Building on previous work by the Dinca and Cohen groups,104,209,  we 

reasoned that care must be taken to select MOFs with SBUs that the new metal will be 

stable in. Furthermore, direct exchange of low-valence to low-valence metals, while fast, 

did not produce an increase in MOF chemical stability, while direct exchange from low to 

high-valence metals was incomplete and slow. One of the solutions was to select MOFs 

with SBUs and coordination environments that were highly stable with the new metal, 

exchange for a lower-valence, unstable ion of that metal under an anoxic environment, 
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and then allow the air to oxidize the metal to its stable higher oxidation state. This was 

demonstrated in PCN-426, where Mg(µ3-O) clusters serve as an SBU which can be easily 

exchanged for Fe(II) and Cr(II), which remain labile in those oxidation states. After 

oxidation, this process produced a MOF which was to our knowledge the first example of 

a Cr-MOF of sufficient crystal size and quality for characterization on a non-synchrotron 

single-crystal diffractometer.31 This is an example of how even materials that cannot be 

directly crystallized can be synthesized and characterized through stepwise methods that 

change environmental conditions to “climb” over an energetic barrier into a local energy 

minima.  

 

 

Figure V-3. The stepwise PSMO synthetic method allows high-valence metals to be used 

in a MOF structure that was not found through one-pot methods.210  Published by The 

Royal Society of Chemistry. 

PSMO was also applied to the synthesis of multiple titanium frameworks based on 

appropriate SBUs. MIL-100(Sc), PCN-333(Sc), MOF-74(Zn), and MOF-74(Mg) were all 

quickly exchanged with Ti(III), (Figure V-3) which was then oxidized in air to Ti(IV) with 
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varying rates of metathesis ranging from 35% in MOF-74(Mg-Ti) to 100% in MOF-

74(Zn-Ti), combined with promising photocatalytic activity measurements.210 

We soon worked to extend this process in order to stabilize and functionalize a 

framework, PCN-333, that was useful due to its extremely large 5.5 nm mesopores, but 

had relatively high chemical stability, but slightly lower than other MOFs synthesized with 

the same SBU, presumably due to those mesopores.30,211 Modulated synthesis using 

4,4’,4’’-s-triazine-2,4,6-triyl-tribenzoate (H3TATB) with MCl3 (M=Al, Fe, V, Sc, In) and 

trifluoroacetic acid produced frameworks which were isoreticular with MIL-100.211 Due 

to the many-sided shapes of the larger pores in their MTN topology, isoreticular expansion 

produces greater pore size increases than it does in frameworks with pores that have fewer 

“sides” or windows. These large pores proved useful in the encapsulation and protection 

of several enzymes, which retained catalytic activity within the pores under conditions 

that unprotected enzymes were denatured under. The chemical stability of this framework, 

remaining intact under conditions of pH 3-9, is high for such a highly porous material, but 

needed to be improved for certain catalytic applications requiring more concentrated acid 

or basic solutions.  

One metal produces MOFs which typically have higher chemical stability than that 

of Fe(III) – Cr(III). However, growth of PCN-333(Fe) already pushed the limits of our 

earlier kinetic tuning and crystallization methods, with only powder synthesized, which 

had to be characterized using synchrotron powder x-ray diffraction methods. Attempts to 

directly synthesize PCN-333(Cr) produced only amorphous, non-porous products. 

Furthermore, directly synthesized Cr-MOFs such as MIL-101 have proven highly difficult 
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to functionalize, as the high-temperature, high-pressure conditions necessary for the 

synthesis of even powders of these MOFs decompose many functional groups that have 

been used in other MOFs.212 Both of these problems were solved simultaneously by the 

“dual exchange” of PCN-333(Fe) to PCN-333-N3(Cr). Postsynthetic ligand exchange of 

PCN-333(Fe) allowed the functionalization of the framework with moieties that are too 

fragile to survive solvothermal synthesis, or that formed another framework structure 

when direct synthesis with a similar linker was attempted (Figure V-4).30,213 Subsequent 

metal metathesis allowed such functionalities into the Cr-MOF, which was too kinetically 

inert for successful postsynthetic ligand exchange. Interestingly, PCN-333(Sc) showed 

only 64.8% exchange for Cr under conditions that produced a 99.8% exchange ratio when 

starting from PCN-333(Fe) at 150°C over two 30 minute incubations in CrCl3 DMF 

solution, due to framework collapse when starting from PCN-333(Sc) – it is not stable 

enough to survive the exchange conditions, while PCN-333(Fe) was. Unlike in the case of 

PCN-426, replacing Fe(III) with Cr(III) via metathesis of Fe(II) to Cr(II) followed by 

oxidation was not necessary, due to the more similar ligand exchange rate constants of 

Fe(III) and Cr(III).  
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Figure V-4. Stepwise synthesis was used to functionalize PCN-333(Cr). Reprinted with 

permission from 30. Copyright 2015 American Chemical Society. 

 

Another method that takes advantage of redox changes to control the metathesis 

reaction, “reductive labilization,” was demonstrated through an alternative preparation of 

PCN-333(Cr). In this case, anoxic Cr(II) solutions were used for an outer-sphere reduction 

of Fe(III) in PCN-333(Fe) to Fe(II), which quickly exchanged with the Cr(III) that was 

produced by this reaction. PCN-333(Cr) was also shown to be much more chemically 

robust than PCN-333(Fe), showing stability over 24 hours in solutions of pH 0-11, and 
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surviving uptake of alkylamines, used to increase the CO2 uptake of the material through 

chemisorption, while PCN-333(Fe) was degraded by the alkylamine molecules. 

5.5 SEQUENTIAL LINKER INSTALLATION AND CLUSTER METALATION 

MOFs have been very widely studied due to their combination of ease of 

crystalline synthesis, high surface area, easy functionalization, and high chemical stability. 

They are promising for many applications due to these properties, especially as they have 

been demonstrated to be functionalized simultaneously with up to 8 different moieties in 

controlled ratios, as in multivariate MOFs.214 One limitation has been that placement of 

multiple functional groups at controlled positions, important for applications such as 

biomimetic catalysis, has been limited, though some post-synthetic modification 

approaches, such as those recently published by the Yaghi group, have been promising.215 

The synthesis of mixed-ligand MOFs offers another solution to this limitation, as each 

ligand can be functionalized separately, and the distance and orientation of the functional 

groups from each other will be known and controlled by the MOF structure. Mixed ligand 

MOFs are rare, have had limited chemical stability, and have mostly been confined to 2 

types of linkers, with mixed phases or domains forming when more symmetrically distinct 

linkers are mixed in one-pot reactions.216,217 In our experiments, one-pot solvothermal 

synthesis using linear linkers of different length always produced a mixture of different 

MOF phases, and so a kinetically controlled, stepwise approach was used to produce 

several new MOFs through single-crystal to single-crystal transformations.  
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To overcome these difficulties, we targeted the Zr6 SBU, which possesses tunable 

connectivity, from 6 to 12 connections depending on the linker used in the MOF. In the 

UiO-66 type structure, otherwise known as the fcu topology, the carboxylates on the linear 

linkers must be coplanar in order for the Zr6 SBUs to form 12-connected nodes. By using 

a linker that twists at a 90° angle, i.e., dimethyl biphenyl dicarboxylate, instead of the 

unhindered, non-functionalized biphenyl dicarboxylate of UiO-67, another structure, 

PCN-700, is produced at lower temperatures (Figure V-5).218 The bcu topology of PCN-

700 is similar to fcu, except that 4 equatorial linkers on the SBU are missing, producing 

an 8-connected node. (Figure V-5).  
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Figure V-5. Temperature control in the synthesis of PCN-700, which has unsaturated 

SBUs suitable for later linker installation: (a) Linker conformation in fcu nets; (b) linker 

conformation in bcu nets; (c) UiO-67 and (d) PCN-700 structures viewed along a-axis; 

cages of (e) UiO-67 and (f) PCN-700 structures. Reprinted with permission from 218, 

Copyright 2015 American Chemical Society. 

 

The missing coordination areas on the Zr6 SBU in PCN-700 consist of terminal 

oxygens that can be, in turn, displaced by a post-synthetic ligation reaction. Two of the 

sites have different lengths than the other two, which allows the stepwise placement of 

two different types of linear linkers, which can be separately functionalized (Figure V-5). 

Furthermore, all this takes place in a crystallographically ordered fashion, and so the 

precise distances of each of the 3 possible linkers and any functional groups attached to 
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them can be measured, which was demonstrated through the synthesis and 

crystallographic characterization of PCN-701, -702, -703, and -704, with different ordered 

linkers. PCN-700 shows a high degree of flexibility, which allows the installation of 

linkers with different lengths and a combination thereof.219 Guided by geometrical 

analysis, eleven new MOFs were obtained by linker installation, each bearing up to three 

different functional groups in predefined positions (Figures 5.6 and 5.7). Systematic 

variation of the pore volume and decoration of the pore environment was realized by linker 

installation, which resulted in synergistic effects including an enhancement of H2 

adsorption capacities of up to 57%. In addition, a size-selective catalytic system for 

aerobic alcohol oxidation reaction was built in PCN-700 through linker installation, which 

shows high activity and tunable size-selectivity. Altogether, these results exemplify the 

capability of the linker installation method in pore environment engineering of stable 

MOFs with multiple functional groups, giving an unparalleled level of control.220 
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Figure V-6. (a) Chemical equation and (b) kinetic control of the stepwise linker installation 

process. 
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Figure V-7. Single crystal structures of eleven geometrically predicted MOFs resulted 

from linker installation of PCN-700. Reprinted with permissions from 220. Copyright 

2016 American Chemical Society. 

 

In addition to multifunctional mixed-linker MOFs being made synthetically 

accessible through the control afforded by stepwise synthesis, mixed-metal Zr MOFs have 

also been produced. PCN-700’s terminal oxygens on its equatorial plane are 

postsynthetically solvothermally reactive with other metals, which over time grow onto 

the Zr6 SBUs, forming decanuclear Zr6M4 (M=Ni, Co) clusters, which can be shown 

stepwise with successive SCXRD “snapshots” if the reaction is interrupted every several 

hours (Figure V-8).221 
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Figure V-8. Cluster transformation during the cluster metalation and ligand migration; the 

yellow arrows illustrate the metal migration and green arrows the ligand migrations.221 

 

5.6 CONCLUSIONS 

Since the late 1990s, research interest in MOFs has been growing continuously. In 

a recent review article, Yaghi et al. proposed that the new materials should have multiple 

kinds of building units, and the arrangement of these building units within crystals should 

have specific sequences. Advanced functionalities in MOFs require more complex 

structures and pore environments, accompanied by heightened challenges with their 

geometric design. Constructing metal−organic frameworks from multiple components is 

a pathway to enable sophisticated applications which require high complexity in highly 

ordered crystalline materials. The above-discussed research provides possible methods to 

increase MOF complexity while maintaining structural regularity to the maximum extent. 
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We have begun developing a library of stepwise synthetic techniques for MOFs, allowing 

the synthesis of ultrastable MOFs with multiple crystallographically ordered and 

customizable functional groups at controlled locations within the pores. In the long term, 

we expect to realize total synthesis in MOFs for customized structures and functionalities, 

through the development of stepwise synthetic techniques. Although currently not 

possible, the high designability and diverse synthetic methodologies of MOFs discovered 

in recent years suggest that such a feat is feasible in the future, and represents one path 

towards “rational design” of MOFs that is a major goal within the field.  

The kinetic tuning, crystallization, and postsynthetic modification methods 

described here are part of a growing synthetic toolbox for MOF researchers. Each of these 

methods can be used to achieve the synthesis and characterization of new, targeted MOFs 

that would not be possible in a simple one-pot solvothermal crystallization process. 

Eventually, we hope to help realize the dream of rational, stepwise design of metal-organic 

frameworks (MOFs) with precise control over pore size and shape, stability, and the 

placement of multiple different functional groups within the pores at tunable distances 

from one another. This precise control will be necessary to produce materials optimized 

for energy storage, catalysis, or other applications that can benefit from the engineering of 

pore environments. 

We have developed and demonstrated the KTDA, PSMO, sequential linker 

installation, structure-assisted functional anchor implantation, single-enzyme 

encapsulation, and other methods for this purpose. Each of these methods, more than 

simply allowing the synthesis of the particular MOFs published with them, can be used to 
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synthesize a limitless variety of MOFs customized for many different applications. The 

stepwise methods we have described allow researchers to overcome the harsh conditions 

necessary for MOF crystallization and the randomness of functional group placement that 

have previously limited biomimicry.  

Small molecule separations are governed by selecting a separation material that 

has pore size, shape, and functionalization that select very preferentially between 

molecules that may be very similar to one another, such as racemic mixtures or different 

isomers of a molecule. Stepwise synthesis offers new opportunities to design MOFs for 

this purpose. Small molecular characterization can also be undertaken in this way, for 

example through the crystalline sponge or coordinative alignment methods.222,223 Using 

the PSMO and sequential linker installation methods to produce materials customized for 

preferential interaction by multiple aligned functional groups with small molecules of 

interest will be a rich avenue of future investigation. The KTDA method can be used for 

isoreticular manipulation of the SBU of known MOFs, and modulation of their surface 

area and catalytic activity, as well as synthesis of MOFs not synthetically accessible 

through in-situ SBU assembly. Immobilization of enzymes and homogenous molecular 

catalysts can be used to produce robust, re-usable heterogeneous catalysts. Finally, 

development of new stepwise synthesis and modification techniques is vital to allow more 

precise pore engineering and to work towards the rational design of MOFs. 
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CHAPTER VI 

LITHIUM INCLUSION IN INDIUM METAL-ORGANIC 

FRAMEWORKS SHOWING INCREASED SURFACE AREA AND 

HYDROGEN ADSORPTION5 

6.1 OVERVIEW 

Investigation of counterion exchange in two anionic In-MOFs showed that partial 

replacement of disordered ammonium cations was achieved through the pre-synthetic 

addition of LiOH to the reaction mixture. This resulted in a surface area increase of over 

1600% in (Li [In(1,3-BDC)2])n and enhancement of the H2 uptake of approximately 275% 

at 80000 pascals at 77 K. This method resulted in frameworks with permanent lithium 

content after repeated solvent exchange as confirmed by ICP-MS. Lithium counterion 

replacement appears to increase porosity after activation through replacement of bulkier, 

softer counterions, and demonstrates tuning of pore size and properties in MOFs. 

6.2 INTRODUCTION 

Metal-Organic Frameworks (MOFs) are an emerging category of porous materials 

that consist of metal-containing units and organic linkers.89,224 They are promising 

materials for the storage of fuel gases like methane and hydrogen, but so far they fall short 

5 Reproduced with permission from “Lithium inclusion in indium metal-organic 

frameworks showing increased surface area and hydrogen adsorption“, Bosch, M.; 

Zhang, M. W.; Feng, D. W.; Yuan, S.; Wang, X.; Chen, Y. P.; Zhou, H. C. Apl Materials 

2014, 2. Copyright 2014 by the authors. 
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of targets for gravimetric and volumetric capacity set to make them superior to current 

fuel technologies.225,226 Recently, theoretical studies have shown that lithium doping is a 

viable way to increase hydrogen uptake near ambient conditions, through increased 

electrostatic interactions.227 Additionally, crystalline ionic MOFs are promising materials 

for ion exchange and separation.228 MOFs that are easily impregnated by lithium ions 

should possess several attributes.229 First, this MOF should possess considerable stability, 

to retain porosity after lithium inclusion and the subsequent activation process. Second, 

this MOF should be negatively charged, so that Li+ ions can be held in the framework by 

electrostatic forces. Many indium MOFs possess a negatively charged framework which 

may stabilize the presence of positively charged lithium ions in the pores.230-232  

Furthermore, it has been hypothesized that the breakdown of solvents into ionic molecules 

during the solvothermal reaction plays an important role in MOF synthesis, particularly in 

ionic MOFs which require a counterion. 233-235 In principle, it is suggested that the 

exchange of bulkier counterions for small lithium ions should be a facile method to 

increase the porosity of any MOF with an anionic framework. 

In order to test the hypothesis outlined above, several synthetic methods were tried 

to introduce lithium into several MOFs. In(1,3-BDC)2
- (BDC=1,3-benzene dicarboxylate) 

and In(NDC )2
-(NDC=2,6-naphthalene dicarboxylate) were synthesized according to the 

literature procedures.231,232 After the crystal synthesis, exchange reactions were performed 

with various lithium metal sources, including lithium chloride, lithium acetate, and lithium 

nitrate. Unexpectedly, these efforts led to either framework collapse (possibly due to 

exposure to atmospheric moisture) or no increase in porosity. It is suggested that the 
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cations in the frameworks as reported were too bulky to be removed by a simple exchange 

process, and thus this approach was unsuccessful.  

6.3 RESULTS & DISCUSSION 

In our experimental studies, a direct synthesis method was used, which introduced 

LiOH directly to the solvothermal reaction mixture before sonication and heating. This 

was intended to bring about the immediate formation in solution of some proportion of 

ligand molecules that were deprotonated to form lithium carboxylates, which would then 

form a framework with the lithium ions close at hand for charge balancing during 

synthesis. This resulted in an In-BDC framework with significantly increased porosity 

compared to the version filled with disordered tetramethyl ammonium cations in the 

framework, with the greatest porosity found when a number of moles of lithium hydroxide 

equal to the moles of ligand present were added before solvothermal synthesis. Based on 

stoichiometric control, we found that addition of LiOH in ratios lower than 1:1 

LiOH:ligand produced less porous MOF, while a higher proportion produced amorphous 

material. Attempts to produce MOF with added NaOH or KOH produced a non-

crystalline, non-porous product, presumably due to the drastically increased basicity of 

those solutions.  
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Figure VI-1. Powder XRD patterns for simulated and experimental In(1,3-BDC)2 samples. 

The (21 0) reflection is at roughly 12° 2θ. 

 

Both investigated compounds, ([N(CH3)4] [In(1,3-BDC)2])n and (Li [In(1,3-

BDC)2])n, possess a very similar structure to that described in the literature231 as verified 

by powder X-Ray Diffraction(PXRD) (Figure VI-1), which was that of one dimensional 

anionic nanotubes, with each indium connected to four isophthalates, shown in Figure VI-

2. Extraneous peaks were found in the PXRD measurement of ([N(CH3)4] [In(1,3-

BDC)2])n at approximately 16° , 19°, and 34.5° , likely indicating some impurity 

accompanied the starting materials.231   

As shown in Figure VI-1, slight downshifting of the peaks in the PXRD for (Li 

[In(1,3-BDC)2])n could indicate a slightly larger unit cell for the experimental pattern, 

while slight changes of the intensity ratios could be attributed to different occupancy, with 

lithium replacing tetramethyl ammonium.236 The dimensional variation of the unit cell 

could be influenced by a different test temperature – the experimental PXRDs was taken 
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at room temperature, which should cause a slight expansion of the unit cell compared to 

the reported single crystal XRD taken at 100 K.237 It could also arise from a greater degree 

of solvent remaining in the crystals for the PXRD pattern, as the PXRD was taken from 

sample directly removed from the solvent without activation. The difference in peak 

intensities may be caused by solvent molecules and counter ions in the channels of the 

structure, which could not be crystallographically localized but contribute to the 

experimental X-ray diffraction.238  

For example, the highest observed intensity in the experimental pattern occurs on 

the (2 1 0) plane of the unit cell, which includes the line describing the center of the 

nanotube, shown in Figure VI-2. Therefore, a great deal of electron density is shown on 

this plane in the experimental pattern which is absent in the pattern simulated from the 

CIF. This may be because the single-crystal solution reported did not include the contents 

of this solvent-accessible space inside the nanotube. The large amount of electron density 

in the center of the nanotube shown by the experimental pattern likely consists of 

molecules trapped within the nanotubes, in addition to the oxygen and carbon atoms on 

the framework also intersected by the plane. It cannot be ruled out that some slight shift 

in the framework structure may have occurred as a consequence of lithium inclusion. 

However, the similarity of the PXRD patterns indicates that any such shift is minor. 
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Figure VI-2. A slightly offset crystallographic view of the ab plane of ([N(CH3)4] [In(1,3-

BDC)2])n, with the blue line representing the (2 1 0) plane, which continuously includes 

the center of the nanotube. Large white spheres correspond to carbon atoms, small white 

to hydrogen, red to oxygen, and green to indium. The blue corresponds to nitrogen 

occupying disordered positions.  

  

 

 

Figure VI-3. ([N(CH3)4] [In(1,3-BDC)2])n vs (Li [In(1,3-BDC)2])n H2 sorption 

measurements. 
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Following solvent exchange and activation, gas sorption measurements were 

performed on both materials.  The N2 adsorption measurements showed that BET surface 

area increased from approximately 26 m2/g in ([N(CH3)4] [In(1,3-BDC)2])n to 

approximately 420 m2/g in (Li [In(1,3-BDC)2])n. (Li [In(1,3-BDC)2])n had an H2 uptake 

of approximately 110cm3/g at 800 mbar, while In-BDC-N(CH3)4
+ showed an H2 uptake 

of 40cm3/g at 800 mbar, and hysteresis in its H2 isotherm was consistent with small pore 

size. (Figure VI-3) (Li [In(1,3-BDC)2])n shows increased pore size as well as increased N2 

and H2 uptake. This is consistent with a hypothesized smaller Li+ counterion in an 

otherwise very similar framework. 

 After repeated washes of the material with dimethylformamide(DMF) and 

ethanol, and multiple cycles of overnight solvent exchange, ICP-MS measurements 

showed that (Li [In(1,3-BDC)2])n possessed an indium-lithium ratio of approximately one 

lithium per two indium. This provides evidence that Li+ is permanently ionically attached 

in the pores as a counterion, indicating significant but incomplete counterion replacement. 

While the presence of lithium in the In-BDC framework can be preliminarily 

confirmed by the ICP results, the increased surface area, and hydrogen adsorption data, 

further crystallographic evidence was sought. However, single-crystal XRD 

characterization of (Li [In(1,3-BDC)2])n was unsuccessful. Instead, synthesis of the In(2,6-

NDC) series was undertaken to further explore the incorporation of Li+ ions in anionic 

MOFs from the crystallographic perspective. 
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  Single crystal XRD was taken of multiple crystals of 

(Li[In(NDC)2])n, all of which were solved in the P 4/n space group. The reaction mixture 

including LiOH contained crystals with two separate habits. Clear rods were measured 

which also had a framework identical to ((Et2NH2)[In(2,6-NDC)2*2H2O*DEF])n, while 

purple blocks were also isolated which had identical connectivity, but a unit cell with a 

short axis elongated from 8.2 Å to 8.7 Å. This corresponds to a change in the indium-

indium distance,232 and the pore length, of the same amount on that axis. However, the 

topology of these networks remained consistent, and significant electron density next to 

the indium in the clear rods found in ((Et2NH2)[In(2,6-NDC)2*2H2O*DEF])n was 

significantly lessened in the Li+ version, consistent with Li+ ions replacing some 

proportion of [N(CH3)2H2]
+. This is in contrast to ((Et2NH2)[In(2,6-NDC)2*2H2O*DEF])n 

where the (Et2NH2)
+ counterion could be crystallographically located.232 We were careful 

to verify this before the removal of disordered solvent electron density using the 

SQUEEZE routine of PLATON, which could interfere with such analysis. (Figure VI-4) 

ICP results also confirmed the presence of significant lithium in the pores even after 

washes with DMF and ethanol, though the Li-In ratio found for this sample may not be 

accurate due to difficulties in acquiring a sample including only one type of crystal.  

Pure samples of (Li[In(NDC)2])n crystals were not obtained in quantities necessary 

for gas sorption measurement, as all samples prepared with LiOH contained both types of 

crystals. However, this provides evidence that Li+ can be successfully incorporated into 

multiple, topologically dissimilar negatively-charged indium MOFs through direct 

solvothermal synthesis in the presence of LiOH.  
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Figure VI-4. Crystallographic view of the ab plane of the framework of (Li[In(NDC)2])n, 

which consisted of crystals of a separate color and habit than that of ((Et2NH2)[In(2,6-

NDC)2*2H2O*DEF])n, while possessing an identical topology.232,239 

 

6.4 CONCLUSION 

In conclusion, we showed that partial replacement of disordered ammonium 

cations with lithium ions in two anionic In-MOFs was possible through the pre-synthetic 

addition of LiOH to the reaction mixture. The effects of the replacement of ammonium 

cations in anionic In-MOFs with Li+ were investigated, resulting in a surface area increase 

of over 1600% in (Li [In(1,3-BDC)2])n. The H2 uptake was improved by 275% at 800 

mbar. Preparation of (Li [In(1,3-BDC)2])n yielded a powder product of lower crystallinity 

than that produced by the less basic carboxylic acid ligand. Synthesis of (Li [In(NDC)2])n 
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which was more easily crystallized provided additional evidence of lithium inclusion 

through ICP-MS measurements and the presence of significantly reduced counterion 

electron density in the lithiated version through X-ray analysis. This synthetic approach 

may be applicable to more MOFs possessing anionic frameworks, and replacement of 

bulky with small and hard counterions should be accompanied by an increase in pore 

volume. Furthermore, as ICP-MS indicated a molar ratio of one lithium per two indium 

over repeated measurements, synthetic tuning may produce a greater degree of counterion 

replacement and allow higher porosity than that reported here. This synthetic strategy also 

provides a facile method to tune the pore sizes of various anionic MOFs for example, size-

selective separation of various gas molecules through counterion exchange in 

topologically identical frameworks.240 Finally, this material may be promising for 

investigation of its Li+ or other ion conduction properties.241 
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CHAPTER VII 

MODULATED SYNTHESIS OF METAL-ORGANIC FRAMEWORKS 

THROUGH TUNING OF THE INITIAL OXIDATION STATE OF THE 

METAL6 

7.1 OVERVIEW 

Modulated solvothermal synthesis and other alterations of synthetic conditions 

have been used to control metal-organic framework (MOF) crystallinity, porosity, and 

other properties. However, so far these changes have mostly been limited to changes in 

solvent, pH, or modulating acid type or concentration. In this work, we introduce a new 

method for the tuning of MOF synthesis: modulation through alteration of the metal 

source’s initial oxidation state. By choosing a metal source that should be reduced or 

oxidized at high temperature in the solvent, metal concentration can be started at zero for 

initially insoluble starting materials and then increased as the metal reacts with the solvent, 

slowing and altering crystallization compared to standard MOF solvothermal synthesis. 

This concept is demonstrated through the synthesis of PCN-47, PCN-48, and PCN-49, 

MOFs with distinct structures and porosities synthesized from the same metal and ligand 

with the metal initially in different oxidation states.  

6 Reproduced with permission from “Modulated Synthesis of Metal-Organic 

Frameworks through Tuning of the Initial Oxidation State of the Metal”, Bosch, M.; 

Sun, X.; Yuan, S.; Chen, Y. P.; Wang, Q.; Wang, X.; Zhou, H. C. European Journal of 

Inorganic Chemistry 2016, 4368-4372. Copyright 2016 Wiley-VCH Verlag GmbH & 

Co. KGaA. 
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7.2 INTRODUCTION 

Metal-Organic Frameworks(MOFs) are materials generated by the linkage of rigid 

or semi-rigid organic polytopic ligands with metal ions or clusters to form an ordered, 

repeating crystalline pattern that contains potential pores, or voids.1 These pores can often 

be evacuated or “activated” with vacuum and temperature, allowing the adsorption of 

other molecules within the material and the measurement of permanent porosity.2 A wide 

variety of other molecules can interact with the framework within its pores. Furthermore, 

the shape, arrangement, size, and content of these pores can be manipulated through 

continually advancing synthetic techniques.3,4 Because of this, MOFs can be used for gas 

storage or separations, catalysis, chemical sensing, drug delivery, photosensitive materials, 

or any of a wide variety of other applications that can take advantage of the ability to 

precisely influence the arrangement of atoms and functional groups in a well-defined 

porous material.3-22,242 

In the last few years several new crystallization methods have been developed in 

order to increase the stability, porosity, and ability to tune the pore environment of MOF 

materials, most notably methods using acetic or other acids to perturb the coordination 

equilibria present in MOF solvothermal solutions, or ‘modulated synthesis’.43 It was found 

that a few MOFs, such as UiO-66(Zr-BDC) or MIL-101(Cr-BDC) with high hydrothermal 

and chemical stability could be grown as powders and were characterized by simulation 

and powder X-ray diffraction(PXRD), but reports of such materials were rare due to 

difficulties in their characterization.35,243 In order to synthesize single crystals of MOFs 



 

 

162 

from metals that have a lack of lability which hinders crystallization, we developed the 

“Kinetically Tuned Dimensional Augmentation” (KTDA) method.244  

The KTDA method combines the “dimensional augmentation” of linking pre-

synthesized or known metal clusters or Secondary Building Units (SBUs) with the “kinetic 

tuning” of modulated synthesis, where added monocarboxylic acids lower the pH 

hindering ligand deprotonation, act as a surface capping agent, and compete with the 

linking ligand, slowing nucleation and growth. Different choices of starting metal sources 

can also alter the nucleation rate.26 By tuning the amount and type of starting metal cluster 

or salt and modulating monocarboxylic acid, large single crystals can be grown of MOFs 

that were before found only as powders or not reported at all. Furthermore, this increased 

crystallinity as well as defect modulation introduced by tuning the temperature, amount, 

and strength of competing acid can alter the porosity of the MOF, for example by 

introducing mesoporous defects or extra open metal sites.27,28 Other properties such as 

catalytic activity can be altered by similar methods.245 

In this work, we demonstrate how modulated synthesis and kinetic tuning methods 

can be expanded to tune a synthesis using just one type of metal and ligand to produce 

MOFs of different structures and porosity. We demonstrate that very similar structures 

can be produced with altered connectivity, topology, unit cell, and with different gas 

sorption properties as well. This work demonstrates how the initial metal source, including 

its solubility, redox potential, and oxidation state, can serve as a kinetic parameter altering 

MOF synthesis similar to demonstrated parameters such as the temperature, the amount 

or type of solvent, or the pKa and concentration of a modulating reagent.246 
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7.3 RESULTS & DISCUSSION 

Application of the KTDA method was attempted by the synthesis of the 

Mn12(Acetate) cluster and its use as a starting material in MOF synthesis. The 

Mn12(Acetate) cluster has been widely studied for its unique magnetic properties.247 We 

attempted to synthesize a MOF containing it as an SBU with a large variety of ligands and 

conditions, but the cluster was not preserved under any conditions found that produced 

MOF crystals, acting only as a metal source. Use of tetrakis(4-

carboxyphenyl)silane(TCPS) with dimethylformamide(DMF) and acetic acid produced a 

variety of different MOF structures, based on variations in the manganese source. Rather 

than kinetic tuning producing different crystal sizes or crystallinities of the same MOF, as 

is usually the case, structures with different unit cells, space groups, and connectivities 

were produced, including a rare example of a “mixed-ligand” framework where TCPS 

exhibits for 4- and 3-connected modes, with an unconnected carboxylate dangling free in 

the pore. 
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Figure VII-1. PCN-48 with the pore-filling Mn(DMF)6 complex omitted for clarity. 

 

PCN-47, consists of clusters of 3 manganese cations bridged and ligated by 8 

carboxylates, where all carboxylates ligate manganese with both oxygens. The middle Mn 

ion has an octahedral coordination environment with significantly elongated axial ligands, 

while the bottom and top Mn are distorted octahedral, almost trigonal prismatic, which is 

controlled by ligand geometry. Its pores are filled with disordered solvent molecules. 

When we attempted to synthesize this MOF starting from manganese(II) acetate 

tetrahydrate, a different product was obtained, PCN-48. (Figure VII-1) This MOF had a 

very similar SBU and connectivity of the TCPS ligand, but was solved in the P-1 space 

group, and no additional symmetry was found by CELL_NOW or PLATON addsym 

routines. This may be due to the fact that unlike PCN-47, the pores were filled with an 

ordered Mn(DMF)6 complex, shown in Figure VII-2. No counterion was able to be located 
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crystallographically. This is similar to the results found by the Fujita group when using a 

MOF as a “crystalline sponge”; when the pore size and crystallization conditions are 

appropriate, small molecules or complexes can be isolated in MOF pores in a manner that 

is crystallographically ordered and conducive to structural determination by SCXRD.248 

 

 

Figure VII-2. PCN-48’s ordered, pore-filling Mn(DMF)6 complex with the unit cell shown 

and the framework omitted for clarity. 

 

Another MOF was found when the synthesis was repeated except using KMnO4 

as a metal source, PCN-49. KMnO4 is dissolved ultrasonically as a metal source in DMF 

before heating in the synthesis, which is otherwise identical to that of the other two MOFs. 

In this MOF, which was solved in P-1, another SBU was found which has much different 

connectivity. It has a central octahedral Mn, but the other two manganese atoms are ligated 

by a DMF and water or hydroxyl molecule each. Adjacent to this ligating water or hydroxl 
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is the dangling carboxylate of a 3-connected TCPS ligand, which is stabilized by hydrogen 

bonding to another carboxylate ligating that Mn, but is not close enough to the Mn to ligate 

it. This is essentially a mixed-ligand MOF formed from one ligand which links in 4-

connected or 3 connected modes. SEM-EDX also confirmed the presence of potassium in 

this framework, indicating that it may be an anionic framework with disordered potassium 

counterions. 

In PCN-47, each Mn cluster is 8 connected to adjacent tetratopic linkers. Two 

crystallographically independent linkers exist in the structure. Thus, the MOF structure 

can be simplified into a 4,8 connected net with alb topology, the point symbol for which 

is {44.62}2{48.617.83}. PCN-48 also contains an 8 connected cluster and 4-connected 

linkers. Topologically, the overall structure is simplified into a 4,8 connected flu net with 

a point symbol of {412.612.84}{46}2. The structure of PCN-49 is more complicated 

compared to PCN-47 or PCN-48. Each Mn node is 7 connected. Three crystallographically 

independent linkers coexist in the structure, two of which are 4 connected and the other 

one is 3 connected leaving a carboxylate group dangling. Therefore, the structure is 

simplified into a 3,4,4,7-connected net containing four different nodes. It shows an 

unprecedented topology with point symbol of 

{3.43.5.6}2{32.44.54.67.73.8}2{42.6}2{42.83.9} determined by Topos 4.0. 

Porosity measurements were carried out on PCN-47, PCN-48, and PCN-49, which 

showed significant differences in the pore characteristics of each material. BET Surface 

areas of 479 m2/g, 712 m2/g, and 582 m2/g were found respectively for PCN-47, -48, and 

-49. The crystal structures indicate that micropores of approximately 1.5 nm maximum 
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diameter should be present in each MOF. PCN-47 and PCN-49 possesses a type 2 N2 

adsorption isotherm, indicating microporosity, while PCN-48 and shows a type 4 isotherm. 

This porosity cannot result from the ordered MOF structure and thus likely results from 

either defects in the structure or partial collapse, leaving disordered mesoporous holes in 

the structure. This is shown in Figure VII-3. The pore size distributions calculated by DFT 

from nitrogen adsorption data indicate that much of the total pore volume in PCN-48 is 

due to large mesopores of 5-25 nanometer width, despite the fact that it is prepared, solvent 

exchanged, and activated under nearly identical conditions to the microporous PCN-47 

and the only slightly mesoporous\defected PCN-49.   

To account for the difference in Mn concentration, we tried syntheses with 

equimolar amounts of manganese of each starting material, but these resulted in identical 

products as verified by PXRD, with lower yields. Thus, this is likely is an example of how 

kinetic tuning can dramatically alter the structure and likely also the stability of MOF 

crystals based on the oxidation state of the starting metals. The Mn12(Acetate) cluster is 

not stable under the synthesis conditions used here once high temperature is reached, and 

instead acts as a source of Mn ions as the solution is heated. DMF decomposes under heat 

in the presence of water to form dimethylamine and formic acid.249 This may dehydrate 

the solution and otherwise modulate the synthesis. Due to the high redox potential of 

manganese in trivalent or higher cationic state, the high-valence manganese ions in the 

cluster may oxidize any of these molecules and be reduced to Mn2+ as evidenced by the 

clear color of the product solutions and crystals. This was observed to occur within several 

hours at 120°C, while synthesis solutions remained colored and thus had a high 
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concentration of higher valence manganese when left to sit overnight at room temperature. 

The fact that higher temperature is required to allow manganese reduction in the solutions 

used may act to slow the nucleation or growth rates of the MOF, and changes the final 

crystal structure and porosity of the product. Some MOFs have reported to show a 

concentration-independent nucleation rate during formation, but this depends on the 

system and still requires a minimum metal concentration before another nucleation step 

becomes rate-limiting.250 If this is the case, the rate at which the solution’s temperature is 

increased may also be important, and future studies will examine the effects of slower 

heating rates combined with this method. 

The disordered mesoporosity of PCN-48 could be due to large defects introduced 

by the high concentration of acetic acid in the synthesis conditions.27,28 As the Mn2+ is 

highly labile, substitution of modulating acetates for linker carboxylates is highly 

reversible. This serves to promote ordered crystallinity over irreversible, amorphous 

products, and may also promote missing-linker defects that subsequently propagate into 

missing SBUs and large mesopores as the crystals grow. Another possible explanation is 

that the Mn(DMF)6 clusters of PCN-48 are only present in PCN-48, and their removal 

during washing or activation may have partially collapsed the MOF structure. Subsequent 

solvent exchange may have removed the amorphous products from the collapsed regions, 

resulting in the variously sized mesoporous defects seen. 
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7.4 CONCLUSION 

Our experimental observation is that PCN-47 formed from a Mn12(Acetate) cluster 

is completely microporous, while PCN-48 formed from Mn(CH3COO)2∙4H2O under 

otherwise nearly identical conditions possesses mesoporous defects with increased surface 

area and pore volume, possibly due to modulated growth or lesser MOF stability. PCN-

49, synthesized from a KMnO4 metal source, exhibits slight mesoporosity, likely due to a 

smaller proportion of similar defects, and a crystal structure with an unprecedented, 

complicated topology. Experimental verification of the kinetics of PCN-47 and PCN-49 

nucleation and growth is necessary to determine whether the in-situ dissolution of the 

Mn12(Acetate) cluster at high temperature is slow enough to serve as a rate-limiting step. 

Oxidation of DMF by high-valence manganese from potassium permanganate in solution 

should proceed very rapidly at 120°C, yet PCN-49 is obtained instead of PCN-47 or PCN-

48. 
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Figure VII-3. N2 uptake isotherms for PCN-47, PCN-48, and PCN-49. Hysteresis and a 

type 4 isotherm is seen for PCN-48. This is likely due to partial MOF collapse during 

activation, and may indicate that PCN-48 is less stable than PCN-47 or PCN-49. 

 

A thermodynamically most stable consistent MOF product is usually obtained 

from different metal salts. Exceptions to this have been produced through changes in pH 

or metal-ligand concentration ratio.64,218,250 These parameters are held relatively constant 

here, and variation of pH and concentration ratios produced either no product or the same 

products, based on the metal source used. These MOFs may be kinetically trapped 

products altered by the initial state of the solution, despite the fact that the high-valence 

manganese should be reduced to Mn2+ relatively quickly at temperature and the solutions 

should thereafter be nearly identical. It has been demonstrated that different MOF 

structures can form under different pH and other initial conditions.251 If this is the case, 

synthetic conditions may be possible which could achieve each structure from the same 

metal salt, but these conditions have not yet been found. Future detailed studies of how 

the initial metal source affects the kinetics of MOF growth, including the rate at which the 
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Mn12(Acetate) cluster is dissolved, the rate of high valence manganese redox, and the 

nucleation and growth rates of the resulting MOF crystals, will help resolve this mystery. 

We expect that the use of different metal sources as a kinetic parameter to alter the 

MOF products produced will be a widely used technique in the future to produce new 

MOFs and alter the properties of existing MOFs. PCN-47 is an example of the use of an 

insoluble or partially soluble metal source that slowly goes into solution and is reduced to 

slow nucleation of the MOF crystals and alter the final product, and while further study of 

this method is necessary, use of novel metal sources that are oxidized or reduced under 

heating should be applicable to almost any MOF as a potentially valuable synthetic 

technique.  

7.5 EXPERIMENTAL SECTION 

The Mn12(Acetate) cluster was prepared according to the literature.247 Tetrakis(4-

carboxyphenyl)silane was also synthesized according to the literature.252  

Synthesis of PCN-47: 0.15 grams of Mn12(Acetate) (0.96 mmol of Mn ions) and 

0.15 grams of tetrakis(4-carboxyphenyl)silane (0.293 mmol) were added to 30 mL of 

dimethylformamide(DMF) in a 40 mL vial. 3 mL of glacial acetic acid was then added to 

the solution. The vial was tightly capped, shaken by hand, and then sonicated for 15 

minutes or until all ligand is solvated, as the Mn12(Acetate) cluster is insoluble under these 

conditions and appears to be stable until high temperatures are reached. The vial was then 

placed into a preheated 120°C oven for 12 hours. Crystals were removed directly from the 

vials for characterization by SCXRD.  
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Synthesis of PCN-48: 0.15 grams (0.612 mmol) of Mn(CH3COO)2∙4H2O and 0.15 

grams of tetrakis(4-carboxyphenyl)silane (0.293 mmol) were added to 30 mL of 

dimethylformamide in a 40 mL vial. 3 mL of glacial acetic acid was then added to the 

solution. The vial was tightly capped, shaken by hand, and then sonicated for 15 minutes 

or until all reactants were solvated. The vial was then placed into a preheated 120°C oven 

for 12 hours. Crystals were removed directly from the vials for characterization by 

SCXRD. Synthesis was repeated at a 0.95/0.293 molar ratio of Mn to ligand, with the 

same products produced as verified by PXRD and SCXRD. 

Synthesis of PCN-49: 0.15 grams of KMnO4 (0.95 mmol) and 0.15 grams of 

tetrakis(4-carboxyphenyl)silane (0.293 mmol) were added to 30 mL of 

dimethylformamide in a 40 mL vial. 3 mL of glacial acetic acid was then added to the 

solution. The vial was tightly capped, shaken by hand, and then sonicated for 15 minutes 

or until all reactants were solvated. The vial was then placed into a preheated 120°C oven 

for 12 hours. Crystals were removed directly from the vials for characterization by 

SCXRD. Synthesis was repeated at various reactant ratios and vial sizes with the same 

products produced as verified by PXRD and SCXRD. 

After each reaction, 30 mL DMF was used to wash the product through 

centrifugation for 3 times to remove unreacted ligand. A solvent exchange procedure was 

conducted by soaking the products in anhydrous methanol with centrifugation and 

refreshing with new methanol. This procedure was conducted 3 times each day for 3 days. 

This solvent exchange procedure was repeated with anhydrous dichloromethane for 
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another 3 days. Before BET Surface area measurements, each sample was then dried and 

activated under vacuum at room temperature for 24 hours. 
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CHAPTER VIII 

CARBAMATE TETHERING OF ALKYLAMINES TO AMINE-

INCORPORATED POROUS POLYMERS ALLOWS EXCEPTIONAL 

CARBON CAPTURE CYCLING PERFORMANCE AND UPTAKE 

8.1 OVERVIEW 

Porous materials with incorporated amines or alkylamines are promising next-

generation sorbents, with the potential to replace current aqueous alkylamines for the 

capture of acidic gases, such as carbon dioxide.253 Recent porous materials, particularly 

porous polymer networks (PPNs), demonstrate improved uptakes while requiring lower 

regeneration energy, primarily due to their significantly lower heat capacity compared to 

aqueous solutions.254,255 However, current absorbent materials rarely maintain high 

performance over multiple regeneration cycles, unless they are chemically tethered by 

covalent or ionically bonded moieties.256 We have developed a novel PPN, named PPN-

150-DETA, which possesses one of the highest initial CO2 uptakes under flue gas 

conditions (up to 27.16 wt.%) and extremely low manufacturing and recycling energy 

costs. When PPN-150 is synthesized with cyanuric acid to act as a templating reagent, 

PPN-151 is formed, and PPN-151-DETA is the highest uptake adsorbent which maintains 

working capacity over many regeneration cycles for carbon dioxide gas capture under 

industrially relevant conditions. PPN-150 and 151-DETA were formed via the carbamate 

tethering of alkylamines to PPN-150 followed by deliberately gentle reactivation. By 
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controlling the temperature and regeneration time, “partial reactivation” of PPN-151-

DETA after the first CO2 uptake cycle ensures that a small portion of the initially 

chemisorbed CO2 tethers the alkylamines to each other and to the polymer backbone, 

preventing alkylamines from volatilizing during regeneration and drastically improving 

cycling performance. Using this method, there is no loss of CO2 uptake beyond initial 

carbamate tethering for more than fifteen regeneration cycles after the initial partial 

reactivation. To the best of our knowledge, PPN-150-DETA shows the highest CO2 uptake 

under flue gas capture conditions among alkylamine-loaded porous materials, while PPN-

151-DETA is the first low cost absorbent which combines high CO2 uptake and high 

recyclability. 

8.2 INTRODUCTION 

Aqueous alkylamine solutions, primarily monoethanolamine (MEA) at 30-40 wt. 

% in water, are the most common currently used technology for the removal of acid gases, 

such as CO2 from power plants.257,258 They provide efficient capture at temperatures 

ranging from 20-50°C due to the chemisorption of the weakly acidic target molecules to 

the strongly basic amines. However, their “parasitic energy penalty” of up to 30% of the 

electricity produced in an average power plant, due to their high heat capacity, prevents 

their widespread application.259 For this reason, solid sorbents of CO2 with inherently 

lower parasitic energy penalty are an active and promising area of investigation.260  The 

presence of water can double the uptake of this reaction via interaction with CO2 to allow 

for single amine binding. Under dry conditions, two amine molecules are required to form 



 

176 

 

a carbamate salt due to the need for both a donor and acceptor to stabilize the carbamate.261  

However, when water is present, it can serve as the proton acceptor from the carbamic 

acid instead of a second amine during CO2 capture.257  In this case, only one amine is 

required per CO2 absorbed, and other species such as bicarbonate are formed.262 The main 

challenges impeding the implementation of solid sorbents in commercial CO2 separation 

applications for flue gas capture are high cost and poor cycling performance. Current 

applications for these materials, such as acid gas removal or "gas sweetening" in 

petrochemical and natural gas processing plants, could also greatly benefit from an 

increase in performance and cost-effectiveness.263 Amine-based chemisorption is more 

effective than physisorption of these gases, because the working capacity is much higher 

under flue gas conditions and selectivity for acid gasses is increased.264 

Porous materials have been widely used for gas adsorption, separation and 

selective capturing, because they have high surface area, high dynamic uptake capacity 

and enable facile gas release. CO2 physisorbents typically have acceptable uptakes only at 

lower temperatures (0-25°C) and are much less selective for CO2 and other acid gases over 

other molecules that are usually present.265 These competing molecules, such as water, are 

captured by these less selective materials from flue gas and in natural gas sweetening 

processes.17,266 Porous materials can incorporate alkylamines to induce chemisorption, 

further enhancing the CO2 uptake and selectivity.267 A high-performance example 

reported by Gadipelli et. al. is alkylamines immobilized on MOF-derived carbon monolith 

(MDCM).268 This system shows over 200 mg g-1 of CO2 adsorption capacity using 
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simulated flue gas over several repeated cycles, outperforming other previously reported 

sorbents.  However, while this adsorbent shows excellent performance for CO2 capture, 

its production costs are still high because of its synthetic process requiring MOF-5 to be 

carbonized, and it still shows some loss of capacity over ten cycles.269 Target gas uptake, 

selectivity, and overall cost effectiveness for amine gas treatment must exceed those of 

aqueous amines for new materials to be considered superior for gas capture. They must 

have at least comparable uptake of the target gas, though whether volumetric or 

gravimetric uptake is more important depends on the particular application. For example, 

in an air purifying respirator, the complete removal of dangerous agents is paramount, 

which requires very high acid gas/air selectivity, in addition to high volumetric uptake. 

For CO2 flue capture, overall cost-effectiveness taking into account the energy cost of 

regeneration is paramount, as MEA solutions have been estimated to require around 30% 

of the electricity produced in a power plant in order to regenerate them an isolate the 

separated CO2, which may be the factor most responsible for preventing widespread 

adoption.270,271 

The most important factor that should be considered when developing new 

methodology is cost-effectiveness.  Ideally, a material should have low cost of production, 

require lower energy cost per per kilogram of acid gas separated. It should demonstrate 

superior cycling performance, being able to withstand more cycles before experiencing 

significant degradation, requiring replacement or rejuvenation as alkylamine must be 

added to the solvent or polymer. Materials must also maintain high uptake at industrially 
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relevant temperatures, typically between 20-50°C, and completely desorb at appropriate 

temperatures, typically <100°C, as temperature swing adsorption cycles are often more 

cost effective than pressure-swing or other methods.272  

8.3 RESULTS & DISCUSSION 

We have developed materials, PPN-150-DETA and PPN-151-DETA, which 

succeed on all of these metrics. PPN-150 consists of a low-cost porous melamine 

formaldehyde resin (or mPMF), similar to that previously reported by the Ying group,273 

which has then been modified through the loading of various alkylamine species into its 

high pore volume, which are then tethered through an additional carbamate-forming dry 

CO2 loading. PPN-151 is similar but with the addition of a small amount of cyanuric acid 

during synthesis to act as a templating reagent. Melamine cyanurate is a very strong 

hydrogen-bond network that has a melting point of 350°C while the synthesis is done at 

170°C, so this produces small melamine cyanurate “sheets” that are interspersed within 

the polymer and change the pore size distribution, similar to sheets of graphite in graphitic 

activated carbons.  mPMF alone has a CO2 uptake of 14.3 wt% at 1 bar and 273 K, and an 

uptake of 5.5 wt % at 0.15 bar and 273 K.  However, this uptake drops off rapidly at higher 

temperatures. This is because its amines are part of the rigid framework and are unable to 

facilitate carbamate formation due to the long, fixed distances between them as well as 

their poor Lewis basic character, meaning that its uptake is primarily via physisorption. 

To improve these materials for the conditions in which aqueous alkylamine solutions are 

currently used, they are post-synthetically modified into materials such as PPN-150-
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DETA or -TEPA by loading them with alkylamines such as Diethylenetriamine(DETA) 

or Tetraethylenetetraamine(TEPA).  These loaded amines are then tethered through dry 

CO2 uptake, producing framework-amine carbamates as shown by IR spectroscopy. Other 

porous materials loaded with alkylamines have showed very promising performance, but 

their application has been hampered by excessive cost of production, lack of tethering 

degrading their cycling performance, or generally lower uptake.256,262,267,268,274 

By controlling the regeneration conditions, we can leave some of these carbamates 

behind by incomplete removal of the CO2 absorbed by the polymer. This prevents the loss 

of alkylamines and lower cycling performance exhibited by previous alkylamine-loaded 

porous materials, because they act as chemical tethers preventing the volatilization of the 

alkylamines during regeneration.268 We have shown initial total CO2 uptakes of up to 

27.16 wt. % using CO2 gas mixture breakthrough analysis on flue gas simulant 

mixtures.(Figure VIII-1)  
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Figure VIII-1. a) CO2 uptake measurements measured by breakthrough instrument 

comparing uptakes with humid “wet” flue gas conditions with 2% v/v water and 15% CO2, 

balance N2 with “dry” conditions containing 15% CO2, balance N2 and no added humidity. 

b) PPN-150 and PPN-151 wet flue gas cycles reactivated at 85°C up through cycle 22, 

then reactivated at 89°C. All were reactivated for 10 minutes. 
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Because the maximum uptake is so high, we can maximize overall cost-

effectiveness and minimize the energy cost of flue gas capture by choosing less harsh 

reactivation conditions, to leave more carbamates behind. Figure VIII-1 illustrates how 

harsh or extended reactivation conditions can lower cycling performance, through the loss 

of alkylamines. Figure VIII-2 shows how more gentle reactivation conditions lower the 

working capacity on the second cycle, but allows high cycling performance and minimizes 

the energy required for cycling, a key parameter for CO2 flue gas capture.254 Through 

carbamate tethering in a preparative first cycle, we retain high working capacities with 

negligible loss of capacity for at least 15 more cycles. Even PPN-151-DETA’s stable 

working capacity of 12.5 wt. % with carbamate tethering is to our knowledge better than 

that of any other material tested in flue gas simulant conditions, other than a few materials 

which demonstrated loss of cycling performance after 5-20 cycles, dropping the 

performance below that of PPN-150.268,275,276  

According to recent results in the field of alkylamine-based carbon capture, the 

uptake capacity of alkylamine-loaded porous materials is directly proportional to the 

density of reactive amine sites.268 Activated carbons with very high pore volumes loaded 

with alkylamines have been prepared with CO2 adsorption capacity, but their cycling 

capacity has been relatively low due to the lack of strong interactions with the amines, 

resulting in the loss of alkylamines during regeneration.  Meanwhile, conventionally 

tethered materials typically have much lower overall CO2 uptake due to the non-amine 

tethering moieties using pore volume, resulting in less alkylamine density.270 
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To solve this problem, polymers with primary and secondary amine moieties as 

part of the backbone can be used, which can both take up CO2 on their own and help tether 

alkylamines through hydrogen bonding. Due to the chemistry of alkylamine CO2 capture, 

it is possible to improve the cycling performance of these materials through a new 

technique we have developed termed “residual carbamate tethering.”  When CO2 reacts 

with alkylamines, one amine molecule attacks the CO2 but loses a proton, resulting in a 

negative charge stabilized by a positive charge caused by the proton reacting with a basic 

moiety nearby, such as another amine. When reactivated, the reaction is reversed and the 

captured CO2 leaves. However, when the material is only partially reactivated for a limited 

amount of time, some of the carbamate moieties remain, and can act as a tether. The next 

cycle will have slightly lower CO2 capacity, but the ionically-tethered alkylamines will 

remain in the material instead of slowly leaving as the material is cycled, resulting in a 

higher cycling performance. 

After the first exposure to dry CO2,  a small amount of uptake is lost due to the 

amines used for the carbamate tethering as well as some amines being lost through 

volatilization as they were not initially tethered. However, because of this tethering, 

further loss of uptake is prevented for in future cycles compared to what is seen if the 

material was completely reactivated, or in porous materials where the alkylamine is only 

physisorbed rather than tethered or retained through stronger bonding such as hydrogen 

bonding between the loaded and polymer backbone amines. When untethered porous 

materials are used, or complete, harsh reactivation is used on PPN-150, the uptake decays 
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from the maximum first cycle at a rate proportional to the loss of loaded amines during 

the removal of CO2. When partial reactivation and carbamate tethering is used with a 

temperature swing adsorption(TSA) process of 40°C-85°C, there is no overall loss of 

uptake between the second and sixteenth cycles (Figure VIII-2) 

Figure VIII-2. a) Breakthrough cycling of lab-scale PPN-151-DETA (1 bar, 313K (40°C), 

15% CO2, and 85% N2, 200mL/min) showing no loss of uptake for fifteen cycles after a 

preparative first cycle, due to gentle reactivation at 85°C for 2 minutes. b) TGA CO2 

cycling performance for PPN-150-DETA over 30 cycles (adsorption: 40°C and 50 ml·min-

1 CO2. desorption: 85°C and 50 ml·min-1 He) for 30 minutes. This demonstrates how 

longer or harsher reactivation than necessary can lower cycling performance. 
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This contrasts with breakthrough measurements taken on the TGA instrument 

through flowing CO2 over 10mg of PPN-150-DETA (Figure VIII-2b). Longer reactivation 

times, and subsequent loss of DETA over many cycles, are required to achieve the same 

CO2 uptake. This is because nitrogen flowing over a sample is inherently less efficient at 

quickly removing freed CO2 than when it flows through a column packed with the sample. 

Furthermore, when packed columns are regenerated, alkylamines lost from particles 

within the column may be re-adsorbed by other particles further along the column, 

minimizing loss and maximizing cycling performance. Another example of this is TGA 

CO2 uptake measurements of PPN-150-tetraethylenepentamine(TEPA) with 100°C 

activation for 2 hours, which started with a maximum CO2 uptake of 15.9 wt. %. Despite 

the lower vapor pressure of this alkylamine, the harsh reactivation conditions remove all 

carbamates and some TEPA, lowering cycling performance by 2.2% after only 4 cycles. 

This loss per cycle is very similar to that of PPN-150-DETA measured by TGA(Figure 

VIII-2b). Contrast this with PPN-150-DETA measured by breakthrough, which has no 

loss of performance over 15 cycles despite the more volatile alkylamine. 

To show that carbamate salts are left in the framework even after partial 

reactivation, we took a PPN-150-DETA sample that had been regenerated under 

conditions identical to those in Figure VIII-2, along with samples regenerated more 

harshly (100°C and 120°C for ‘medium’ and ‘harsh’ respectively) and ran IR 
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spectra.(Figure VIII-3). They show strong, broads peaks for all samples near 3300 cm-1 

corresponding to amine and ammonium N-H bonds. We can contrast the lack of absorption 

near 2950 cm-1 in the CO2 loaded sample to the large peak present at the same location 

after gentle 85°C reactivation and in the unloaded mPMF polymer.273 This peak is much 

reduced after harsh reactivation. Another small peak appears in the CO2 loaded polymer 

at 1188 cm-1. These changes correspond to the conversion of primary and secondary 

amines to ammonium carbamates.262,274 TGA measurements confirm high CO2 uptake, 

cycling performance, and the loss of carbamate-forming CO2 only under harsher 

regeneration conditions. A CO2 uptake isotherm at 273K shows almost complete 

hysteresis, i.e., almost no desorption of adsorbed CO2 even at low pressures, because the 

chemisorbed carbamates do not desorb under such a low temperature. 
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Figure VIII-3. FTIR spectra showing CO2-saturated PPN-150 losing intensity at 2950 cm-

1 and gaining a peak at 1188 cm-1. 

 

Nitrogen isotherms were taken at 77K of the unloaded PPN-150 before loading 

and modification into PPN-150-DETA and PPN-151-DETA (Figure VIII-4) PPN-150 

samples show BET surface areas slightly higher than and pore volumes slightly lower than 

those previously reported for mPMF, around 1171 m2 g-1 and 1.75 cm3 g-1 for the samples 

used here.273 As the Guo group showed, by achieving higher pore volumes in these 

materials, we could likely increase the CO2 uptake even further through increased 

alkylamine loading.268 mPMF materials have been previously reported with pore volumes 
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of up to 3.0 cm3 g-1
¸
273 which theoretically may allow for gravimetric uptakes nearly 

double those we are reporting. However, the relatively high remaining pore volume in 

PPN-150-DETA indicates that some pores may be too large for optimal DETA tethering, 

and that either polymer synthesis producing smaller mesopore diameters or loading with 

larger alkylamines should be tried to further optimize these materials. Preliminary results 

with PPN-150-Tetraethylenepentamine(TEPA) are promising. 

 

Figure VIII-4.  N2 isotherms taken at 77K on a Micromeritics ASAP 2020 gas sorption 

analyzer for PPN-150 before and after DETA loading. PPN-150 has a BET surface area 

of 1171 m2g-1
 and a pore volume of 1.75 cm3g-1, while PPN-150-DETA after alkylamine 

loading has a BET surface area of 168 m2g-1 and a pore volume of 0.44 cm3g-1 as calculated 

by Micromeritics MicroActive 4.02. 
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8.4 CONCLUSION 

We synthesized organic porous materials, PPN-150 and PPN-151, as CO2 sorbents 

which were loaded with various alkylamines. After tethering of alkylamines by carbamate 

formation, forms adapted for flue gas capture conditions called PPN-150-DETA and PPN-

151-DETA were generated. PPN-150-DETA and PPN-151-DETA have extremely high 

CO2 uptakes, initially exceeding those of Mg-MOF-74-en or TEPA@MDCM under flue 

gas conditions, but has extremely low cost and much higher recyclability than those 

materials. Scale-up has also been successful, as PPN-150-DETA has been produced on a 

150-gram scale at a 92% yield.  Alkylamine-tethered porous materials typically have very 

similar parasitic energy costs, or energy efficiencies, approximately 2-3 times better than 

those of aqueous amines.259,264,270 The regeneration energy costs of PPN-150-DETA are 

much less than those of aqueous amine solutions, because its heat capacity is far lower 

than that of aqueous solutions. They should also be significantly lower than that of similar 

tethered porous materials, because its optimal regeneration temperature is lower than that 

of similar materials (85°C compared to 100-120°C). Studies of the energy efficiency of 

these materials, in addition to optimization of porosity and alkylamine loading, are 

ongoing.  
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8.5 EXPERIMENTAL SECTION  

PPN-150 was produced similarly to mPMF in the literature, though changes in the 

reactor type appear to drastically change the properties of the final material.273 What 

follows is the synthesis of the samples we used for loading. These samples were intended 

to mimic mPMF-3 from Reference 21, but we were unable to achieve the same pore 

volume as was reported, but found greater BET surface area (Figure VIII-4). It is also 

important to note that any leaks whatsoever in the synthesis vessels, or inability to hold 

pressure, typically resulted in nonporous or much less porous products. 

Synthesis of PPN-150: A solution of melamine (0.3777 g), paraformaldehyde 

(0.1621 g), and DMSO (3.36 mL) was added to a Teflon lined autoclave and heated in an 

oven at 120° C for 1 hr. The solution was then sonicated to make a homogeneous solution 

and heated in an oven at 170° C for 48 hr. After the solution cooled to room temperature, 

the solid product was quickly washed with 200mL DMSO and 200mL acetone, partially 

dried in air, crushed with a mortar and pestle, and washed with methanol in a Sohxlet 

extractor for 48 hr. The white solid was then dried under vacuum, and BET measurements 

were performed after activation under vacuum at 185° C for 12 hr. 

Synthesis of PPN-151: The experiment was then altered to include melamine 

(0.7591 g), paraformaldehyde (0.4131 g), cyanuric acid (0.0589 g), and DMSO (7.8 mL). 

The solution was added to a glass vial and heated in an oven at 120° C for 1 hr, sonicated 

to make a homogeneous solution, and heated in an oven at 170° C for 48 hr. After the 

solution cooled to room temperature, the solid product was quickly washed with 200mL 
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DMSO and 200mL acetone, partially dried in air, crushed with a mortar and pestle and 

washed repeatedly with methanol in a Sohxlet extractor for 48 hr. The white solid was 

then dried under vacuum, and BET measurements were performed after activation under 

vacuum at 185° C for 12 hr. 

Alkylamine loading: A sample of PPN-150, which had previously been ground via 

mortar and pestle, was placed into a 250ml media bottle. To the sample was added 

cyclohexane (100ml) followed by diethylenetriamine (DETA, 40ml). The media bottle 

was then sonicated at 55°C for 6 hours, upon which the media bottle was allowed to sit at 

room temperature overnight.  The mixture was then filtered using a fritted glass funnel 

and a water aspirator and then washed with methanol (200ml total). Once dried, the loaded 

sample was placed onto a vacuum line at room temperature using a round bottom flask 

equipped with a fritted glass vacuum adaptor.  The excess DETA was trapped using a dual 

liquid nitrogen trap system. After 9 hours on the liquid nitrogen trap system, the extracted 

excess DETA was collected and combined with the filtrate from the MeOH washes. The 

combined solvent was removed under reduced pressure to separate DETA from the lower 

boiling cyclohexane and methanol. A total of 20.5 ml of DETA was collected in this 

fashion indicating that 19.5 ml, or 1.15g DETA per gram of sorbent, had been loaded. The 

DETA loaded sample was allowed to remain on the vacuum line overnight at room 

temperature.  The final mass of the loaded sample was taken, giving a change in mass of 

19.5690g. From the density of DETA it was determined that 19.6ml DETA, or 1.16g 

DETA per gram sorbent, had been loaded into the sample.  
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CHAPTER IX 

ADDING HEAVY ALKANES TO ADSORBENTS MAXIMIZES 

NATURAL GAS STORAGE CAPACITY 

9.1 OVERVIEW 

Natural gas adsorbents such as Metal-Organic Frameworks are a highly promising 

technology for applications such as methane-powered vehicles, economical flare gas 

capture, and natural gas separation and purification. In order to further improve them, we 

show that the addition of a precisely controlled portion of heavier alkanes to the adsorbent 

can increase the overall uptake both gravimetrically and volumetrically. Depending on the 

adsorbent and conditions, it is also possible to cleanly separate alkanes based on molecular 

weight during desorption. This allows the reuse of a MOF/heavy alkane mixture to 

combine adsorption and absorption and maximize methane uptake in a given volume. We 

also show that unprocessed natural gas does not need to be separated before transport when 

using an ultra-stable MOF adsorbent. The MOF is robust to impurities and the methane 

and overall uptakes of the heavier natural gas mixture are both much higher than that of 

pure methane. 
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9.2 INTRODUCTION 

The substantial increase in the production of natural gas since 2008 has led to a 

sustained reduction in cost of energy derived from this commodity relative to liquid oil, 

effectively enabling new domestic sources for American fossil fuels production and 

needs.277  It has long been known that a switching from coal and liquid hydrocarbons could 

reduce US carbon dioxide emissions.278 New research factoring alternative sources of 

natural gas verified this even when accounting for logistical inefficiencies, as shale gas 

life cycle greenhouse gas (GHG) emissions are 6% lower than conventional natural gas, 

23% lower than gasoline and 33% lower than coal.279  Unfortunately, a large amount of 

this benefit is lost due the lack of containment infrastructure as vast amounts of fuel gases 

are taken from oil fields in regions far removed from consumption.    

Natural gas, whose principle ingredient is methane, can be contained in pipeline 

infrastructure for transport or fixed tank units for transport and storage.280 In the last 5 

years, pipeline fixed costs, regulation, land access and gas conditioning safety issues have 

overcome the huge demand increase in natural gas causing little expansion in US pipeline 

infrastructure. Given that natural gas is a gaseous state at atmospheric conditions and that 

the relatively low 0.04 MJ/L (at 25°C, 1 bar) volumetric energy density of natural gas 

compared to other contained fossil fuels such as gasoline (34.80 MJ/L), many energy-

intensive solutions have been proposed to capture, store and transport natural gas into the 

US energy infrastructure.281 Where massive economies of scale can be established, natural 

gas is compressed at 250 bar (3,600 psi), commonly referred to as compressed natural gas 
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(CNG), or liquefied at -160°C, commonly referred to as liquefied natural gas (LNG). 

These century-old technologies can respectively improve the ideal energy density of 

natural gas to 9.2 MJ/L (CNG) or 22.2 MJ/L (LNG), which can be downgraded by ~30% 

volumetrically due to their real cylindrical containment requirements.282  Unfortunately, 

the intensity of the energy needs of both applications create critical cost issues, which have 

failed to deliver on logistical support to the diverse demographic of America’s natural gas 

boom.  

The result of incumbent technology issues was the intentional venting or flaring of 

288,743 million cubic feet (MMSCFD) of natural gas lost in the US in 2014.283  At an 

average of $4.00 price per British Thermal Unit (BTU), this was a loss in value of 

$1,178,071,440 from the energy sector and a substantial anthropogenic addition in GHGs 

and other pollutants to the environment.284  Some estimates go further and suggest that the 

monthly loss in just the North Dakota Bakken Shale amounts to $100 million per month.285 

Clearly a new approach to natural gas densification is needed to solve this problem.   

The present approach leverages contemporary adsorption technology and 

addresses the problems posed by CNG and LNG by significantly extending efficient 

densification of natural gas with an adsorbent.  Ideally, we would dissolve some ratio of 

natural gas in a higher alkane solvent and store its methane base gas at higher energy 

density under adsorbed natural gas (ANG).  ANG is driven by physisorptive materials, 

which interact with methane through weak van der Waals forces.286,287 Candidate materials 

are wide ranging, but due to the known requirements for high surface areas, controlled 
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pore diameters and moderate binding energy (heat of adsorption), most of the research has 

been focused on zeolites, activated carbons, and metal-organic frameworks (MOFs), 

sometimes called coordination polymers.  Traditional materials such as zeolites and 

activated carbons could only inconsistently reach total reported methane storage capacities 

of 150v(STP)/v  and 195v(STP)/v respectively.288  Unfortunately, systematically both 

materials have bulk macroporosity and each have negative individual characteristics such 

as the ionic nature of zeolites and the pore volume/distribution of activated carbons.   

The use of MOFs for storing natural gas as a main component was first reported 

in 1997.289 In the 2000s, theoretical works suggested a conceptual MOF, IRMOF-993, 

could have a volumetric methane storage capacity well above activated carbon. PCN-14 

was synthesized in 2008, and with a reported total methane uptake of 230v(STP)/v; this 

encouraging result suggested that MOF physisorption of methane could substitute CNG 

tanks.290  Other paddlewheel Cu+2 based MOFs (HKUST-1, UTSA-76, NU-111 and PCN-

66) have been shown to have total methane uptake values similar to that of PCN-14, but 

due to the low chemical stability of MOFs based on divalent cations, these MOFs are not 

stable to exposure to trace natural gas pollutants like hydrogen sulfide or even 

humidity.291,292 

An iron-cobalt cluster-based MOF PCN-250, was a radical departure from 

previously reported ANG MOFs in its forecasted $10/Kg manufacturability (DOE targets 

based on raw materials at the ton level).  More importantly, the material exhibited total 

reported methane storage capacity of 210v(STP)/v (Figure IX-1) (A), a flat heat of 
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adsorption curve (B), superior thermal stability up to 400° C (C) and stability in boiling 

water and under full range of pH conditions where the crystal structure (D) and surface 

area (E) maintained integrity.97 

 

 

Figure IX-1. Performance and chemical stability testing of PCN-250. 

 

More recent high-performance methane sorbent MOFs, such as MOF-519 or Al-

soc-MOF-1, are limited because of their large ligands requiring multiple organic synthesis 

steps, which are expensive to produce at scale.293,294 They may also suffer from chemical 

stability issues, as similarly to how Zr-MOFs with larger pores and lower-connectivity 

SBUs have been reported to have limited chemical stability compared to ones with smaller 

pores and higher SBU and ligand connectivity, some Al-MOFs typically collapse upon 

extended exposure to humid conditions.295 To achieve high methane uptake performance 

at a low cost with high stability and cyclability, we developed a new approach.   

The need to elevate volumetric ANG performance at a low cost requires that we 

look beyond porous adsorbent design. Taking a page out of historical solutions for natural 

gas bulk transport, whereby investigators sought to reduce compression and/or 
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refrigeration for natural gas storage, we applied the concept, dating back to at least the 

1950s, of doping the methane system with a C2-C10 hydrocarbon to the adsorbent 

vessel.296,297  The combination of absorbing methane in higher alkanes at high pressures, 

while simultaneously adsorbing it on the surface of a porous material is called HAANG, 

or High Alkane Adsorbed Natural Gas. The doped system allows a higher volume of 

methane (or natural gas) to be stored than with the adsorbent alone at a given pressure. 

Methane is highly soluble in hydrocarbon mixtures.298 Most of the higher alkane is also 

retained in and on the adsorbent through many working cycles of adsorption and 

desorption.  This two-phase condition, liquid and vapor, is achievable at suitable pressures 

(30-65 bar) and temperatures (260-323°K) for ANG technology.   

9.3 RESULTS & DISCUSSION 

In many cases, gas uptake capacity is directly related to the internal specific surface 

area for a given porous material. For example, in hydrogen adsorption, it is found that 

each incremental increase in 500 m2/g of specific surface area can roughly adsorb an 

additional 1 wt% H2; which is known as Chahine’s Rule (CR).299 Though the Chahine’s 

Rule is widely used in hydrogen adsorption prediction, researchers have found that the 

gravimetric capacity of methane uptake is reasonably well correlated with the gravimetric 

surface area for MOFs.300 MOFs with large pores and ultrahigh BET surface areas, 

gravimetrically, uptake is 0.05-0.07 cm3 methane per square meter BET surface area at 35 

bar.301   However, we found that PCN-250, which has a BET surface area of 1395 m2/g 

and a methane uptake of 209 cm3/g at 35 bar, corresponds to 0.15 cm3 methane per square 
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meter, likely due to its high density of open metal sites, and pore sizes appropriate to 

stabilizing multilayer adsorption.  

To increase this capacity without the expense that, for example, isoreticular ligand 

expansion would entail, we tested a high molecular weight alkane-doping concept. This 

activity included doping the methane system with a C2-C10 hydrocarbon to the adsorbent 

vessel. Several tests were conducted with four MOF varieties and seven alkanes, reaching 

an increase in total volumetric methane uptake of up to 27%.  While an absorbent-assisted 

approach in CNG has been proposed before, the composition must be constantly adjusted 

to regulate the mixture, meaning the tank must be separately piped for solvent addition 

and possibly extraction to maintain the two-phase state.302  The porous adsorbent 

framework improves this process, as it was found to retain the doped hydrocarbon (C10) 

during desorption from the framework.   

After close examination of the factors that would impact the methane uptake of 

MOFs, including PCN-250 and other iron MOFs, we identified that the structure of PCN-

250 is very suitable for methane uptake and the purity and pore sizes are crucial.  There 

are several reasons why methane molecules cannot fully occupy the void in PCN-250. 

First of all, in lower-cost (Fe3)PCN-250, the axial ligands on the Fe3 cluster were not 

completely removed. Secondly, the leftover space is not enough for one methane molecule 

to enter in one cage, which means that the PCN-250 has not been fully optimized for CH4 

adsorption. Keeping this in mind, we tried different activation methods in order to produce 

missing linker defects which should maximize methane uptake, as long as larger 
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mesopores are avoided. Metal-ligand fragment coassembly or 300°C activation under 

nitrogen can each be used to increase the mesoporosity and pore volume of PCN-250 at 

the expense of surface area. Chevreau et al. developed a high-temperature activation 

process and showed that it reduces one of the Fe(III) atoms in the Fe3O cluster to Fe(II), 

allowing it to release its bound hydroxyl ion and creating an extra open metal site in the 

resulting MOF.303   

We prepared mesoporous PCN-250, as indicated by its type 4 nitrogen adsorption 

isotherm and subsequent pore size distribution calculations, with extended 7-day Sohxlet 

extraction in methanol. Certain conditions may lead to the formation of defects, or areas 

within the crystals where linkers or metal nodes are not present. When the defects get as 

large as mesopores (relative to its near perfect form) the gas uptake of the adsorbent 

usually decreases. This is mainly due to the availability of less overall surface area in a 

volume of mesopores compared to the same volume filled with micropores. 

Normally, mesoporosity is antithetical to optimizing methane uptake.287 However, 

by combining adsorption of methane in the MOF with the absorption of methane by higher 

alkanes contained in the mesopores and inter-particle macropores, we were able to 

increase the methane uptake, especially at high ANG pressures (40-100 bar). We found 

that heavier natural gas mixtures adsorbed more gas the heavier the mixture was, as 

expected.(Figure IX-2).  
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Figure IX-2. a) Real-time, unprocessed natural gas adsorption evaluation of the test cell 

with and without PCN-250(Fe3), b) Real-time tail gas adsorption evaluation of the test cell 

with and without PCN-250(Fe3); pressure drop measured by the transducer indicates gas 

adsorbed by the MOF vs. the gas stored in the empty test cell.  

 

To optimize this behavior for the highest total methane uptake, the ratio of 

mesopores to micropores and mesopores to heavy alkane must be carefully tuned. The 

initial test results showed that in purely microporous MOFs, addition of too high of a 

volume of heavy alkanes could actually decrease the gravimetric methane uptake, 

presumably because the heavy alkanes adsorb in the micropores, and may block windows 

and pores deeper within the interior of the MOF crystals. However, in MOFs that have 

been treated by modulated synthesis, metal-ligand-fragment coassembly, or extended 

Soxhlet extraction to become partially mesoporous, addition of carefully controlled 

amounts of heavier alkanes can increase the total and excess methane uptakes to be higher 

than that found at the same pressures in the purely microporous version of the same MOF. 

Extended Soxhlet extraction is a method that was found to be able to modify microporous 

PCN-250 to become mesoporous in a controlled fashion. 
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For obtaining mesoporous PCN-250, seven days of Soxhlet solvent extraction with 

methanol was applied to the as-synthesized microporous PCN-250 to fully remove the 

high boiling point solvents (e.g. DMF) or unreacted components. At the same time, 

mesopores have been created during the process. The mesoporous PCN-250 sample had 

10 nm mesopores. The mesoporous PCN-250 was also fully activated and used for gas 

uptake, with smaller pores and winders shown in Figure IX-3. 

Figure IX-3. Theoretical decane space-filling in the pores of PCN-250. This is an 

illustration of the relative size of the pore to the alkane, in actual adsorption decane would 

be likely to adsorb against one wall or corner. 

 The two samples showed color differences in solid form (Figure IX-4a and Figure 

IX-4b). Note that these experiments were done with PCN-250(Fe3) activated at 180°C, 

which exhibited lower performance than the PCN-250(Fe2Co) and PCN-

250(Fe(III)2Fe(II)). 

The N2 isotherms (Figure IX-4c and Figure IX-4d) at 77 K clearly indicated 

structural differences between the two PCN-250 adsorbents. As expected, nitrogen uptake 

was lower in the mesoporous PCN-250 compared to the microporous PCN-250. The 

Pore opening
8.4Å 

the channel 



 

201 

 

inserted figures in Figure 2c and Figure 2d show that mesoporous PCN-250 had 10 nm 

mesopores, whereas the microporous PCN-250 shows very little mesoporosity. 

 

 

Figure IX-4. Crystal form of a) microporous-PCN-250 and b) post-synthetically treated 

mesoporous-PCN-250, N2 isotherms and pore size of c) microporous-PCN-250 and d) 

mesoporous-PCN-250. 

 

High-pressure methane uptake for each adsorbent was measured by HPVA-II at 

298 K. For the microporous PCN-250 adsorbent (Figure IX-4a), total methane uptake at 

65 bar was measured as 180 v/v (cm3/cm3), lower than expected and indicative of 

insufficient washing or solvent exchange. By injecting decane (33 microliters or 24 

milligrams of decane per gram of MOF) into pre-activated PCN-250 adsorbent under an 

inert atmosphere (in glove box) after activation (180 oC for 12 h), the HPVA data show 

considerably decreased methane uptake (117 cm3/cm3 at 65 bar), possibly due to the 

presence of decane molecules blocking uptake by being adsorbed preferentially into 

surface micropores, with transport deeper into the crystals disfavored in the microporous 

sample, but not in the mesoporous sample filled with missing-linker and missing cluster 
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defects . It is unlikely that appreciable decane was removed the by gas sorption analyzer 

prior to adsorption measurement, because its vapor pressure is 3 times lower than the 

maximum vacuum of the instrument, and it is additionally adsorbed by the MOF. It is 

possible that a lower amount of decane or different adsorption conditions could produce a 

different effect even in microporous materials. The weight percentage of decane used is 

very low, and when more decane is used, performance decreases which are much higher 

than the weight percentage were seen. This suggests a process more complicated than 

simple higher alkane pore filling.  

If the decane could travel freely throughout all the pores of PCN-250, it is unlikely 

we would see an uptake decrease of 35% after the addition of 0.24 wt% of decane. It is 

possible that decane primarily coats PCN-250 particles due to PCN-250’s small pore and 

window sizes, and partially coating the surfaces of particles with decane allows us to take 

advantage of increased confinement effects.304 One hypothesis is that when large 

mesopores are available, it fills them preferentially and absorbs some methane. Absorption 

alone, however, seems unlikely to account for such a disproportionately (by weight) large 

increase in uptake. We see an increase in 40 cm3 methane g-1 uptake, or approximately 27 

mg or 1.663 mmol of methane, from 24 mg or 0.1693 mmol of decane added(both per 

gram of MOF). This corresponds to a mole percentage of almost 10 mmol methane/mmol 

decane, almost 20 times higher than the methane/decane solubilities reported at similar 

temperatures and pressures.305 Thus, simple absorption, or the lack of adsorption, cannot 

explain the effects shown here. The mesoporous sample may allow transport of the decane 
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within the pores, while the microporous sample remained coated, with some pores 

completely blocked.  

When the amount of decane is sufficient to completely cover MOF crystallites, this 

may prevent them from being accessible to methane at all.306 If this is the case, the 

increased performance of the mesoporous sample may be more due to its smaller particle 

size. Smaller particles would mean much higher particle-surface area as opposed to 

internal surface area, meaning that comparatively more decane would be optimal for 

smaller crystals, and less decane for larger crystals. It could also be that the decane remains 

in liquid form at certain pressures in the smaller macropores between the smaller crystals, 

able to absorb methane, while in the sample which retains higher crystallinity and larger 

crystals, the decane coats the crystals, goes into surface pores, or otherwise blocks 

adsorption. Further experiments involving samples of different crystal sizes of the same 

MOF should be able to help investigate these hypotheses. 

In contrast, total methane uptake at 65 bar for mesoporous PCN-250 without 

decane was 171 cm3/cm3 at 65 bar (Figure IX-5b). The slightly decreased uptake should 

share the same reason as decreased N2 adsorption for mesoporous absorbent, due to 

decreased surface area. However, when decane was added, the total methane uptake was 

dramatically increased. Especially at high pressures, the total uptake for mesoporous PCN-

250 with decane was 210 cm3/cm3, which was a 22.8% increase from mesoporous PCN-

250 and 16.7% increase from microporous PCN-250.  
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Figure IX-5. High-pressure volumetric methane uptake of a) microporous-PCN-250 and 

b) meso-PCN-250, with and without adding decane as doping reagent. 

 

These results showed that at high pressures, adding small amounts of the doping 

reagent (decane) into the mesoporous PCN-250 improved the total volumetric methane 

uptake compared to the microporous PCN-250, despite the mesoporous MOF’s lower 

surface area. The use of this method should provide a straightforward way to increase 

overall methane uptake and working capacity in any MOF-based adsorbent, because it 

increases uptake at high pressure while lowering it at low pressures (1-5 bar,) which is 

critical to working cycles where uptake at low pressure is counterproductive. 

It is likely that the decrease of methane uptake when adding a relatively higher 

amount of decane to microporous PCN-250 may ascribe to the doping reagent blocking 

the entrance window of the micropores of the absorbent. If less quantity is used or another 

doping reagent with smaller size is tried, the HAANG method may also work for 

microporous adsorbents as well. There will be differing volumes of interparticle or 
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interpellet macropores in different systems after pelletization or compaction of the MOF 

powder (which typically has a real density far less than that of the crystal density 

calculated for the volumetric uptakes,) and addition of higher alkanes could better make 

use of the available volumes in these systems as well. Volumetric uptakes calculated from 

gravimetric isotherm data typically give values that are much better than those that could 

actually be realized because of unused interparticle macropores. To better illustrate the 

difference that HAANG could make in a real world natural gas storage system, we 

constructed an apparatus for direct volumetric measurement of methane uptake, shown in 

Figure IX-6a. This would also be valuable in comparison to results from a commercial 

high-pressure adsorbent system based on pressure dosing measurements, shown in Figure 

IX-6b. 
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Figure IX-6. Design of the alkane adsorption test cell used for measurement by high-

pressure adsorption followed by desorption into a GC. 

8
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Figure IX-7. (A) High-pressure volumetric analyzer(HPVA) (B) Unit’s system schematic 

showing the transducers used to precisely measure the system pressure (C) Test cell where 

MOFs are tested under methane gas. 

 

The porous adsorbent framework was found to retain higher molecular weight 

hydrocarbon during desorption from the framework using a gas chromatograph after 

desorption (Figure IX-6).   For example, when using a mixture of methane and propane, 

the methane is desorbed first before the propane is desorbed.  In fact, it has been 

discovered that it is possible to desorb completely the methane gas from the porous 

adsorbent framework before the propane begins to desorb.  The use of higher molecular 

weight hydrocarbons (such as n-butane) leads to a greater difference in elution times 

(compared to propane).  This difference in elution times is most likely based on the relative 

size, polarity, and polarizability of the mixture of components.  We used higher molecular 

weight alkanes as a solvent (HAANG), as the resulting alkane mixture should have a much 

higher critical point than pure methane, and when combined with methane adsorption 

showed higher methane uptake than either method alone. The adsorption of the higher 
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alkanes to the MOF also prevents separation and higher alkane recovery issues that have 

stymied attempts to increase the density of methane using alkane mixtures in the past.  

It is possible to release methane from a porous adsorbent framework without 

releasing the hydrocarbon.  Ideally to achieve this the porous adsorbent framework should 

comprise pores that are larger enough to encapsulate the solvent hydrocarbon molecules 

but small enough to provide sufficient Van der Waals interactions to retain the solvent 

hydrocarbon molecules at suitable discharge pressures (2-5 bar).287 

Generally, it has been believed that the optimum pore diameter of the porous 

adsorbent framework is at least 1.5 times the kinetic diameter of methane, or other guest 

gas molecule, and preferably the pore diameter of the porous adsorbent framework is from 

about 1.5 times to about 2.5 times the kinetic diameter of methane or other guest gas 

molecule, favoring 2 times the kinetic diameter of methane, or other guest gas molecule.  

For testing purposes, we selected the stable MOFs UiO-66 and UiO-67. 

In the first specific combination was methane and propane.  Methane has a kinetic 

diameter of approximately 3.8 Angstroms while propane has a kinetic diameter of 

approximately 4.3 Angstrom.  A porous adsorbent framework comprising pores having a 

pore diameter ranging from about 8 to about 11 Angstroms and having a pore opening of 

about 6.0 Angstroms provides the required pore size such that the pores are large enough 

to encapsulate propane and also small enough to retain propane after the methane is 

released.  The pores are not however so small that they prevent methane from releasing at 

suitable discharge pressures.  A suitable porous adsorbent framework having the required 
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pore size for this specific combination, a diameter ranging from 8 to 11 angstroms and a 

pore opening of 6.0 angstroms, is UiO-66.35   

Here, propane was fed to the 50-mL pressure storage vessel with the porous 

adsorbent UiO-66 at room temperature at 60 PSI. Figure IX-8 is a set of GC 

chromatograms showing desorbed methane from UiO-66 in the presence and absence of 

propane.  The results were an increase in total volumetric methane uptake of 18.03% and 

the full desorption of methane before propane over time.   

The second combination was methane and n-butane.  Methane has a kinetic 

diameter of approximately 3.8 Angstroms while N-butane has a kinetic diameter of 

approximately 4.3 Angstroms.  A porous adsorbent framework comprising pores having 

a pore diameter ranging from about 11.5 to about 23 Angstroms and having a pore opening 

of 8.0 Angstroms provides the required pore size such that the pores are large enough to 

encapsulate n-butane and also small enough to retain n-butane after the methane is 

released.  The pores are not however so small that they prevent methane from releasing at 

suitable discharge pressures. A suitable porous adsorbent framework having the required 

pore size for this specific combination, a diameter ranging from 8 to 11 angstroms and a 

pore opening of 6.0 angstroms, is UiO-67.35 

Here, n-butane was fed to the storage vessel with the porous adsorbent UiO-67 at 

room temperature. Figure IX-8 is a set of GC chromatograms showing desorbed methane 

from UiO-67 in the presence and absence of n-butane.  The results were an increase in 
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total volumetric methane uptake of 7.11% and the full desorption of methane before n-

butane over time.  

The next combination was methane and n-decane with adsorbent PCN-250. 60 μL 

n-decane (43.8 mg) (in liquid phase) was fed to the storage vessel with the 250 mg porous 

adsorbent at room temperature. Following, methane gas was introduced at 65 bar. Figure 

IX-8 is a GC-FID chromatogram comparing desorbed methane from PCN-250 at 

atmospheric pressure in the presence and absence of n-decane.  The results were an 

increase in total volumetric methane desorption of 18.00% and the full desorption of 

methane, with the n-decane remaining adsorbed in the system. This result is inconsistent 

with the loss of uptake after a lower amount of decane was added to the microporous 

adsorbent in a glove box. One possible explanation is decreased particle size in the 

compacted, microporous PCN-250 sample used for this measurement, compared to the 

loosely packed large single crystals used in the HPVA-II analyzer. Increased particle 

surface area and smaller inter-particle macropores could increase the optimal decane 

loading before surface coverage and pore blocking occurs. Another explanation is that 

since we are directly measuring only the methane desorbed at 1 bar, this could be an 

increase in working capacity, not uptake. In this case, preferential adsorption of the heavy 

alkane at one bar drastically lowers methane uptake, while not lowering the uptake much 

at higher pressure. 

This is roughly consistent with the increase in uptake seen with the HPVA high 

pressure methane isotherms for the mesoporous PCN-250 sample, where approximately 
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as many grams of methane uptake increase was measured (through pressure changes) as 

grams of decane were added. As the HPVA works through measuring methane added to 

the system to produce a given pressure, while the GC measures methane desorption from 

the material at atmospheric pressure with a flame ionization detector after the material is 

desorbed from the material into the GC, then passes through a chromatographic column, 

this represents confirmation of the concept through a completely different principle. 

However, the PCN-250 sample that showed an increase in uptake through this method was 

microporous, similar to the sample that showed a major decrease in uptake using the 

HPVA.  
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Figure IX-8. GC Chromatograms comparing desorbed methane from MOFs versus 

desorbed methane from MOFs dosed with small amounts of heavier alkanes. 

Propane and butane were eventually desorbed from the MOFs, while decane, 

cyclodecane, and dodecane were retained. 
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Several tests were conducted with MOFs UIO-66, UIO-67, PCN-250 and PCN-

777 and alkanes including propane, n-butane, hexane, octane, n-decane, cyclodecane and 

dodecane.  The highest uptake achieved was with the mesoporous MOF PCN-777 with 

dodecane, a result of an increase in total volumetric methane uptake of 27%. (Figure IX-

8) Interestingly, that after only a small amount of loading, the improvements trended 

towards decreasing results, suggesting far more analytical study is needed to understand 

this system and demonstrate the system as a proof of concept. (Figure IX-9) 

 

 

Figure IX-9. In PCN-250, too much alkane lowered methane uptake instead of increasing 

it.  

 

9.4 CONCLUSION 

In our attempts to combine adsorption on a solid with absorption in a liquid to 

maximize methane uptake in a given volume, we found surprising behavior that merits 
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further investigation. Extremely small volumes of heavier alkane can, depending on the 

porous material, increase methane uptake beyond the solubility of methane in the heavier 

alkane at the temperature and pressure used. Higher doses of heavy alkanes appear to 

decrease methane uptake in the porous material far more than preferential pore filling 

would account for. We confirmed these results through multiple separate gas uptake 

measurement methods.   Further study of this phenomenon is required to investigate the 

mechanistic factors responsible for the effects seen, and to determine what crystal 

properties, such are pore size or particle size, most effect the amount of a given alkane 

that decreases versus increases methane uptake.
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CHAPTER X  

CONCLUSIONS 

This dissertation has described methods for the alteration of advanced porous 

materials in order to tune their uptakes and selectivities for various gases relevant to 

clean energy technologies.  Novel synthetic methods were developed in order to discover 

new MOF structures as well as to produce gas adsorbents with optimized performance 

by tuning the size and contents of MOF pores to be appropriate for hydrogen, methane, 

or CO2 sorption in temperature and pressure ranges needed for practical application. This 

was accomplished both by changing the pore size and contents of existing MOFs, and 

through synthesis of new materials that still retain high porosity and appropriate pore 

size. Development of advanced MOF synthesis and pore engineering methods will guide 

other researchers, especially the concept that has recently shown the most promising 

results: combination of gases and liquids in order to simultaneously take advantage of 

adsorption and absorption. 

We began in parts 2 through 5 with a comprehensive review of recent progress in 

the development of advanced porous materials for methane, hydrogen, and carbon 

dioxide uptake.  Increasing the stability of Metal-Organic Frameworks, primarily 

through the development of synthetic methods for the crystallization of MOFs based on 

high-valence metals such as Zr4+, Fe3+, and  Cr3+, has allowed us to grow and 

characterize materials that are robust to extremely harsh chemical conditions while still 

retaining their high tunability and precise functionalization. It is important not to forget, 
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however, that “high-valence MOFs are stable” is an oversimplification, as we explained 

when we covered group 4 metals as secondary building units. Ti-MOFs tend to be 

significantly less chemically stable that Fe or Cr-MOFs, due to Ti’s d0 nature allowing 

them no ligand field stabilization energy to disfavor substitution from connecting ligands 

to basic molecules like water or amines, which can quickly collapse Ti-MOF 

frameworks.  

Zr-MOFs have the same lack of LFSE, but tend to be robust as long as their 

linkers are short and their connectivity remains high, as in the 12-connected UiO-66. 

Unlike the small, hard Ti ions, their larger ionic diameter is a better match for bonding 

with carboxylates. Zr-MOFs also form stable, large Zr6 and Zr8 oxo clusters which can 

bond to up to 12 carboxylates, and this high connectivity stabilizes their frameworks as 

well. Zr-MOFs built from 6 and 8-connected clusters, longer linkers, or with too many 

missing cluster or missing linker defects quickly lose chemical stability. We also 

covered catalytic porphyrin Zr-MOFs and explored the burgeoning field of the rational 

design of MOFs, which is being led by Zr-MOFs due to their unique combination of 

facile crystallization, tunability, and stability. 

We also studied porous carbons and their applications in hydrogen storage. 

Though porous carbons and polymers lack the precise pore size control and tunability of 

MOFs, they can still achieve extremely high surface areas which are useful for 

adsorption. There are a great many synthetic methods for porous carbons and polymers, 

including chemical and temperature-based activation, graphene oxide production, MOF-
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derived porous carbons, which are typically produced from the calcination of Zn-based 

and other MOFs with low-boiling metals, various templating methods, and 

polymerization of rigid polytopic monomers to produce PPNs. These can have 

performances that sometimes rival those of MOFs for applications such as gas uptake, 

separations, or catalysis. Finally, we cover methods our group has developed   for the 

rational design of MOFs using stepwise synthesis methods. Our dream is the “total 

synthesis” of customized pore space in a MOF using multi-step post-synthetic 

modification techniques, similarly to how organic chemists achieve the “total synthesis” 

of complicated molecules after many steps.  

We have developed several techniques to work towards this goal.  We started 

with Kinetically Tuned Dimensional Augmentation, which allows us to pre-synthetically 

choose and alter the metal SBU with more control that using metal salts for solvothermal 

MOF synthesis. We also developed Postsynthetic Metathesis and Oxidation, which we 

use to grow ultra-stable MOFs such as   functionalized Cr-MOFs that would otherwise 

be synthetically inaccessible. This is accomplished by growing a MOF of a more labile 

metal, such as Mg or even Fe, then postsynthetically exchanging ligands and/or metals 

from saturated solutions into the MOF. We found that exchanging more labile Cr2+
 in 

solution, then exposing the MOF to air to oxidize to Cr3+, accomplished complete or 

near-complete metal exchange, unlike the direct metal metathesis that had been tried 

earlier. We showed that even highly mesoporous MOFs like PCN-333 with its 5.5nm 

pores become incredibly robust when exchanged with Cr3+
.  
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We built on both of these techniques to develop Sequential Linker Installation 

and Sequential Cluster Metalation, stepwise synthesis techniques that use the unique 

advantages of Zr-MOFs to take a major step towards the dream of rational design of 

MOFs: the postsynthetic installation of multiple distinct functional groups and/or metals 

at crystallographically  ordered locations within the pores  of a robust MOF.  We start 

with a MOF, PCN-700, which is similar to UiO-66 except for the multiple sites on its 

SBU that are hydroxyl-functionalized instead of hosting a carboxylate, and we post-

synthetically install, metals, monocarboxylates, or 2 different sites for new linkers 

between them of various length ranges that can also be used to tune the pore size and 

shape of the MOF.  

We then moved on to covering the replacement of ammonium with lithium 

cations in a pair of anionic MOFs, which show drastically increased porosity and 

hydrogen uptake afterwards. We found that pre-synthetic synthesis modulation was the 

most efficient way to accomplish that. We also found that just as the crystallization of 

MOFs can be modulated through changing pH or the addition of various competing 

monotopic ligands, using metals in unstable oxidation states can also change the 

crystallization conditions enough to alter the MOF product. PCN-47, -48, and -49, Mn2+ 

MOFs grown from Mn2+, Mn3+/4+, and Mn7+ sources, show distinct crystal structures, 

porosities, and pore size distributions despite all being composed of Mn2+ SBUs only.  

Flue gas CO2 capture is most efficient through the reaction of amines and CO2 to 

form carbamate salts. The first reason for this is the temperature range needed – 
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adsorption must be around 40°C, a temperature that is too high for good uptake with 

most CO2 physisorbents. The second is the presence of water and possible presence of 

SO2 or other molecules that could quickly collapse chemically fragile MOFs. Water 

actually assists amine-CO2 capture, as it can act as a proton acceptor after amine attacks 

the CO2, eventually resulting in bicarbonate formation that requires only one amine per 

CO2 molecule captured instead of two. The most relevant parameters for amine-based 

CO2 sorbents are the density of accessible amine moieties, the cost, the cyclability, and 

the energy cost for regeneration. For these reasons, amine-loaded porous polymers are 

an avenue we have investigated at length. We found an alkylamine-polymer composite 

that has extremely high uptake, low cost, and most importantly, unprecedented cycling 

performance, due to its framework-incorporated amines allowing carbamate formation 

directly with the loaded alkylamines to tether them. 

Another avenue where liquid-solid composites were able to show interesting 

results was in the alkane loading of PCN-250. We found that when tiny, optimized 

amounts of heavier alkanes were loaded into MOF crystals such as UiO-66, PCN-250, 

and PCN-777, the volumetric uptake of methane significantly increased. Because the 

pore sizes of these MOFs are slightly too large for highly efficient methane packing, a 

certain amount of heavier liquid filling pore space can make multilayer adsorption more 

favored at accessible temperatures and pressures. It is possible that a methane and 

decane binary mixture has a high enough critical point to more easily undergo capillary 

condensation or other densification, as we saw the best methane uptake performance 
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increases in mesoporous PCN-777 and in PCN-250 that had been modified to become 

mesoporous. Another possible mechanism is “capping” of methane into the interior at 

higher partial pressures when heavy surface alkanes partially block the exits, a 

mechanism shown with other heavy alkanes in porous material composites. Larger 

amounts of heavy alkanes drastically lowered methane uptake to a level 

disproportionately lower than the amount of alkane added, indicating a possible surface 

covering or pore blocking mechanism. Further investigation will be necessary to 

differentiate between these possible explanations. 

  Future work will concentrate on exploiting the combination of absorbents and 

adsorbents in solid-liquid composite systems for applications such as acid gas 

separations, natural gas storage, and even yet underexplored applications like 

homogenous-heterogenous tandem catalysis. We have shown that partially loading 

porous materials with liquids, more efficient use of pore space can be achieved. For 

example, the methane uptake of MOFs normally less suitable for uptake can be 

improved by partial liquid filling of their pores.  By carefully controlling regeneration 

conditions, smaller molecules can be desorbed while the larger liquid molecules can be 

retained indefinitely, whether they are alkylamines, alkanes, or yet unforeseen parts of 

novel solid-liquid composites.    The development of novel advanced porous materials is 

currently very promising, whether they are modified pre-synthetically, post-synthetically 

in a stepwise fashion, or made into composites.
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