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ABSTRACT 

Chemical weapon attacks are a persistent and evolving global threat requiring novel 

mitigation and defense strategies. Porous Metal-Organic Frameworks (MOFs) are 

amenable for a wide-range of protective applications against hazardous chemical agents, 

including chemical warfare agents (CWAs), given their highly tunable chemical and 

structural architecture. The zirconium-based UiO MOFs, in particular, offer a high degree 

of chemical, structural and thermal stability making them ideal candidates for filtration and 

decontamination applications. In this dissertation, a combination of in situ Temperature-

Programmed Infrared (TP-IR) spectroscopy and Temperature-Programmed Desorption 

Mass Spectrometry (TPD-MS) are applied to understand the uptake, transport and 

desorption interactions of the nerve agent simulant, dimethyl methylphosphonate (DMMP) 

and complementary benign, potential alternative simulants, including acetone, isopropanol 

and n-heptane. The use of CWA simulants provides detailed information on the structure-

activity relationship of live CWA agents and MOFs, while minimizing the consequences 

of accidental exposure. To understand temperature-dependent MOF-analyte interactions, 

the intrinsic thermal response of UiO MOFs is investigated revealing negative thermal 

expansion using a combination of TP-IR, TPD-MS and synchrotron X-ray Diffraction for 

UiO-67 MOFs. Ultimately, this multi-technique approach enables a fundamental 

understanding of CWA simulant interactions with single component MOFs and informs 

the rational design of superior sorbent materials with diverse functionality capable of 

selectively capturing, transporting and degrading hazardous chemicals.
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CHAPTER 1: INTRODUCTION, MOTIVATION & BACKGROUND 

1.1. Thesis Statement 

The objective of this research is to develop a fundamental understanding of the uptake, 

transport and release mechanisms of select target analytes with isorecticular UiO-66 and 

UiO-67 Metal-Organic Frameworks (MOFs) under Ultra-High Vacuum (UHV) 

environments. This work is part of a larger collaborative project between the University of 

Pittsburgh and Temple University, which seeks to develop superior sorbent materials 

capable of capturing and degrading hazardous chemical agents, such as Chemical Warfare 

Agents (CWAs) and Toxic Industrial Chemicals (TICs). The ultimate goal is to design 

protective equipment for military, industrial and civilian personnel using multifunctional, 

porous-hybrid nanomaterials, which couple MOF scaffolds and non-noble metal plasmonic 

nanoparticles. My role in this project has been to characterize the fundamental interactions 

of the MOF scaffolds with select target analytes under ultra-high vacuum conditions in 

order to understand the adsorption, transport and desorption properties of MOF-analyte 

systems. 

 

 Introduction to Chemical Warfare Agents  

1.1.1 Organophosphate Nerve Agents 

Organophosphate nerve agents remain the most potent class of chemical warfare agents 

(CWAs) humans have ever discovered.1, 2  Following World War One, German scientists 

developing new organophosphate pesticides synthesized the first known G-series (G for 



 

 

2 

 

 

German) agents Tabun (GA) and Sarin (GB) in the late 1930s.1, 3  The acute toxicity of 

these compounds was recognized and led to their consideration for use as chemical 

weapons.4  This development quickly led to the continued development of other G-series 

agents, including Soman (GD) in 1944, (Figure 1.1).1, 3  A second class of nerve agents, 

namely V-series agents (V for Venomous), was developed in the UK following World War 

Two in the 1950s, (Figure 1.1).1, 3  Until recently, VX (i.e., Venomous Agent ‘X’) was 

considered the most dangerous CWA ever produced.5 In the early 1990s, the first reports 

of the fourth generation of organophosphate agents began to circulate, namely Novichok 

agents, which are believed to have been developed in the Soviet Union sometime between 

1970 – 1990 for the explicit use as chemical weapons.6-8 Today, the seven known Novichok 

compounds have been banned under the Chemical Weapons Convention of 1997.6-8  

Novichok compound, A-232 (or Novichok-5) is claimed to be 5 to 8 times more potent 

than VX and up to 10 times more potent than G-series agents (Figure 1.1).6-8   

 

Nerve agents function by inhibiting the biological action of the enzyme 

acetylcholinesterase (AChE), which is responsible for regulating the neurotransmitter 

acetylcholine (ChE), by structurally mimicking ChE and binding within the enzyme active 

site.1, 2 The result is the formation of strong, covalent bonds between the serine residuals 

of AChE, leading to the accumulation of ChE molecules in the neuromuscular junction.1, 2 

With prolonged exposure, the inhibition of AChE by nerve agents becomes irreversible 

and produces serious physiological effects, including increased secretions from exocrine 
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glands, involuntary contraction of muscles leading to paralysis, asphyxiation, and seizures 

caused by changes in the central nervous system.1, 2 

 

1.1.2 CWA Simulant Molecules 

Given the acute toxicity of nerve agents, experiments involving live CWAs are restricted 

to highly specialized government laboratories.3 As a result, many researchers utilize 

simulant molecules, which serve to mimic the relevant properties of the live agent with 

significantly reduced toxicity.3, 9 All organophosphate nerve agent simulants contain the 

central phosphoryl ester (P=O) but lack the key structural features which prevent the 

simulant from behaving like the true agent (i.e., binding and inhibition of AChE).9 A 

variety of simulants have been experimentally screened, each containing different 

functional groups found on the live agent (Figure 1.1).10 An advantage of simulant 

molecules is that researchers can vary the functionality to impart desired chemical (e.g., 

reactivity) or physical (e.g., solubility or vapor pressure) properties of the live agent.9, 10 

This enables researchers to independently investigate the impact of select functional groups 

on the interaction with a target material.  

 

CWA simulants contain functional groups with desired chemical and physical properties 

that mimic a live CWA.10 While research involving CWA simulant molecules is critical 

for interpreting the structure-activity relationship of the live agent, the complex nature of 

the simulant presents challenges in developing a fundamental understanding of the impact 
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of select functional groups. Therefore, it is also necessary to investigate the structure-

activity relationship of individual functional groups commonly found within CWAs. As I 

will describe in Chapter 4 and Chapter 6 of this dissertation, it is advantageous to utilize 

simple molecules (e.g., simple alcohols, ketones, and alkanes) as a first step towards 

understanding the reactivity of select functionality in both simulant molecules and of the 

live organophoshate nerve agent. Furthermore, the knowledge gained has significant 

impact on the future development of specialized MOF materials with high-sensitivity 

towards a wide-range of chemical functionalities 

 

Figure 1.1.Chemical structures of representative G-series, V-series and Novichok organophosphate 
nerve agents (top) and common nerve agent simulants (bottom) 
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1.1.3 Current CWA Defense Strategies  

Historically, filtration materials implemented in gas-masks have relied on pure activated 

carbon materials as the first layer of protection against CWA exposure.11, 12  The porous 

architecture increases the available surface area for gas-uptake via physisorption with the 

carbon surface, yet they lack reactivity and thus are unable to be regenerated once saturated 

without external chemical stimuli.12, 13  Advancements in filtration technology has led to 

the development of activated carbon materials with active species within the porous 

channels to enable reaction with volatile compounds.12, 14   The current U.S. military and 

industrial standard uses carbon infused with triethylenediamine (TEDA) and other metals, 

including zinc, copper, and molybdenum.12, 14 However, even with modification, activated 

carbon materials remain limited by implicit challenges including low reactivity, chemical 

saturation and the potential for re-emission of toxic vapors back into the environment.15  

As a result, there has been a push towards the development of superior sorbent materials 

for the simultaneous capture and detoxification of CWAs.  

 

 Zirconium Metal-Organic Frameworks 

1.2.1 Introduction 

Metal-organic frameworks (MOFs) are a relatively new class of crystalline materials which 

have gained increasing popularity given their high specific surface areas, permanent 

porosity, and readily tunable chemical and physical properties.16, 17 These hybrid inorganic-

organic structures offer several advantages over their traditional inorganic (e.g., zeolites) 
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or organic (e.g., porous carbons) counterparts, which are often limited by lack of chemical 

and structural tunability.15  In particular, MOFs’ amenability towards modular design 

enables a virtually endless number of possible structures, each yielding unique physical 

and chemical properties. Since the discovery of the first isorecticular MOF (IRMOF-1 also 

known as MOF-5) in 1999, over 90,000 unique MOF structures have been synthesized with 

an additional 500,000 structures predicted.18 

 

Zirconium-based MOFs, in particular, are often praised for their robust  chemical, thermal 

and mechanical stabilities compared to other classes of MOFs.17, 19, 20  Due to its versatility, 

and scope of available literature, we focus our attention on the UiO MOF series (namely, 

UiO-66 and UiO-67). Isoreticular UiO-66 and UiO-67 MOFs are constructed from 

hexanuclear zirconium metal-oxide clusters containing alternating µ3-oxo and µ3-hydroxyl 

species, i.e., [Zr6(µ3-O)4(µ3-OH)4], Figure 1.2. Subunits of the MOF, referred to as 

Secondary Building Units (SBU), are metal-carboxylate (M-O-C) structures which serve 

as large rigid vertices that are joined by the organic linkers and serve as the molecular 

repeat unit throughout the periodic structure (Figure 1.2).21, 22  In the defect-free material, 

each Zr6 cluster is fully coordinated with 12 linear carboxylate linkers giving rise to a 3-D 

periodic framework containing two distinct pore geometries, larger octahedral pores and 

smaller tetrahedral pores (Figure 1.2).17  We note that the structures of UiO-66 and UiO-

67 are nearly identical, differing only in the length of the dicarboxylate linkers which join 

adjacent SBUs together. The linkers in UiO-66 are 1,4-benzene dicarboxylic acid (BDC) 
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and 4,4’-biphenyl dicarboxylic acid (BPDC) for UiO-67.23  The pore environment of UiO-

66 is characterized by 6 Å tetrahedral and 10 Å octahedral channels that are connected by 

small pore apertures (~5 Å).24  The extended linker of UiO-67 increases the framework 

pore dimensions to 12 Å triangular and 16 Å octahedral channels connected by ~10 Å pore 

apertures (Figure 1.2).23, 25, 26  Ultimately, linker extension results in ca. 50% increase in 

pore volume for UiO-67 compared to UiO-66.17    

 

Figure 1.2.Components of UiO-66 and UiO-67 MOFs showing the hexanuclear zirconium metal-
oxide node joining together with organic linkers to form the 3D porous framework. For UiO-67, 
substituting the unfunctionalized linker with amine and methyl groups, respectively, forms the 
functional analogs, UiO-67-NH2 and UiO-67-CH3. This figure has been modified from Howarth et 
al.,17 with permission from Elsevier. 

 
It is important to mention that the bridging µ3-oxo and µ3-hydroxyl species on the SBU 

give rise to two (2) distinct tetrahedral pore environments, i.e., µ3-O containing and µ3-OH 

containing tetrahedral pores.27 Therefore, the UiO MOFs are comprised of three (3) unique 

pores: octahedral, tetrahedral µ3-O and tetrahedral µ3-OH. Majority of the chemistry that 

occurs within the UiO MOFs happens at the SBU, which can be accessed by all three (3) 
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pore environments, which are interconnected by the central octahedral pore. Previous 

theoretical studies, including those from our collaborators at the University of Pittsburgh, 

have determined that that larger molecules (e.g., CWAs and CWA simulants) will 

preferentially bind within the larger octahedral pores (see chapter 5), while smaller 

molecules preferentially bind within the smaller tetrahedral pores (see chapters 4 and 6).27-

29  However, in order for molecules to diffuse through the material, they must move from 

one pore environment to the other, e.g., to diffuse from one octahedral pore to another 

octahedral pore, molecules must first pass through a tetrahedral pore (Figure 1.3). The 

ability of the dicarboxylate linker to rotate and flex in response to external stimuli (e.g., 

temperature, see chapter 3), enables some intrinsic flexibility in the material to 

accommodate the passage of molecules between the different pore environments.24, 27    

 

Figure 1.3. Structure highlighting the connection between adjacent pores in UiO MOFs, and the 
arbitrary path of analyte diffusion, where a molecule diffusing from one octahedral pore to another 
octahedral pore more first pass through a tetrahedral pore. In this figure, the size of the pores is 
depicted as a sphere. This figure was modified with permission from Agrawal et al.,24 from the 
American Chemical Society Copyright 2019.  
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The stability of UiO MOFs is attributed to the high degree of linker connectivity and the 

higher oxidation state of the Zr(IV) metal center compared to other classes of MOFs.30  

Despite the longer linker of UiO-67, the network topology remains virtually unchanged 

between UiO-66 and UiO-67, making them suitable templates for the design of new 

materials.19, 31, 32 In fact, a variety of functional moieties have been introduced into the 

internal MOF framework through modification of the organic linker, making them 

amenable for a variety of specialized applications, including gas storage and separation,33-

35 sensing,34, 36 and catalysis.37, 38  

 

Considerable effort has been directed towards understanding the chemical stability of UiO 

MOFs.17, 30, 39-41  Resistance towards common solvents, including chloroform, pyridine, 

acetone and alcohols, to name a few, has been extensively studied.17, 42  However, we note 

that the extended ring structure of UiO-67 has been reported to reduce chemical stability 

following prolonged exposure to water (90% relative humidity) and strong acids (0.1 M 

HCl) compared to UiO-66.40  The larger pore channels and rotational effects of the biphenyl 

linker is reported to enable aggregation of water molecules near the SBU, which inevitably 

cleave the Zr-OC bonds via hydrolysis.40, 43 Additionally, it has been suggested by others 

that the hydrolytic stability of Zr-MOFs may be related to sample activation conditions 

(i.e., the removal of pore-confined guest molecules remaining post-synthesis), where direct 

activation from water can result in pore-channel collapse driven by capillary forces.42 With 

respect to prolonged exposure to HCl (0.1 M), the narrower pore channels of UiO-66 is 
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said to enable reversible protonation of the carboxylate moieties near the SBU.40  However, 

HCl (0.1 M) interaction with UiO-67 causes irreversible protonation of the carboxylate 

moieties likely originating from hydrolysis of the Zr-Cl bond from neighboring water 

molecules.40  Both UiO-66 and UiO-67 are unstable in NaOH (0.1 M), where it is suggested 

that the SBUs condense and aggregate into zirconium hydroxide polymorphs.40  

 

 Infrared Spectroscopy for MOF Characterization 

1.3.1 Introduction – Advantages & Limitations 

Infrared spectroscopy (IR) is a powerful technique that enables rapid and non-destructive 

evaluation of a material’s structural and functional properties. Because the vibrational 

frequencies are intrinsic to the components of the material, and their environment, many 

researchers have sought to use IR to interpret the unique properties that are encoded in a 

MOF’s vibrational fingerprint.44  However, the structural and chemical diversity of the 

framework components gives rise to a variety of IR-active modes that can complicate 

spectral interpretation. Significant effort has been dedicated to evaluating MOF spectral 

features and their interaction with guest molecules using ex situ and in situ based 

approaches. To this end, a comprehensive library of MOF infrared spectral data has been 

systematically compiled and critically analyzed by Hadjiivanov et al.44 
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1.3.2 Intrinsic Vibrational Signature & Stability 

Infrared is often utilized as a starting point for characterization MOF materials post-

synthesis to gain insight into sample quality and stability. The appearance (or absence), 

position and number of key vibrational features is an indicator of the functional groups 

present in the material and their coordination. For example, subtle changes in the MOF 

structure can be directly visualized upon activation by changes in the fundamental 

vibrational modes of the framework, e.g., the stretching mode of the bridging hydroxyl 

groups on the SBU, v(µ3-OH), near 3700 cm-1 for hydroxylated UiO MOFs.20, 23, 39 

Moreover, adsorption-induced changes in the framework’s local symmetry can be directly 

probed using in situ techniques, which is especially useful for understanding the 

interactions of MOFs with molecules that are not intrinsically IR active. For example, the 

symmetric N-N stretch of dinitrogen (N2) is not IR active; however, when N2 interacts with 

acidic sites (e.g., unsaturated metal sites in the SBU), a reduction in symmetry induces a 

change in dipole moment and thus induces an IR response.45  Moreover, N2 along with 

several other IR probe molecules have found increasing utility in quantifying the number 

of defective sites, or vacancies in the periodic crystal structure.44  For example, carbon 

monoxide is a well-known spectroscopic probe that binds tightly to Lewis acidic sites. In 

2019, Driscoll et al., identified two CO binding sites in the IR signature with UiO-66 

originating from interaction with undercoordinated Zr sites, notably with the µ3-OH 

groups, on the SBU.46   This result ultimately provided an alternative perspective for the 
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use of small molecules as spectroscopic probes to characterize the intrinsic functionality of 

MOFs.46   

 

1.3.3 Interactions with Guest Molecules  

A broad range of literature exists utilizing gas-phase IR techniques for the characterization 

of MOF host-guest interactions.44, 47  In situ IR techniques have been especially useful for 

understanding the interactions with CWA simulants and live CWA agents, providing direct 

insight into the chemistry occurring within the MOF internal pore environment.28, 48-50   For 

example, in situ FTIR probing the reactivity of nerve agent simulants on Zr-MOFs sharing 

the same SBU but varying pore sizes and connectivity, including UiO-66, UiO-66-NH2, 

UiO-67, MOF-808 and NU-1000, revealed that the reversibility of DMMP and DMCP (see 

Figure 1.1) interactions likely depend on the ability of the molecule to access reactive Zr-

sites within the internal pores.48  Wang et al., concluded that simulant interaction yielded 

irreversibly bound species to undercoordinated Zr-sites for all MOFs in the study.48  

However, the smaller pore aperture of UiO-66 and UiO-66-NH2 limited simulant access 

into the internal pores where majority of the reactive Zr sites are located, yielding a larger 

contribution from reversible physisorption on the MOF external surface.48  Complementary 

computational studies elucidated the reaction mechanism, which proceeds via hydrolysis 

of the CWA simulant resulting in bidentate binding of the decomposition product at 

neighboring Zr-sites on the SBU (Figure 1.4).51  Moreover, in 2019 Harvey et al., identified 

that the interactions of Sarin (GB) on UiO-66 proceeds through a similar reaction pathway, 
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and determined that the binding orientation of the live CWA at the missing linker defect 

site influences the reaction pathway and the orientation most favorable for degradation 

occurs when coordinated by the phosphoryl oxygen and the OCH3.52  Ultimately, in situ 

IR based approaches provide the opportunity to monitor complex interactions in real time 

and enable a fundamental understanding of the mechanisms which drive uptake, transport 

and reactivity with MOF materials.  

Figure 1.4. Proposed mechanism of DMMP decomposition when bound to an open Zr-atom at a 
missing linker defect site in UiO MOFs. Figure taken from Plonka et al.,51 with permission from 
the American Chemical Society, Copyright 2017 

 

 Adsorption & Desorption at Solid Surfaces 

1.4.1 Physisorption and Chemisorption 

The attractive interaction between a surface and an approaching molecule can be described 

by two types of interactions: physisorption and chemisorption. Physisorption (i.e., physical 

adsorption) occurs when the gas-surface interaction is dominated by intermolecular forces 

(e.g., dispersion forces or hydrogen bonding), resulting in weak and reversible gas-surface 

interactions. In contrast, chemisorption (i.e., chemical adsorption) on a surface involves 

the exchange of electron density between the approaching molecule and the surface, 

resulting in strong (and often irreversible) adsorbate binding. Adsorption on solid surfaces 

can be described by a simplified potential energy diagram that highlights the change in 
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potential energy, U(R), as a function of the molecule-surface distance R (Figure 1.5). Here, 

we describe the potential energy diagram using the most straightforward interpretation: 

molecular adsorption, or non-dissociative surface adsorption. In the case of molecular 

physisorption, there is typically no barrier preventing the approaching molecule from 

entering the physisorbed well as the only attractive forces arises from weak intermolecular 

interactions that gives rise to a shallow energy minimum observed at relatively large 

distances from the surface (blue curve, Figure 1.5). In the case of chemisorption, a deeper 

energy minimum is observed at shorter separation resulting from the strong attractive 

forces which drive the formation of a chemical bond. In both cases, the depth of the 

potential energy well is a direct representation of the activation energy for adsorption.  

Figure 1.5. Potential energy diagram for molecular physisorption and molecular chemisorption at 
solid surfaces.  
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1.4.2 Adsorption & Desorption Kinetics  

The Langmuir adsorption model presents a simple foundation for which the adsorption 

process for gases on solid surfaces can be quantitatively understood. The basic assumptions 

of the Langmuir model are:  

(1) adsorption sites are energetically degenerate; all molecules bind to identical sites  

(2) the probability of adsorption depends on the number of surface adsorption sites  

(3) adsorption cannot proceed beyond monolayer coverage; no multilayer formation  

(4) no interaction between neighboring adsorbate molecules. 

 

According to the Langmuir model, the rate of adsorption (ra) is proportional to the change 

in surface coverage (θ) of vacant adsorption sites and the partial pressure (p) of the 

adsorbing species (1-1):   

where N is the total number of surface adsorption sites and ka is the adsorption rate 

constant. The principle of microscopic reversibility requires that at equilibrium, the 

forward and reverse reactions must follow identical pathways.53  Therefore, the rate of 

desorption (rd) is then proportional to the change in surface coverage (θ) of desorbing 

species (1-2):  

 𝑟# =
𝑑𝜃
𝑑𝑡 = 𝑘#𝑝(1 − 𝜃) (1-1) 

 
𝑟. = −

𝑑𝜃
𝑑𝑡 = 𝑘.𝜃 (1-2) 
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where kd is the desorption rate constant.53  In general, the rate of desorption is described by 

an nth order rate law, known colloquially as the Polanyi-Wigner equation54 (1-3):  

where vn is the pre-exponential factor, ∆Edes is the desorption energy, R is the universal gas 

constant and T is temperature.53  

 

1.4.3 Temperature Programmed Desorption 

Temperature programmed desorption is a valuable technique that enables a quantitative 

evaluation of the kinetic parameters associated with the adsorption on and desorption from 

surfaces  (i.e., activation energy, reaction order and pre-exponential factor). In a typical 

experiment, the analyte of interest is dosed onto a clean surface by backfilling the UHV 

chamber at a suitable constant pressure, measured in Langmuir (L), where 1 L is equivalent 

to 1.0 · 10-6 Torr for an exposure time of 1 second. Then the sample temperature is 

increased at a linear rate, and desorbing species are analyzed by a quadruple mass 

spectrometer (QMS), where the rate of desorption is proportional to the QMS signal. 

Ultimately, TPD provides a simple method to monitor the thermal evolution of gases 

species and to extract meaningful kinetic and thermodynamic properties of complex 

molecular systems. The reader is directed to Section 2.5.3 for a detailed description of the 

kinetic treatment of the TPD data analyzed in this dissertation.  

 

 𝑟. = −
𝑑𝜃
𝑑𝑡 = 𝑣0 ∙ 𝜃0 ∙ 2𝑒

4∆6!"#
789 : (1-3) 
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 In Situ Thermal Analysis: A Complementary Approach 

A portion of this section was prepared and recognized for the 2021 North American 

Thermal Analysis Society, Best Student Paper Award.55   

 

The utility of UiO-67 materials for practical applications requires a comprehensive 

understanding of the material’s intrinsic and extrinsic thermal behavior and its impact on 

chemical and structural functionality. In this regard, we define intrinsic thermal behavior 

in the context of the material’s physical response (reversible or irreversible) to temperature 

changes and extrinsic thermal behavior is differentiated as being the response of the host 

material in the presence of guest species. While traditional analytical methods provide 

valuable, quantitative insight into MOF thermal processes and stabilities, the information 

extracted is often at the expense of sample integrity. To address this limitation, we highlight 

commonly implemented thermal analysis methods for characterizing MOFs and provide 

insight into how temperature-programmed in situ thermal analysis methods can be 

implemented as complementary to conventional thermal analysis methods.  

 

1.5.1 Conventional Thermal Analysis Methods  

Of the many thermal analysis techniques, thermogravimetric analysis (TGA) is  among the 

most routinely employed laboratory method to assess the thermal stability of as-

synthesized MOF materials.19, 23, 39, 56, 57  While subjecting the sample to a programmed 

heating cycle under controlled environments, changes in sample weight are monitored as a 
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function of temperature or time. In MOF materials, weight loss usually occurs in several 

distinct steps.19, 23, 39, 56, 57  However, given the structural complexity of these materials, the 

exact determination of the microscopic origin of the weight loss events can be challenging 

because their number and size are dependent on sample preparation and activation 

procedures, which can differ between authors.19   

 

TGA can be coupled with complementary ex-situ techniques, e.g., Gas Chromatography 

/Mass Spectrometry (TG-GC/MS), Mass Spectrometry (TG-MS) or Fourier Transform 

Infrared (TG-FTIR), to analyze the gaseous decomposition products at specific weight-loss 

steps. However, an implicit limitation of TGA and ex-situ TG-based approaches is that 

these techniques require weight loss for signal detection and are thus unable to provide 

information regarding thermal processes occurring without weight loss.19  Additionally, 

important and quantitative information can be extracted from the TGA curve, including an 

evaluation of the material’s defect concentration. In fact, several straightforward methods 

have been reported to calculate defect concentration by comparing experimental weight 

loss percentages to theoretical values using the stoichiometry of the MOF decomposition 

reaction.56, 58, 59  However, such methods are based on the assumption that the nature of 

these structural defects are strictly missing linkers, and excludes the possibility of missing 

node defects, thus skewing the precise quantification of defect identity and 

concentration.60-62  Ultimately, extending TG-based thermal analysis methods with 
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complementary in situ characterization tools can provide a more comprehensive 

assessment of MOF thermal processes.  

 

1.5.2 Expanding Thermal Characterization Beyond Weight-Loss 

When implemented alongside traditional thermal analysis methods, in situ IR techniques 

have the capacity to provide complementary insight into complex MOF thermal processes. 

For example, Shearer and coworkers coupled TG-DSC (Differential Scanning 

Calorimetry) with in situ Diffuse Reflectance Infrared Spectroscopy (DRIFTS) to correlate 

changes in the hydroxylation state of UiO-67 and determine the material’s decomposition 

pathway (Figure 1.4).63  The initial weight loss step in the TGA curve, between 50 – 100˚C, 

originates from the evacuation of residual, pore-confined guest molecules (e.g., solvents, 

modulators or unreacted linkers).39, 63  What was not widely recognized at the time is that 

this desolvation led to the emergence of the sharp IR signal of the free bridging hydroxyls 

(µ3-OH) coordinated to the zirconium node that were initially perturbed by the guest 

molecules. This is reflected in the DRIFTS spectra where an increase in intensity of the µ3-

OH stretch is observed between spectrum 1 (50˚C) and spectrum 2 (100˚C). Moreover, at 

the onset of the plateau region (~200˚C), the theoretical composition is reported to be that 

of the fully dehydroxylated material (i.e., Zr6O6).39  However, it is clear from the IR 

spectrum recorded at 250˚C (spectrum 3) that the µ3-OH band continues to increase and 

that complete dehydroxylation doesn’t occur until the sample temperature exceeds 330˚C 

(spectrum 4). As a result, the authors conclude that at the plateau onset (~200 ˚C) the 
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material continues to desolvate and only begins to transition to a dehydroxylated structure 

at 250˚C. This was further supported by a “shallow endothermic heat signal” in the DSC 

curve between 200 – 300˚C.63   

Figure 1.6. Complementary infrared and TG-DSC analyses highlighting thermal transformations 
of the bridging µ3-OH groups on the zirconium node (left) and the correlation with specified points 
along the TG-DSC curve at (1) 25˚C, (2) 100˚C, (3) 250˚C and (4) 330˚C. Figure taken from 
Shearer et al.,63 with permission from Springer Nature.  

While traditional analytical methods provide valuable, quantitative insight into MOF 

thermal processes and stabilities, the information extracted is often at the expense of 

sample integrity. The thermal analysis methods commonly reported for MOF materials, 

including thermogravimetric and coupled TG-based techniques are intrinsically dependent 

on the materials weight loss. Given the material’s structural complexity and varying 

preparation methods, in situ thermal analysis methods provide complementary information 

about the material’s thermal stability and its impact on temperature-dependent 

applications. 
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 Thesis Outline 

The remainder of this dissertation will be presented as follows:  

• Chapter 2 presents the fundamentals of working under controlled vacuum 

environments, instrument design, experimental procedures and description of data 

analysis methods. 

• Chapter 3 provides insight into the intrinsic thermal response of functionalized UiO-67 

MOFs as evaluated by temperature programmed infrared, mass spectrometric and 

synchrotron power x-ray diffraction.  

• Chapter 4 elucidates the complex chemical behavior of UiO-66, UiO-67 and 

functionalized UiO-67 analogs in response to interaction with simple polar and non-

polar molecules and amplifies the importance of the findings presented in Chapter 2 on 

the interpretation of MOF interactions with guest molecules.  

• Chapter 5 investigates the interactions of the CWA simulant, dimethyl 

methylphosphonate (DMMP) with UiO-67 and functionalized analogs using a 

combination of in situ infrared and temperature-programmed desorption mass 

spectrometry (TPD-MS) 

• Chapter 6 highlights our recent research efforts probing the isothermal diffusion of 

simple polar molecules in UiO-66 and UiO-67 using in situ FTIR, and provides 

recommendations for the future development of this project 

• Chapter 7 provides a summary of the results presented in this dissertation and offers an 

outlook on future work.  



CHAPTER 2: FUNDAMENTALS, INSTRUMENTATION & 

EXPERIMENTAL PROCEDURES 

 

This chapter provides a description of the Ultra-High Vacuum (UHV) instrumentation, 

experimental procedures and the data analysis methods used in this dissertation. Some parts 

of this chapter have been submitted for publication.20, 27, 28 

The UHV chambers presented in this dissertation were designed and constructed by former 

graduate students of Professor Borguet – Dr. SeokJoon Kwon (Ph.D., 2002)64 and Dr. Xue 

Feng (Ph.D., 2005)65 – for surface analysis of single-walled carbon nanotubes and highly 

oriented pyrolytic graphite (HOPG). A portion of this chapter will re-present the key 

components of the UHV instruments that is most relevant to the work and will address any 

modifications in instrumentation and experimental methods.  

2.1. Working under Ultra-High Vacuum Conditions: A Model Environment 

The experimental work presented in this dissertation is carried out under High or Ultra-

High Vacuum (UHV) environments, which encompasses the pressure range below 1.0 · 

10-7 Torr. Working under UHV conditions offers inherent advantages over atmospheric 

conditions, including: 

(1) isolation of interference from  atmospheric contaminants (e.g., CO2 or water vapor)  

(2) direct identification of surface binding, transport and desorption modes 

(3) identification of decomposition products and/or intermediate species  

Ultimately, the UHV studies presented provide a foundational understanding of the 

intrinsic thermal response of UiO-6x materials (i.e., UiO-66, UiO-67, UiO-67-CH3 and 
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UiO-67-NH2) and the thermal response of the host material in the presence of guest species. 

The outcome of this work provides complementary and critical insight into the thermal 

stability of UiO-6x MOFs and its impact on temperature-dependent applications. 

 

2.2. Ultrahigh Vacuum System Design & Automation  

All experiments reported in this dissertation are performed under Ultra-High Vacuum 

conditions using custom-built stainless steel UHV instruments.64-66  Chamber base 

pressures of less than 1.0 · 10-8 Torr are achieved using a turbomolecular pump (Leybold, 

Turbovac151) baked by a dual stage, rotary vane mechanical pump (Leybold, Trivac D16-

B) after 18-24 hours of chamber backout (described in section 2.3.2) and degassing of the 

instrumentation inside the UHV chamber. Chamber pressures are measured using a 

Bayard-Alpert, Nude UHV ionization gauge (Duniway Stockroom, I-Nude-F) via a 

vacuum gauge controller (Granville-Phillips 307).  

 

2.2.1 UHV Instrumentation  

The UHV sample manipulator is modified from a ceramic, power K-type thermocouple 

feedthrough (CeramTec, 8878-001-CF). The thermocouple feedthrough described in this 

dissertation is modified to support the sample holder (Figure 2.1), and functions by 

transferring electrical currents or signals across the vacuum interface (air-side to vacuum 

side, and vice-versa) to facilitate communication with instrumentation within the chamber. 

A schematic representation of the thermocouple feedthrough and the sample holder is 
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depicted in Figure 2.1. Using this set-up, samples are mounted onto a tungsten (W) mesh 

woven from 0.0254 mm (0.001”) diameter wire (AlfaAesar) braced by nickel supports 

which are fixed to two copper wires on the thermocouple feedthrough. A home-made fast-

response K-type thermocouple (Omega, 0.002” diameter) is directly spot-welded onto the 

W-mesh adjacent to the sample to monitor sample temperature. This design allows for 

rapid sample cooling to cryogenic temperatures (~100 K) and for resistive heating up to 

1400 K using direct current from a power supply (Electronic Measurements Inc., SCR 10-

80).  

 

Figure 2.1. Depiction of the (a) UHV feedthrough highlighting the air-vacuum interface, the 
thermocouple leads for temperature sensing and copper wires for resistive heating and cooling, and 
(b) design of the UHV sample holder with attachment to the UHV feedthrough. The sample holder 
depicted in (b) shows sample positioning for infrared experiments to allow for an area of clean, 
bare mesh used as the infrared reference. The schematic of the thermocouple feedthrough shown 
in (a) has been annotated from CeramTec North America, LLC - Copyright 2021 ©.67   
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2.2.2 UHV Feedthrough and Sample Manipulator 

A schematic of the Infrared UHV chamber is depicted in Figure 2.2. A detailed description 

of the chamber instrumentation was provided previously (section 2.2.1). The sample 

manipulator (modified UHV feedthrough + sample holder) of the infrared cell is connected 

to a rotation stage, allowing for 360˚ rotation around the z-axis (MDC, RMTG-275) and a 

Z-translation stage with 1-inch vertical displacements (MDC). The infrared chamber is 

inserted into the sample compartment of the FTIR spectrometer (Bruker, Tensor 27), and 

aluminum sleeves which extend from the KBr windows of the UHV chamber to the 

spectrometer optical opening are sealed to the wall of the spectrometer.68 This set-up allows 

for a continuous purge of dry nitrogen which minimizes any interference from background 

gases (i.e., water vapor or CO2) from the IR beam path.  

 

2.2.3 Temperature-Programmed Desorption Chamber 

A schematic of the UHV cell used for temperature programmed desorption (TPD) 

experiments is depicted in Figure 2.2. A detailed description of the chamber 

instrumentation was provided previously (section 2.2.1). The TPD chamber is equipped 

with a residual gas analyzer (RGA), quadrupole mass spectrometer (QMS, AccuQuad300, 

Stanford Research Systems). The nose cone of the QMS arm (Figure 2.2) is manually 

positioned via a moveable vice within a few millimeters of the sample, which enables the 

collection of molecules from the sample alone by minimizing uptake of background 
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residual species inside the chamber. This configuration allows for accurate determination 

of gaseous partial pressures from desorbing molecules.  

Figure 2.2. Schematic representation of (a) infrared chamber and (b) TPD UHV chambers.  

 

2.2.4 LabVIEW Optimization for Analog-to-Digital Signal Conversion 

All temperature-programmed experiments presented in this work use a custom program 

written in LabVIEW 11.0 by Avery Green (Ph.D., 2017) from the research group of 

Professor Carl Ventrice at the SUNY Polytechnic Institute to control the heating process 

and to monitor temperature and pressure. Modifications to the base program were made to 

address compatibility issues with a newer version of LabVIEW (14.0) and to optimize the 

analog-to-digital signal conversion. In the program, LabVIEW monitors the sample 

temperature by converting the voltage signal output by the thermocouple into temperature 

units. Since the voltage output by the thermocouple is small (on the order of milivolts), the 
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TC voltage signal is passed through a custom-designed voltage amplifier, multiplying the 

signal by a factor of 100 to be read by LabVIEW. As temperature is read by LabVIEW an 

outgoing signal is sent to the power supply based on the temperature trend to complete the 

feedback loop. This process relies on a PID error minimization, which was optimized to 

maintain a constant, linear heating rate.  

 

For data collection from the RGA mass spectrometer, commercial drivers available from 

the Sandford Research Systems RGA LabVIEW Development Kit69 were modified to 

enable serial communication to read and record full mass spectra. In LabVIEW, the user 

has full control over operational parameters, including the noise floor, mass, and electron 

multiplier state.  

 

2.3. MOF Sample Preparation for UHV Experiments 

2.3.1 Sample casting to sample manipulator 

All MOF samples reported in this dissertation were synthesized and characterized by Tian 

Yi Luo, Ph.D. (2016 – 2018), Mattheus de Souza, M.S. (2018 – 2021) and Prasenjit Das, 

Ph.D. (2020 – 2021) from Professor Nathaniel Rosi’s research group at the University of 

Pittsburgh. I direct the reader to our joint publications for detailed synthetic protocols and 

characterization results.20, 27, 28   

Prior to casting the MOF sample, the tungsten mesh with the attached thermocouple is 

sonicated in acetone (20 mins) to remove any contaminants (e.g., dust or grease) that may 
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have accumulated onto the surface during preparation. To cast samples onto the tungsten 

mesh, MOF samples suspended in dimethylformamide (DMF) are centrifuged at 14,000 

rpm for five minutes. After centrifugation, excess DMF is removed and the resulting wet 

MOF pellet (~2 mg) is uniformly pasted as a pinhole free disk (6 – 8 mm in diameter, 25 – 

50 µm thick) onto the clean tungsten mesh (AlfaAesar) secured on the sample manipulator 

(see Figure 2.1). The sample is allowed to partially dry in air (75%) prior to introduction 

to the UHV chamber.  

 

2.3.2 Degassing and Sample Activation 

Each time a MOF sample is changed, the UHV chamber is brought to ambient pressure 

(760 Torr) and the sample manipulator is removed so that the fresh sample can be installed. 

The process of bringing the system to ambient pressure allows atmospheric contaminants 

(i.e., water vapor and CO2) to enter and stick to the internal walls of the UHV chamber as 

well as the sample manipulator. As a consequence, once the new sample is installed and 

the chamber is evacuated, the UHV chamber undergoes a bakeout cycle to accelerate 

degassing of contaminants inside the chamber. The typical bakeout cycle lasts 18-24 hours 

at 100 ˚C (373 K). 

 

The UHV chambers can be independently baked out by enclosing the chamber in an 

insulated box equipped with electrically isolated heating elements which are controlled 

using variable voltage transformers (Variac). The external and internal chamber 
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temperature is monitored using thermocouples and the voltage is adjusted until a 

temperature of ~100 ˚C (373 K) is achieved. Caution! Any components or electronics that 

are temperature-sensitive must be removed from the bakeout area prior to heating. This 

includes, but is not limited to the RGA controller, data acquisition devices, thermocouple 

pressure gauges and ion-gauge wires. 

 

Prior to UHV experiments, the MOF samples undergo a second thermal activation step to 

remove any physiosorbed solvent (e.g., DMF) from the internal framework that was unable 

to be removed during the chamber bakeout. For the purposes of this dissertation, we include 

the initial chamber baking at (373 K, 18-24 h) as the first thermal step of the activation 

cycle. Typically, UiO-67 samples were activated for one hour at 473 K (unless explicatly 

stated) and UiO-66 samples were activated at 423 K for 15 mins (Figure 2.3). The lower 

activation temperature for UiO-66 was guided by previous literature which state that the 

narrower pore channels of UiO-66 make it challenging to remove all residual solvent from 

the internal framework without irreversibly changing the structure.63  As a result, we 

monitor the UiO-66 samples during the activation hold at 423 K until no further changes 

in the IR signature are observed (Figure 2.3).  

 

2.3.3 Sample Cleaning  Procedure 

The process of activation, as described in the Section 2.2.2, removes all physiosorbed 

solvent and water resulting in an evacuated internal pore environment. As a result, the 
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sample does not require any additional prolonged thermal treatment. However, the 

experiments performed in this work require that the sample temperature is cooled to 

cryogenic temperatures, which can cause residual molecules inside the chamber (e.g., water 

or residual gas molecules) to condense on the sample. Prior to analyte exposure, samples 

undergo a flash heat cycle to clean the MOF surface. This is accomplished by heating the 

MOF from 100 K to the sample activation temperature (i.e., 423 K or 473 K as described 

in section 2.3.2) at a constant, linear rate (β, typically 1.0 – 2.0 K/s). Once the activation 

temperature is reached, the sample temperature is immediately cooled back to 100 K and 

the cleaning procedure is complete. 

Figure 2.3. Representative thermal activation cycle for UiO-66 showing IR spectra before chamber 
bakeout (red, P < 1.0 · 10-6 Torr) and after thermal activation (blue, P < 1.0 · 10-8 Torr).  
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2.3.4 Gas Dosing & Analyte Purification 

Liquid analytes described in this dissertation include acetone (99.5%, ACS Grade, Thermo 

Fisher Scientific), isopropanol (99.5%, ACS Grade, Thermo Fisher Scientific), n-heptane 

(99%, Alfa Aesar), and dimethyl methylphosphonate, DMMP (97%, Sigma Aldrich). A 

summary of analyte physical properties is provided in Appendix A.  

Figure 2.4. n-Heptane purification before (red) and after (blue) three consecutive freeze-pump-thaw 
cycles highlighting the removal of gaseous atmospheric impurities. 

 
Liquid analytes are pipetted into custom made, glass vacuum-flasks and secured to an 

online dosing manifold attached directly to the leak value. Gaseous impurities are removed 

from the liquid analytes via consecutive freeze-pump-thaw cycles. A cooling bath prepared 

using a liquid mixture of ethanol and liquid nitrogen (-116 ˚C) is placed over the vacuum-

flask and to freeze the analyte. Once frozen, gaseous impurities (i.e., N2, O2 and CO2) are 

evacuated from the dosing manifold via the mechanical pump. The cooling bath is then 
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removed, and the analyte is allowed to thaw to room temperature. This freeze-pump-thaw 

cycle is repeated until all of the gaseous impurities are removed from the vacuum-flask. 

Analyte purity is confirmed using the Residual Gas Analyzer (RGA300, AccuQuad) 

installed in the UHV chamber. A representative example for a freeze-pump-thaw cycle for 

heptane is given in Figure 2.4. 

 
2.4. In Situ Infrared Spectroscopy 

2.4.1 Analyte Sorption Experiments 

In situ IR is used to monitor changes in the MOF samples induced by the target analyte by 

collecting spectra in real time using an FTIR spectrometer (Tensor 27, Bruker) via OPUS 

7.5 software (Bruker). Spectra are recorded in transmission mode between 400-4000 cm-1 

using a room temperature DLaTGS detector with 4 cm-1 resolution and an average of 16 

scans (6 mm aperture and 10 kHz scan velocity). Before each experiment, a 64-scan 

background spectrum is collected using the bare W-mesh as the sample reference (see 

Figure 2.1)  

 

In a typical analyte sorption experiment, the MOF sample is first cooled down to 100 K 

using liquid nitrogen. Once cold, a sample will undergo two flash-heat (cleaning) cycles 

by ramping the temperature from 100 K to the activation temperature (i.e., 423 K or 473 K 

as described in section 2.3.2) at 1.0 or 2.0 K/s while IR spectra are collected continuously. 

The second flash heat is used as a reference data set for the intrinsic thermal effects. Target 

analytes are dosed onto a clean and activated MOF sample by backfilling the UHV 
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chamber using a leak valve (see section 2.3.5). Desired analyte exposures are achieved by 

dosing at a suitable constant pressure (typically 1.0 · 10-5 Torr) for the time required to 

achieve the desired exposure, measured in Langmuir, L, where 1 L = exposure of 10-6 Torr 

for 1 s. Infrared spectra are collected continuously during the adsorption process. 

Following analyte exposure, the total pressure inside the UHV chamber is allowed to 

recover to less than 1.0 · 10-8 Torr in order to evacuate residual, un-bound analyte remaining 

in the chamber. The sample temperature is then ramped at a linear rate (β) at 1.0 or 2.0 K/s 

using direct current from a power supply (Electronic Measurements Inc., SCR 10-80). IR 

spectra are collected continuously during the heating process. Once the set-point 

temperature is reached, samples are immediately cooled back to 100 K and an IR spectra 

is collected. By comparing the IR spectra before analyte exposure with the spectrum after 

heating, we can quickly determine if the target analyte has fully desorbed from the surface. 

A representative TP-IR analyte sorption experimental cycle is presented in Figure 2.5.  

Figure 2.5. TP-IR analyte sorption experimental cycle (left) for a representative analyte, dimethyl 
methylphosphonate (DMMP) highlighting (right) the adsorption of ~9000 L DMMP at 100 K and 
subsequent removal during heating to the activation temperature (473 K) at 2.0 K/s. 
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2.1.1 Isothermal Diffusion Experiments 

In situ FTIR spectroscopy is used to monitor analyte transport as molecules diffusion from 

the external MOF surface into the interior MOF pore environment.1 A representative 

experimental cycle is provided in Figure 2.6. Following analyte adsorption on a cold MOF 

surface (100 K), the sample is heated and held at a fixed temperature (isothermal hold) 

while diffusion is tracked via the appearance and subsequent disappearance of spectral 

features. Following the isothermal hold, analyte removal is facilitated by heating the MOF 

to its activation temperature. Successful analyte evacuation is confirmed by comparing the 

clean MOF IR signature before analyte adsorption and after thermal treatment.  

Figure 2.6. TP-IR isothermal diffusion experimental cycle (left) for a representative analyte, 
isopropanol on UiO-67 highlighting (right) the adsorption of ~1000 L isopropanol at 100 K (step 
1, red), transport of isopropanol during the isothermal holding period (step 2, purple – step 3, light 
blue) and condensation of isopropanol within the MOF pores after the isothermal hold at 100 K 
(step 4, black) 
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2.1 Temperature Programmed Desorption – Mass Spectrometry (TPD-MS) 

 TPD-MS Experimental Cycle 

Temperature Programmed Desorption-Mass Spectrometry (TPD-MS) provides 

information on thermal stability and processes occurring in situ, as samples heated at a 

constant, linear rate (β). As samples are heated under vacuum, desorption will occur when 

molecules gain enough energy to overcome the activation barrier and are removed from 

the MOF as gaseous products, which are then analyzed by a quadruple mass spectrometer. 

Target analytes are dosed onto a clean and activated MOF sample following an identical 

procedure as outlined for the infrared sorption experiments described in Section 2.4.3. The 

total amount of analyte introduced into the chamber is calculated from the area under the 

dosing curve (Figure 2.7, left). Following analyte exposure, and subsequent adsorption, the 

total pressure inside the UHV chamber is allowed to recover to less than 1 · 10-8 Torr in 

order to evacuate residual, un-bound analyte remaining in the chamber. As described in 

Section 2.2.4, the nose-cone of the RGA is positioned within a few millimeters of the 

sample surface to limit interference from background gaseous species. Samples are then 

heated at a linear rate (β, typically 2.0 K/s) and desorbing species are detected by the RGA. 

A plot of MS signal intensity (a.u.) for select mass fragments as a function of temperature 

(K) yields the thermal desorption profile (Figure 2.7, right).  
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Figure 2.7. TPD-MS experimental cycle (center) for a representative analyte, acetone (m/z = 43) 
highlighting (left) the total amount analyte introduced into the UHV chamber via acetone partial 
pressure (Torr) vs. exposure time (s) and (right) the thermal desorption profile generated as samples 
are heated at a linear rate (β). 

 

 Quantitative Analysis of the Thermal Desorption Profile 

Quantitative information about analyte binding strength at specific surface-adsorption sites 

can be extracted from the TPD-MS profile using the desorption rate equation modelled by 

Polanyi and Wigner,54 (2-1):  

where q is adsorbate coverage, ν(q) is the pre-exponential factor, n is the desorption order, 

Edes(q) is the desorption energy, R is the ideal gas constant, and Tm is temperature where 

the desorption rate is measured. 

 

Desorption energies can be extracted using a variety of methods, which are divided into 

two main categories: integral methods and differential methods. Integral methods relate 

dominant TPD peak characteristics (e.g., peak desorption temperatures or peak half-
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widths) to kinetic parameters. Perhaps the most well-known integral method is the Redhead 

approximation. Substituting .G
.H

 with  .G	.H
.H	.8

 and rearrangement of the Polanyi-Wigner 

Equation (2-1) for a first-order process (n = 1) using coverage-independent values for the 

pre-exponential factor (v) and desorption energy (Edes) yields, (2-2):  

here, 𝛽 (.8
.H
)	is the experimental heating rate (K / s), which is now directly proportional to 

the temperature of maximum desorption (Tm). The Redhead approximation typically 

assumes that the pre-exponential factor is set to 1013 s-1 and estimates 𝑙𝑛	 ∆6!"#
78$%&

 to be 3.64.70 

In this dissertation, all experimental desorption energies are quantified using the Redhead 

model.  
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CHAPTER 3: INTERPLAY BETWEEN INTRINSIC THERMAL 

STABILITY AND EXPANSION PROPERTIES OF FUNCTIONALIZED 

METAL-ORGANIC FRAMEWORKS 

 

3.1. Abstract 

Abstract The efficient design and use of UiO MOF materials require a fundamental 

understanding of their thermal stability and its impact on chemical and structural 

functionality. This chapter provides a detailed characterization of the intrinsic thermal 

behavior of the UiO-67 and functional analogues, UiO-67-NH2 and UiO-67-CH3.  Using 

in situ temperature-programmed X-ray diffraction, we find that distortion of the 

carboxylate group on the organic linker leads to negative thermal expansion (NTE) of the 

UiO-67 MOFs during heating. This NTE behavior is correlated with rich and reversible 

thermal changes observed in the MOF infrared spectral signature as samples are heated to 

the sample activation temperature (473 K). We find that in the absence of oxygen, activated 

UiO-67 samples show higher thermal stability compared to ambient or inert environments, 

with temperature-programmed desorption revealing an overall stability trend: UiO-67 > 

UiO-67-CH3 > UiO-67-NH2. Two stages of change are observed during thermal treatment 

above 473 K, which are directly related to deformation of the inorganic node and the 

isotropic NTE behavior of these materials. Ultimately, these results provide a real-time 

interpretation of the fundamental thermoresponsive behavior of UiO-67 MOFs and offer a 

foundation for accurate interpretation of MOF interactions with guest molecules and their 
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temperature dependence. The temperature-programmed synchrotron powder X-ray 

diffraction experiments were performed at Beamline 17-BM at the Advanced Photon 

Source at Argonne National Laboratory in collaboration with Beamline Scientist, Dr. 

Wenqian Xu. This study was published in Chemistry of Materials.20   

 

3.2. Introduction  

Metal-Organic Frameworks (MOFs) constitute a broad class of porous, crystalline 

materials which have demonstrated promise in a wide variety of applications, including 

gas storage and separation,33, 35 sensing34, 36 and catalysis.38 These materials are hybrid 

inorganic-organic structures that can be synthesized from a multitude of metals or metal-

oxides and organic building blocks, resulting in a virtually infinite number of possible 

structures.30, 71, 72 Unlike other porous materials, like porous carbons or zeolites, MOFs’ 

amenability towards modular design allows for direct control over chemical and physical 

properties, and thus offers a high degree of tunability to achieve desired attributes.16, 30, 71, 

73 However, MOF functional properties are heavily influenced by their thermal stability.19, 

72, 74 In this regard, thermal stability is defined as the ability of the material to resist changes 

in structural, chemical and functional properties in response to temperature changes.75  

Despite many practical applications requiring some a priori knowledge of MOFs thermal 

stability, there is a lack of experimental insight into the intrinsic thermal properties of these 

materials other than the thermal decomposition processes, which warrants the need for a 
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thorough evaluation of the influence of temperature on MOF structural and functional 

properties.  

 

In this work we focus on zirconium-based MOFs, as this class of materials are often 

acclaimed for their exceptional chemical,31, 39, 40 mechanical76-78 and thermal40, 79 stabilities 

compared to other subgroups of MOFs.30, 38, 72 Isostructural UiO-66 and UiO-67 (UiO = 

University of Oslo) are representative examples. In an ideal crystal of UiO MOFs, the 

inorganic node consists of a Zr6 octahedron supported by coordination of µ3-bridging 

hydroxyl and oxo groups and 12 bridging carboxylates from ditopic carboxylate linkers 

giving rise to a 3-D periodic framework.80, 81 Previous studies on UiO MOFs recognized 

that the Zr6O4(OH)4 node is sensitive to thermal treatment, in which the cluster can 

reversibly dehydrate by changing the coordination number of the Zr metal centers.39, 40, 63 

This process has been observed experimentally via in situ infrared (IR) spectroscopy and 

gravimetric analysis over the temperature range of 523 – 573 K, under inert and ambient 

environments, whereby the fully hydrated Zr6O4(OH)4 node loses two equivalents of water 

and transitions to its fully dehydrated (Zr6O6) form.39, 63 This structural change is not 

reported to compromise the structural integrity of the MOF. However, extended X-ray 

absorption fine structure analysis revealed significant structural distortions of the cluster 

resulting from the change in Zr coordination number.39 Moreover, in situ analysis of the 

X-ray pair distribution function revealed that the Zr6 nodes of UiO-66 and NU-1000 

compress with increasing temperature, and that these distortions are linked to perturbations 
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in the MOF local structure without affecting the long-range crystal structure.82 These 

structural distortions are related to phase changes in the bulk metal-oxide (ZrO2) and may 

be associated with reversible changes of the zirconium node during dehydration39, 82 

however, a more in-depth investigation is needed. 

 

Several reports relate MOF thermo-structural properties with thermal expansion behavior. 

In particular, negative thermal expansion – the decrease in volume with increasing 

temperature – has been observed in a handful of MOFs, including MOF-5,83 HKUST-1,84 

IRMOF variants,85 ZIFs,86 and UiO materials.85, 87 This unusual phenomenon is believed 

to originate from several low-frequency transverse vibrational modes of the organic linker 

and inorganic cluster, which enables a degree of structural flexibility.74 Recently, Burtch 

et al. implemented several design strategies to control thermal expansion properties in 

MOFs by investigating the effect of ligand sterics, metal identity, guest environment and 

thermal history on MOF NTE.85 Their proof-of-concept study has provided detailed insight 

into designing MOF materials with controlled thermal expansion behavior.  

 

Ultimately, only limited experimental studies exist which directly probe the influence of 

temperature on the structural evolution of UiO MOFs without decomposing the material. 

Furthermore, these studies have focused primarily on the inorganic component (metal 

node) leaving a lack of understanding about the role of the organic component on thermal 

stability. While it is generally accepted that the decomposition pathway for UiO materials 
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proceeds via the breakdown of the ligand, producing benzene and CO2 as the gaseous 

decomposition products and leaving the bulk metal oxide (ZrO2), it remains unclear 

whether the evolution of these volatile species are primary or secondary decomposition 

products.19, 23, 39 The decomposition temperature for UiO-66 and UiO-67 have been 

reported via thermogravimetric analysis (TGA) within the range of 673 – 773 K under 

ambient and inert environments.19, 23, 32, 88 However, the reported temperatures depend 

heavily on the measurement conditions and this justifies for the need for a more detailed 

description of the thermal processes which occur during MOF degradation.  

 

Understanding the dynamics resulting from heating induced effects is critical for 

comprehending structural changes and framework stability. Without a complete knowledge 

of the intrinsic thermal behavior, the interactions between porous materials and guest 

species can be easily misinterpreted.89, 90 In this work we investigate the fundamental 

thermal behavior of UiO-67 MOFs using temperature-programmed Fourier Transform 

Infrared Spectroscopy (FTIR), Mass Spectrometry (MS) and Synchrotron Powder X-ray 

diffraction (PXRD) under controlled vacuum conditions which isolate the material of 

interest by eliminating atmospheric contaminants such as: water vapor, carbon dioxide or 

nitrogen gas, and thus provide ideal conditions for monitoring thermally induced 

framework changes. PXRD measurements reveal significant negative thermal expansion 

(NTE) behavior of the UiO-67 MOFs, which we find to be associated with reversible 

structural changes observed in the infrared signature. Our work provides insight into 
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intrinsic framework behavior that governs fully reversible heating effects of UiO-67, UiO-

67-NH2 and UiO-67-CH3 as samples are heated up to 473 K via in situ FTIR and 

synchrotron PXRD. With the goal of elucidating changes and/or processes that take place 

as MOFs are heated above 473 K, temperature programmed desorption mass spectrometry 

(TPD-MS), in situ FTIR and PXRD are used to track the evolution of structural changes 

during the degradation process. 

 

3.3. Reversible Thermal Effects 

3.3.1 Degassing and Sample Activation 

The initial infrared spectra of the UiO-67 MOFs under UHV conditions reveal several 

narrow and intense features consistent with previous reports for crystalline nanoporous 

materials.23, 39, 48, 49 The IR spectra of UiO-67 upon introduction into the UHV chamber (P 

< 5.0 · 10-6 Torr) and following sample activation at 473 K (P < 1.0 · 10-8 Torr) are 

presented in Figure 3.1 It is evident for UiO-67 that prior to sample activation, a broad 

band centered at 3440 cm-1 dominates the high wavenumber region of the infrared 

spectrum, which is assigned to residual physisorbed water and hydrogen bonded solvent 

(DMF). Moreover, intense features at 2930 cm-1, 2856 cm-1 and 1668 cm-1 are consistent 

with the C-H and C-N stretching of pore-confined DMF, which vanish with activation at 

473 K.39, 63 Similar IR spectral features are observed for UiO-67-NH2 (Figure 3.2) and UiO-

67-CH3 (Figure 3.3). Assignment of vibrational modes is guided by previous literature 

reports and can be found in Appendix B for all UiO-67 MOFs.23, 39, 48, 63  
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The choice of sample activation temperature was guided by our prior work, which used 

infrared and thermogravimetric analysis to evaluate the activation protocol for UiO-67 and 

functional analogs, UiO-67-NH2 and UiO-67-CH3.28 Thermogravimetric analysis of the as-

synthesized samples revealed negligible weight loss between 423 K - 673 K, indicating the 

samples may be stable up to 673 K, while evaluation of the IR spectral signature revealed 

no significant spectral changes after activation at 473 K to suggest degradation of the 

framework (Figure 3.1 – Figure 3.3).28  

 

All MOFs studied in this work feature a single, narrow isolated O-H stretch at 3678 cm-1 

attributed to a symmetric and equivalent distribution of bridging µ3-OH groups around the 

zirconium node (Figure 3.1 – Figure 3.3).60, 63 This feature increases in intensity with the 

removal of physisorbed water and solvent. Functionalization of the biphenyl dicarboxylate 

(BPDC) linker is confirmed for UiO-67-NH2 by the presence of bands at 3485 cm-1 and 

3398 cm-1 representative of asymmetric and symmetric N-H stretching modes, respectively 

(Figure 3.2).91 For UiO-67-CH3 features at 2982 cm-1 and 2962 cm-1 are associated with 

asymmetric and symmetric sp3 C-H stretching modes, respectively, of the methyl 

substituent (Figure 3.3).92 Functionalization does not appear to influence the nature of the 

isolated O-H bands (3678 cm-1) as the band position and width are consistent for all UiO-

67 MOFs. 
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Figure 3.1. Infrared spectra of UiO-67 recorded upon introduction to the UHV chamber (P < 5.0 · 
10-6 Torr) (blue) and following sample activation at 473 K (P < 1.0 · 10-8 Torr) (red). All baseline 
corrected spectra were recorded at room temperature. 

Figure 3.2.Infrared spectra of UiO-67-NH2 recorded upon introduction to the UHV chamber (P < 
5.0 · 10-6 Torr) (blue) and following sample activation at 473 K (P < 1.0 · 10-8 Torr) (red). All 
baseline corrected spectra were recorded at room temperature.  
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Figure 3.3.Infrared spectra of UiO-67-CH3 recorded upon introduction to the UHV chamber (P < 
5.0 · 10-6 Torr) (blue) and following sample activation at 473 K (P < 1.0 · 10-8 Torr) (red). All 
baseline corrected spectra were recorded at room temperature. 

Sample purity  is confirmed by synchrotron PXRD under high vacuum conditions (P < 1.0 

· 10-6 Torr) during the activation process (Figure 3.4). The activation at 473 K (373 K for 

UiO-67-CH3) removed almost all adsorbed solvent molecules in the frameworks revealed 

by the notable intensity change of several low angle peaks, e.g., 3.3º and 4.8º, (Figure 3.4). 

However, a gradual increase of structural disorder (static atomic displacement) in the 

sample crystallites was observed through the disappearance of high 2θ angle XRD features 

when samples were held at the activation temperature for an extended period of time, 

evidenced by an overall reduction in high angle peak intensity. For this reason, and in order 

to retrieve the greatest amount of structural information from the XRD data, the samples 

were cooled from the activation temperature to 300 K as soon as no further changes in the 

low 2θ angle XRD peaks were observed (~10 min). 



 

 

47 

 

 

Figure 3.4. XRD patterns of UiO-67 during the activation process. Red arrows point to peaks 
reflecting the loss of physically absorbed species. (a) at ambient pressure at 300 K, under vacuum 
at (b) 300 K, (c) 314 K, (d) 372 K, (e) 413 K, (f) 447 K (g) 473 K and (h) after 2 minutes at 473 K. 

 

3.4. Reversible Thermal Effects 

3.4.1 The effect of temperature on bridging hydroxyl groups 

A number of unique and reversible changes appear in the infrared spectra upon heating 

from 100 K to 473 K. The position of the free bridging hydroxyls – v(OH)free – initially 

observed at 3678 cm-1 (100 K) for all UiO-67 MOFs broadens and shifts towards lower 

energy with increasing temperature; at 473 K, this feature is observed at 3670 cm-1 (Figure 

3.5). Furthermore, by 473 K, the intensity of v(OH)free increases on the order of 50% for 

UiO-67, while the intensity for the functionalized analogs remain virtually unchanged 

(Figure 3.5). After thermal treatment and upon cooling to 100 K, the v(OH)free signal 

returns to its initial state and overlaps almost perfectly with the initial spectra measured 
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prior to heating, indicating fully reversible thermal behavior. Multiple heating cycles have 

been carried out for different sample batches to confirm reproducibility (see Appendix B).20  

Figure 3.5. Infrared spectra highlighting the thermally induced changes of v(OH)free for (a) UiO-
67, (b) UiO-67-NH2 and (c) UiO-67-CH3 shown before heating at 100 K (blue), during heating at 
473 K (red) and after heating at 100 K (black, dashed). Note blue and black traces for UiO-67 and 
UiO-67-CH3 lie directly on top of one another.  

 
An increase in the v(OH)free signal intensity observed for UiO-67 has been previously 

reported to result from solvent removal and subsequent emergence of cornerstone µ3-OH 

groups that were initially perturbed by solvent-induced hydrogen bonding.63 However, 

analysis of the IR spectra following activation (Figure 3.1 – 3.3) provides no spectroscopic 

evidence to suggest that residual DMF or water remains in the interior pore space. Should 

this intensity increase in v(OH)free result from the desorption of perturbing solvent 

molecules during heating then we should expect to observe the loss of a hydrogen-bonded 

IR signal associated with the solvent. Given that no such signal is observed suggests that 

the shift and increase in v(OH)free intensity for UiO-67 is purely a thermal effect. 

 



 

 

49 

 

 

Figure 3.6.Change in the unit cell edge length (Å) for UiO-67 as sample temperature is cycled from 
(1) 300 K to 90 K (blue), (2) 90 K to 480 K (magenta), and (3) 480 K to 90 K (green) as represented 
by the schematic experimental sequence in the inset. The associated error in a-axis length is smaller 
than the symbol size. 

 
3.4.2 Thermal Expansion Properties  

To more completely understand the impact of temperature on the MOF structure, 

temperature cycling experiments were carried out under high vacuum (P < 1.0 · 10-6 Torr) 

and monitored using in situ XRD. The evolution of the UiO-67 unit cell edge length as the 

temperature is cycled from 90 K – 480 K – 90 K (Figure 3.6) clearly reveals a negative 

linear relationship between the axis length and temperature. All three UiO-67 MOFs 

exhibit isotropic negative thermal expansion (NTE), see Figure S13 in the supplemental 

information of reference 20 for more details.20 For UiO-67, a non-linear decrease is 

observed around 480 K (Figure 3.6), which correlates to an irreversible increase of the Zr 

atomic displacement parameter (ADP), signaling an increase of static disorder of the Zr 

OO

O O

H
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site.20 The origin of this irreversible change is related to the Zr node dehydroxylation 

discussed in Section 3.4.2.  

 

Other than this non-linear region, the linear NTE behavior is mainly attributed to the 

change of bond lengths and angles in the carboxylate group according to the Rietveld 

refinement results.20 The C-O bond length and O-C-O bond angle change from 1.259(5) Å 

and 129(1)° at 90 K to 1.227(6) Å and 134(1)° at 480 K, resulting in a compression of the 

O-C-O triangle by 0.07 Å. It is important to note that the bond lengths and angles measured 

by XRD are based on average atomic site positions obtained from Rietveld Refinement. 

The C-O bond length reported above is in fact the distance between the average positions 

of the C and O sites, the apparent decrease of which upon heating is likely a result of 

correlated vibrational motion between C and O, while the actual C-O bond length is 

unlikely to decrease. Moreover, the refinement results also reveal the dihedral angle of the 

phenyl rings in the biphenyl dicarboxylate ligand varies reversibly with temperature.20  

 

Table 3.1. Linear thermal expansion coefficients (α) of UiO-67 Series MOFs (10-6 m/(m·K)) 
calculated from refined unit cell parameters. See Figure S13 and S25 in the supplemental 
information of reference 20. 

 Temperature Cycling Thermal Degradation 
Calculated Range (K) α Calculated Range (K) α 

UiO-67 90 to 420 -3.29(1) 570 to 790 -8.7(1) 
UiO-67-NH2 120 to 330 -2.48(7) 580 to 740 -9.5(3) 
UiO-67-CH3 120 to 300 -1.06(7) 580 to 770 -3.13(6) 
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Functionalization on the organic linker impacts the degree of NTE in the UiO-67 MOFs. 

Examination of the linear thermal expansion coefficients (α) during temperature cycling 

from 90 K – 480 K – 90 K for the three MOFs (Table 3.1) reveal that UiO-67-NH2 and 

UiO-67-CH3 have smaller NTE coefficients than UiO-67. This may be because the 

functionalized branches on the BPDC linkers render the crystal lattice less compressible 

during heating to 480 K, an effect also discussed in Burtch et al.85 However, both functional 

analogs show larger lattice contraction than UiO-67 at ~480 K, which is correlated to the 

loss of µ3-OH groups from the node and described in detail in the section 3.4.2.20 A 

comparison of the XRD data measured at 300 K for the three activated MOFs reveals that 

both UiO-67-NH2 and UiO-67-CH3  have a higher degree of structural disorder than UiO-

67, as shown by the relatively weak high 2θ angle peaks of UiO-67-NH2 and UiO-67-CH3 

compared to UiO-67.20 Besides, UiO-67-NH2 and UiO-67-CH3 are more susceptible to 

increasing structural disorder than UiO-67 upon heating, as shown by the weakening or 

disappearance of high 2θ angle peaks after a cycle of heating and cooling, due to defect 

generation in the crystal structures as the sample temperature approaches 480 K.20 In any 

case, the higher degree of structural disorder of the functional analogs does not impact the 

structural integrity of the bulk material. 

 

3.4.3 Functionalization of the organic linker: 4,4’-biphenyl dicarboxylic acid 

Analysis of the IR difference spectra in the 1750 cm-1 – 1050 cm-1 interval provides insight 

into thermally induced structural changes associated with carboxylate (C-O) and benzene 
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ring stretching, C-H bending, and N-H bending (UiO-67-NH2).39, 93 Several IR features in 

this region are shifted towards lower frequency (redshift) and grow in intensity with 

increasing temperature as shown in Figure 3.7 for UiO-67. Similar profiles for the 

functionalized analogs are provided for UiO-67-NH2 (Figure 3.8) and UiO-67-CH3 (Figure 

3.9). These thermally induced spectral changes are most likely related to the changes in the 

biphenyl dihedral angle and lattice contraction evidenced by XRD.20 However, it is 

important to report that these thermally-induced perturbations do not irreversibly change 

the MOF structure evidenced by the observation that upon sample cooling to 100 K all 

spectral features return to their initial state and that no new vibrational features appear, 

indicating that all UiO-67 MOFs are stable with respect to heating in UHV up to 473 K. 

 

For UiO-67, the most notable vibrational signals are observed at ~1360 cm-1 and ~1580 

cm-1, and assigned to the symmetric and asymmetric C-O stretching modes of the bidentate 

Zr-coordinated carboxylate group, respectively (Figure 3.7).94 Recall, that the largest 

contributor to the linear NTE behavior of the three MOFs are the changes in the C-O bond 

length and O-C-O bond angle of the carboxylate groups.20 Changes in the IR difference 

spectra, specifically of the C-O stretching modes, indicates significant structural distortions 

on the carboxylate groups during heating. Taken together, it follows that thermal 

perturbations of the carboxylate moieties on the organic linker are likely the main 

contributor to the NTE behavior for the three MOFs.  
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Figure 3.7. IR difference spectra for UiO-67 in the 1750 cm-1 – 1050 cm-1 region recorded in situ 
during heating from 100 K (blue) to 473 K (red) as indicated by the color legend showing changes 
in carboxylate, benzene ring, and C-H bending modes. Difference spectra were collected using the 
clean MOF at 100 K as the reference (black). 

Figure 3.8. IR difference spectra for UiO-67-NH2 in the 1800 cm-1 – 1050 cm-1 region recorded in 
situ during heating from 100 K (blue) to 473 K (red) as indicated by the color legend showing 
changes in carboxylate, benzene ring, C-H and N-H bending modes. Difference spectra were 
collected using the clean MOF at 100 K as the reference (black). 

 



 

 

54 

 

 

Figure 3.9. IR difference spectra for UiO-67-CH3 in the 1800 cm-1 – 1050 cm-1 region recorded in 
situ during heating from 100 K (blue) to 473 K (red) as indicated by the color legend showing 
changes in carboxylate, benzene ring, and C-H bending modes. Difference spectra were collected 
using the clean MOF at 100 K as the reference (black). 

 

The vibrational motions of UiO-67-NH2 are uniquely affected by temperature changes. 

Specifically, the sharp v(N-H) bands detected at 3485 cm-1 and 3398 cm-1 (100 K) show 

substantial spectral broadening towards higher wavenumber (blueshift) and an apparent 

reduction in intensity when heated to 473 K (Figure 3.10 and 3.11a). This thermal response 

occurs gradually and is not influenced by the heating rate within the 1.0-2.0 K/s range. It 

is important to report that the v(N-H) peak area is conserved after heating and that the 

signal recovers to its initial state upon cooling back to 100 K, indicating that no NH2 groups 

are removed during the heating process. The gradual broadening and reduction in the IR 

peak height of the N-H stretching modes (Figure 3.10 and 3.11a) correlates with large 

atomic displacement of the linker atoms and wider dihedral angle between the planes of 
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the benzene rings, which causes greater variation of local environments for the NH2 groups 

that contributes to the broadening of the IR peaks.20 A similar thermal response is observed 

for the methyl C-H stretches (2982 cm-1 and 2962 cm-1) of UiO-67-CH3; spectral 

broadening and reduction in intensity by 473 K (Figure 3.11b). Upon cooling, the v(N-H) 

and v(C-H) bands of UiO-67-NH2 and UiO-67-CH3, respectively, sharpen and return to 

their initial states, indicating that the thermally induced response is fully reversible (Figure 

3.10 and 3.11). It is worth stating that the changes detected in the IR are not due to loss of 

material as no product evolution is observed from the TPD for temperatures below 473 K, 

as discussed in Section 3.4.3. 

Figure 3.10. IR spectra of UiO-67-NH2 recorded before heating at 100 K (blue), at 473 K (red) and 
after heating at 100 K (black), highlighting temperature-induced changes in MOF features 
associated with the bridging free O-H on the Zr-node (3678 cm-1), primary N-H stretching (3486 
cm-1 and 3398 cm-1), and linker C-H modes. Note: blue and black spectra lie almost directly on-top 
of one another, indicating this heating effect is reversible. All spectra are baseline corrected. 

OO

O O

NH2
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Figure 3.11. IR spectra recorded in situ during heating from 100 K (blue) to 473 K (red) and after 
sample heating (100 K) (black) for UiO-67-NH2 and UiO-67-CH3. (a) methyl C-H stretching 
between 3040 cm-1 – 2880 cm-1 of UiO-67-CH3 for vas(C-H) and vs(C-H), respectively; (b) primary 
N-H stretching between 3550 cm-1 – 3350 cm-1 of UiO-67-NH2 for vas(N-H) and vs(N-H), 
respectively. After cooling to 100 K, the initial breadth and intensity are recovered for all spectral 
features. All spectra are baseline corrected.  

 

3.5. Irreversible Thermal Effects 

3.5.1 Multistage lattice contraction 

All UiO-67 MOFs undergo three stages of change before their final degradation at around 

800 K as revealed by in situ PXRD recorded while samples are heated from 300 K to 900 

K (Figure 3.12 and supplemental Figures S22-S24 of reference 20).20 It is important to note 

that unlike the IR or TPD experiments, XRD samples were not pre-activated in the thermal 

degradation experiments. As a result, the first stage of change reflects a desolvation process 

up to 450 K, indicated by the change of several low 2θ angle peaks, e. g., the disappearance 

of the peak at 3.3°.20 There is very little peak shifting, showing that the rigidity of the 

frameworks is not affected by the removal residual solvent molecules. Starting from the 
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end of the desolvation stage, the MOFs display significant lattice contraction from 420 K 

to 550 K, where all XRD peaks shift to higher angles without apparent change of relative 

intensities. The lattice contraction at around 480 K in the temperature cycling experiment 

is in fact part of the second stage revealed here. From 550 K to the point of degradation, 

the lattice contraction continues but at a slower rate, reminiscent of the NTE reported 

above. UiO-67-CH3 has the lowest contraction rate among the three MOFs, which is 

consistent with the observation in the temperature cycling experiments (Table 3.1).  

 

In addition to the multi-stage lattice contraction, other structural changes occurring to UiO-

67 in the degradation process are revealed from the in situ XRD data. The refined site 

occupancy of the µ3-O (H) site, which is 1 for the starting material, starts decreasing at 480 

K and reaches 0.78(2) at 580 K.20 Meanwhile, the average bond length between Zr and µ3-

O (H) decreases from 2.14(1) to 2.10(1) Å.20 These results support the dehydroxylation 

model, proposed based on computation and X-ray absorption spectroscopy (XAS) studies 

of UiO-66 and UiO-67 in which the Zr6O4(OH)4 node transforms to a distorted Zr6O6 

node,39, 63 which in theory would bring the µ3-O (H) site occupancy from 1 to 0.75 and 

shorten the average Zr to µ3-O (H) distance as the hydroxyls are removed.  
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Figure 3.12. Unit cell edge lengths (Å) of the UiO-67 MOFs as samples are heated from 300 K to 
900 K during the thermal degradation experiment. Degradation temperatures (K) are marked with 
arrows. The associated error in a-axis length (Å) is smaller than the symbol size. 

 

Dehydroxylation of the Zr-node is the structural reason for the second stage of the lattice 

contraction shown in Figure 3.12. This process is also accompanied by a drastic increase 

of the Zr ADP,20 indicating that the Zr atoms in the Zr6O6 node are locally deviated from 

the Zr site position in the structure model which assumes an ideal octahedral shape for the 

Zr6 node. The local distortion of the Zr6O6 node is difficult to model with XRD, which 

probes the global crystal structure. In other studies using techniques sensitive to local 

structures, such as XAS and with X-ray pair distribution function analysis, a split of the 

Zr-Zr edge distance from an ideal octahedron was evidenced.39, 82 

 

810 K

790 K

770 K
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Figure 3.13. IR spectra recorded during heating from 300 K to 1273 K for UiO-67 showing the 
temperature dependent spectral changes for (a) v(OH)free at 3678 cm-1 and (b) MOF skeletal modes 
between 1750 cm-1 – 400 cm-1. All baseline corrected spectra are presented for increasing 
temperature from blue to red as indicated by the color legend.  

 

3.5.2 Fate of the bridging hydroxyls during MOF thermal degradation  

Irreversible structural changes induced by heating are also identified in the MOF IR 

spectral signature as the sample temperature is increased beyond the temperature of 

activation (> 473 K). It should be noted that we define irreversible change as the loss of 

material originating from the degradation of the MOF. For UiO-67, the first and most 

prominent spectral change during heating from 300 K to 1273 K is the gradual loss in signal 

intensity at 3678 cm-1 and is recognized as the removal of the bridging µ3-OH groups from 

the zirconium clusters, or dehydroxylation (Figure 3.13a). Additionally, we observe 

perturbations of MOF skeletal modes below 800 cm-1 during the dehydroxylation process 

(Figure 3.13b). This region is rich with spectral features associated with a variety of Zr-O 

modes coupled with C-H and O-H bending modes.39 During heating, a peak at 770 cm-1 

grows in intensity while bands at 752 cm-1, 736 cm-1 and 702 cm-1 disappear. Moreover, 
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the loss of a feature at 673 cm-1 is accompanied by the appearance of two new bands at 647 

cm-1 and 638 cm-1 (Figure 3.13b). Such substantial changes in this region suggests a loss 

of local symmetry at the node, most likely associated with the structural transition from the 

fully hydroxylated, Zr6O4(OH)4 to fully dehydroxylated Zr6O6 node.23, 39, 95  

 

The transition to the fully dehydroxylated node has been reported to increase the strength 

of carboxylate binding to the zirconia metal centers for the isoreticular analogs, UiO-66 

and UiO-66-NH2 as evidenced by a blueshift and broadening in carboxylate modes upon 

thermal treatment.95 However, in the present study, the removal of hydroxyl groups 

correlates with a redshift and broadening of the broad carboxylate modes centered at 1409 

cm-1 and 1595 cm-1 in the baseline corrected spectra for UiO-67 (Figure 3.13b), suggesting 

a weakening carboxylate-node binding in the absence of O-H groups, which may be 

associated with thermally induced changes in the dihedral angle of the biphenyl linker of 

UiO-67. Similar behavior was observed for the coordinated v(COO-) modes of UiO-67-

NH2 and UiO-67-CH3.20  

 

The dehydroxylation is also evidenced by the decrease of the µ3-O (H) site occupancy from 

our XRD refinement results described above. In fact, the calculated IR spectra reported by 

Valenzano et al.39 comparing the IR signature of the hydroxylated vs. dehydroxylated 

material describe that the removal of bridging µ3-OH groups causes significant structural 

distortions, reflected in a large blueshift (~57 cm-1) in the µ3-O stretching frequency, 
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reported at 673 cm-1 for the hydroxylated material, and the disappearance of the (OH)-Zr-

(OH) bending mode (reported at 470 cm-1).39 Indeed, a plot of the normalized IR intensity 

as a function of temperature reveals the disappearance of the µ3-O stretch (673 cm-1) 

coincides with the onset of the loss for the free hydroxyls (3678 cm-1) and supports the 

transition to the dehydroxylated material.20  

Figure 3.14. Normalized IR intensity of the μ3-OH peak for UiO-67 during heating from 300 K to 
the point of complete dehydroxylation (∼900 K). 
 

The onset of significant loss of µ3-OH groups is recognized by tracking the normalized 

absorbance as a function of temperature, as shown for UiO-67 in Figure 3.14. Similar IR 

profiles for UiO-67-NH2 and UiO-67-CH3 are given in Figure S9 of reference 20.20 As 

discussed previously in section 3.3, our IR results indicate that all UiO-67 MOFs undergo 

reversible thermal behavior when heated up to the activation temperature (473 K). From 

Reversible

Dehydroxylation 
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Figure 3.14, continued heating above 473 K leads to significant loss of v(OH)free, signaling 

the onset of node dehydroxylation. For UiO-67, dehydroxylation is initiated at ~500 K, 

while the onset for UiO-67-CH3 (450 K) and UiO-67-NH2 (430 K) occurs at lower 

temperatures.20 The lower onset temperature is likely reflective of the higher degree of 

structural disorder and higher degree of defect generation during the heating of the 

functionalized samples. The trend of decreasing dehydroxylation onset temperature from 

the unfunctionalized to the functionalized UiO-67 is in agreement with the XRD results 

(Figure 3.12).  

 

3.5.3 Quantitative identification of MOF decomposition products  

Temperature Programmed Desorption-Mass Spectrometry (TPD-MS) provides 

information on mass loss, thermal stability and processes occurring in situ, as the UiO-67 

MOFs are heated from 300 K to the point of degradation. As samples are heated under 

vacuum, desorption will occur when molecules gain enough energy to overcome the 

activation barrier and are removed from the MOF as gaseous products, which are then 

analyzed by the quadruple mass spectrometer. It should be noted that during heating from 

300 K to 1273 K, we observe no release of material from the TPD profile for temperatures 

below 473 K. However, as sample temperatures exceed 473 K, the evolution of MS signals 

from water (m/z = 18, H2O+), CO2 (m/z = 44, CO2+) and CO (m/z = 28, CO+) are identified, 

which strongly indicate irreversible structural change (Figure 3.15).  
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Figure 3.15. TPD-MS profiles of (a) UiO-67, (b) UiO-67-NH2, and (c) UiO-67-CH3 acquired 
during continuous heating at 2 K/s from 300 K to 1273 K tracking mass fragments m/z = 18 (H2O, 
teal), m/z = 28 (CO, red), m/z = 44 (CO2, blue), and m/z = 76 (benzene, gray) or 83 (functionalized 
benzene fragments for UiO-67-NH2 and UiO-67-CH3, gray). 

 

At 300 K, all UiO-67 MOFs are fully hydroxylated, evident by the presence of free bridging 

hydroxyl groups (3678 cm-1) in the IR spectra (Figure 3.1 – 3.3). In the TPD profiles, the 

evolution of H2O+ ions (m/z = 18) is attributed to the loss of O-H as water resulting from 

the dehydroxylation of the Zr-node. It is clear that functionalization of the organic linker 

influences the dehydroxylation process. For UiO-67 (Figure 3.15a) and UiO-67-NH2 

(Figure 3.15b), the evolution of H2O+ (m/z = 18) is initiated at ~500 K, while for the 

methyl-functionalized material the onset temperature of dehydroxylation (480 K) is 

notably lower (Figure 3.15c). This is likely related to a higher percentage of defects and 

thus higher degree of structural disorder for UiO-67-CH3 observed by XRD (see section 

3.4.1). Moreover, while the onset temperature for dehydroxylation is similar for UiO-67 

and UiO-67-NH2, the TPD-MS line-shapes are notably different, where a broader band 
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distribution and high temperature shoulder at 700 K is observed for UiO-67-NH2 (Figure 

3.15b) suggesting that functionalization of the linker with the polar -NH2 group allows for 

stronger binding of O-H on the node possibly via inductive effects.  

 

Previous thermogravimetry studies for UiO-type MOFs report CO2 and benzene fragments 

as the primary decomposition products arising from the detachment of the linker from the 

Zr-node. Indeed, as the sample temperature increases beyond 700 K, a growth in MS signal 

intensity is observed for CO2+ ions (m/z = 44) and provides evidence for decarboxylation 

of the organic linker, likely via cleavage of Zr-OC bonds at the 4 and 4’ position of the 

dicarboxylic acid linker, followed by cleavage of benzene-C bonds to release CO2 as 

illustrated by the schematic in Figure 3.16.  

 

Figure 3.16. Schematic representation of linker degradation in UiO-67 MOFs, where X represents 
-H, -NH2 or -CH3 groups for UiO-67, UiO-67-NH2 and UiO-67-CH3, respectively. Degradation 
proceeds via (a) cleavage of Zr-OC bonds (blue, dashed) followed by (b) cleavage of the aromatic-
C bonds to release CO2, leaving behind the doubly ionized linker 
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The onset of decarboxylation is first observed for the functionalized UiO-67 MOFs at ~650 

K, (Figure 3.15b/c), whereas the evolution of the CO2+ MS signal is not observed until 

temperatures approach 875 K for unfunctionalized UiO-67 (Figure 3.15a). These results 

indicate that linker functionalization reduces the thermal stability in UiO-67 MOFs. A 

similar finding has been reported for the thermolysis of the organic linker from multivariate 

UiO-66 MOFs where TGA-MS experiments, performed in air, revealed that 

functionalization of the benzene-dicarboxylate linker with NH2 groups reduces the onset 

decomposition temperature from 753 K to 573 K.96 Additionally, the position of 

substituents on the linker is reported to play a key role during the degradation of UiO 

MOFs.19 Upon decarboxylation, substituent groups located closer to the inorganic node 

(i.e. ortho to carboxylate group of the linker) reportedly satisfy the loss in coordination 

resulting in local distortions in coordination of the node, ultimately destabilizing the overall 

framework and significantly lowering the thermal stability in comparison to the 

unfunctionalized MOFs. However, the decomposition temperatures of UiO MOFs with 

substituent groups meta to carboxylate group of the linker were lower compared to 

unfunctionalized MOFs but higher than ortho functionalized MOFs.19 This result supports 

the observations in our study where the functionalized UiO-67 samples possessing amine 

and methyl substituents, respectively, that are meta to the carboxylate groups of the linker 

exhibit only a slightly lower decomposition temperatures compared to unfunctionalized 

UiO-67. Moreover, the evolution of the CO2+ MS signals coincides with a high temperature 
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m/z = 18 signal within the same temperature range indicating complete degradation of the 

BPDC linkers.  

 

Unlike previous reports we also observe the evolution of CO+ molecular ions (m/z = 28) 

during the heating process. The CO2+ (m/z = 44) and CO+ (m/z = 28) molecular ion 

fragments for UiO-67 and UiO-67-CH3 produced similar temperature profiles, indicating 

that UiO-67 and UiO-67-CH3 share similar CO2 release processes during thermal 

degradation.20 Moreover, for these MOFs, it seems likely that CO2 is the major 

decomposition product. However, we note that for UiO-67-CH3 the relative intensity of 

CO+ is much greater than for UiO-67. From our previous study, and described in the 

previously in the experimental section, it was determined that all UiO-67 MOFs reported 

here possess missing linker defects; on average less than or equal to one missing linker for 

UiO-67 and UiO-67-NH2 and 1.6 missing linkers per SBU for UiO-67-CH3.28 It is possible 

that some contribution of CO in the degradation products for UiO-67-CH3 could originate 

from dangling carboxylate-groups from imperfectly coordinated BPDC linkers (e.g. 

monodentate or uncoordinated BPDC) or formate capping groups bound to the Zr node.97  

 

Decarboxylation of UiO-67-NH2 is uniquely different from UiO-67 and UiO-67-CH3. For 

the aminated MOF, the CO2+ and CO+ molecular ion fragments do not share similar 

temperature profiles, in which two CO+ MS signals are observed and is substantially 

broader than the CO2+ MS signal.20 This suggests that UiO-67-NH2 may follow a different 
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CO2 release processes compared to UiO-67 and UiO-67-CH3. This hypothesis has been 

recently reported by Healy et al.19 after review of TG-MS data for UiO-67 and UiO-67-

NH2 acquired during the thermal degradation process.88 While the mechanism of CO2 

release remains unclear for UiO-67-NH2, our results support previous observations and we 

anticipate that the difference between the CO2 release processes to be related to structural 

defects.  

 

Immediately following linker decarboxylation, we observe the formation of a doubly 

ionized linker fragment, i.e., with 2 units of positive charge, specifically: m/z = 76 (UiO-

67) and m/z = 83 (UiO-67-NH2, UiO-67-CH3), as illustrated in Figure 3.16. The associated 

TPD-MS signals are provided for each MOF in the inset of Figure 3.15. The onset of MS 

signal detection of the doubly charged aromatic fragments is observed at lower 

temperatures for UiO-67-CH3 (850 K) and UiO-67-NH2 (900 K) compared to UiO-67 (925 

K). No significant fragmentation of the linker was observed during heating, suggesting that 

the aromatic components of the BPDC linker detach as a complete unit. This observation 

is in accordance with the mechanism reported by Cavka et al.,23 for the decomposition of 

UiO-66, where the TG-MS signal associated with the benzene fragment was observed at 

~800 K. However, the authors were unable to clearly identify if benzene and CO2 were 

primary or secondary fragments of decomposition, which made the mechanism of 

decomposition unclear. We observed that the evolution of the doubly ionized linker 

fragment (inset, Figure 3.15) follows the evolution of CO (m/z = 28) and CO2 (m/z = 44), 
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suggesting that the primary process during framework decomposition is the weakening of 

Zr-OC bonds and sequential loss of CO2 and linker fragments. This is further supported by 

the loss of IR signal for the functional groups, ring and carboxylate modes at similar 

temperatures.  

 

The observed decomposition temperatures in our studies are higher than the reported 

degradation temperatures of UiO series MOFs as evaluated using TG-MS experiments 

performed under inert and ambient environments and suggests that the environmental 

conditions may play significant role in thermal stability.23, 88, 98, 99 For example, the thermal 

decomposition temperature for UiO-67 was found to be ~673 K for TG-MS experiments 

conducted in the presence of oxygen (e.g. ambient or under O2 flow),88, 100 while under an 

inert nitrogen environment the thermal stability is increased to ~723 K.23, 99 It appears that 

MOF stability is increased in the absence of oxygen and is in good agreement with our 

current study, which reports thermal decomposition temperatures greater than 723 K for 

all UiO-67 MOFs under UHV conditions. The overall stability trend of UiO-67 MOFs 

reveals that functionalization decreases the MOF thermal stability as: UiO-67 > UiO-67-

CH3 > UiO-67-NH2. We emphasize that in this study, we report for the first time the 

thermal decomposition temperature for UiO-67-CH3. Up until this point, the 

decomposition for only UiO-67-(CH3)2 has been reported.98 When the MOFs are heated 

under UHV conditions, the decomposition products generated in situ are continuously 

evacuated, removing any interference from residual ambient (O2) and/or carrier gases 
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(N2/Ar) which can contribute to the degradation process. Ultimately, UHV environments 

may provide increased thermal stability by providing an ideal environment to monitor 

thermal degradation events. 

 

3.6. Conclusions 

We have provided a comprehensive evaluation of the temperature-dependent structural 

changes which influence the thermal stability of UiO-67 and its functional analogs, UiO-

67-NH2 and UiO-67-CH3. For the first time, we have correlated structural dynamics related 

to the negative thermal expansion (NTE) behavior of the UiO-67 MOFs to rich, reversible 

thermal behavior observed though temperature-programmed infrared spectroscopy and 

identified the distortion of the carboxylate group as the structural origin of the NTE 

behavior. The intrinsic heating effects of the pendant groups on the functionalized linkers 

of UiO-67-NH2 and UiO-67-CH3 are uniquely affected by temperature changes, 

elucidating the importance of critically evaluating temperature-dependent MOF spectral 

features. This finding provides a basis whereby future studies can distinguish the MOF 

interactions with guest molecules as a function of temperature from effects intrinsic to the 

heating of the MOFs.  

 

Pre-activated UiO-67 materials undergo two stages of irreversible change above 450 K, 

which are intimately tied to Zr node deformation resulting from loss of OH species and the 

isotropic negative thermal expansion behavior of these UiO-67 MOFs. The initial and 
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substantial lattice contraction observed by XRD between 420 – 550 K are in excellent 

agreement with IR and MS results signaling the onset of dehydroxylation resulting in defect 

generation and subsequent node distortion. As temperatures are increased beyond 550 K, 

the second stage of lattice contraction is related to the NTE of the stable, dehydroxylated 

structure.  

 

Ultimately, the overall stability trend of UiO-67 MOFs reveals that functionalization 

decreases the MOF thermal stability as: UiO-67 > UiO-67-CH3 > UiO-67-NH2. Previous 

literature reports a wide temperature range (673 – 723 K) for the thermal decomposition of 

UiO-67, which indicates that there is likely an environmental dependence on MOF thermal 

stability. However, it remains clear that the thermal stability of the unfunctionalized 

material is greater than the functionalized analogs. We emphasize that this study reports, 

for the first time, the thermal decomposition temperature of UiO-67-CH3. Compared to 

previous reports our studies confirm that in the absence of oxygen and under UHV 

conditions, thermal stability UiO-67 MOFs is increased, releasing mainly water and carbon 

dioxide as primary degradation products, arising from the linker thermolysis. The 

correlation between IR, MS and PXRD studies provides a real time understanding of the 

thermal events that occur when UiO-67 MOFs are heated to 1273 K. UHV environments 

are found to increase the range of thermal stability, allowing for an in-depth quantitative 

understanding of the intrinsic processes that govern the breakdown of these MOFs and 

provide guidance for UiO-67 MOFs use in diverse applications. 
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CHAPTER 4: UiO-6X METAL-ORGANIC FRAMEWORK 

INTERACTIONS WITH SIMPLE POLAR AND NON-POLAR SOLVENTS 

 

4.1. Abstract  

The utility of UiO MOFs for practical applications requires a comprehensive understanding 

of temperature-dependent MOF-analyte interactions. In the previous chapter, I described 

how UiO-67 MOFs produce temperature-sensitive spectral responses when samples are 

heated up to the activation temperature, and how this intrinsic effect is correlated to the 

structural dynamics associated with MOF negative thermal expansion. In the present 

chapter, we expand our discussion to evaluate the influence of these effects on the 

interpretation of interactions with simple polar and non-polar analytes. Using TPD-MS and 

TP-IR, we find that isopropanol, acetone and n-heptane bind reversibly and non-

destructively to UiO-66 and UiO-67 MOFs, where the functionality of the MOF and the 

functionality of the analyte influences the relative binding strength. We find that all three 

analytes can readily diffuse into the internal pore environment and directly interact with 

the µ3-OH groups located within the tetrahedral pores, evidenced by the direct IR response 

of v(µ3-OH) upon analyte adsorption (100 K) and during heating to the activation 

temperature. Ultimately, this in situ investigation provides necessary insight into how 

individual molecular functional groups interact with UiO MOFs and enables a foundation 

where MOF interactions with complex molecular systems can be evaluated. 
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4.2. Introduction  

An unavoidable consequence of large-scale chemical production is the generation of 

harmful byproducts and even emission of volatile organic compounds (VOCs); chemicals 

with a high vapor pressure typically emitted from solvents, paints, adhesives, etc. Such 

anthropogenic pollutants are known to have damaging effects on human and environmental 

health, including depletion of the ozone layer and photochemical smog, which has 

warranted stricter environmental guidelines and remediation strategies.3, 101, 102  Adsorptive 

removal of hazardous chemical species is one of the most effective decontamination 

strategies given the low cost, lack of chemical degradation, and ease of sorbent 

regeneration.101  The effectiveness of a sorbent material is a combination of its high 

adsorption capacity, selectivity towards the analyte of interest, durability, ease of 

regeneration, and exceptional stability under a variety of conditions.3, 40, 101  The current 

industrial standard involves use of carbonaceous materials (e.g., activated carbon 

materials), which are limited by inherent challenges such as chemical saturation and the 

potential for insufficient filtration and thus, re-emission back into the into the 

environment.12 

 

Zirconium-based Metal-Organic Frameworks (MOFs), and especially the UiO series of 

MOFs, are particularly well suited as superior sorbent materials.30, 103, 104  Unlike traditional 

organic materials, MOFs are hybrid structures, consisting of inorganic metal or metal-oxide 



 

 

73 

 

 

nodes and organic bridging linkers which offer unique properties suitable to combatting 

the challenges associated with traditional organic-based materials.12, 105  

 

The ease of framework modulation separates MOFs from traditional organic or inorganic 

porous materials, which are often limited by a lack of structural and chemical diversity, 

rendering them impractical for targeted applications.3, 17, 40  Of particular interest, the UiO-

67 Zr-based MOFs, built from Zr6O4(OH)4(COO)12 secondary building units (SBUs) 

linked with polytopic linear carboxylate ligands, are known for their exceptional 

physiochemical and thermal stabilities.23, 39, 40  UiO-67 series MOFs have demonstrated 

resilience towards a variety of chemical environments and thus offer inherent advantages 

for filtration based applications over other MOFs3, 14, 17.  

 

Developing an understanding of the characteristic binding interactions of UiO-6x MOFs 

with simple solvents provides insight into the fundamental behavior of Zr-MOFs and a 

basis for which more complicated molecular systems can be investigated. Using a 

combination of Temperature-Programmed desorption Mass Spectrometry (TPD-MS) and 

in situ Temperature-Programmed infrared (TP-IR), we investigate the binding of three 

simple solvents, acetone, isopropanol, and heptane with UiO-66, UiO-67, and the 

functional analogs UiO-67-NH2 and UiO-67-CH3. We find that simple polar and non-polar 

solvents bind reversibly and non-destructively to UiO-66 and UiO-67 MOFs. We use TPD-

MS to determine the availability and strength of binding sites for all UiO-series MOFs. 
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Comparison of the three solvents with UiO-67 reveals a quantitative trend in binding 

strength: isopropanol > n-heptane > acetone, which suggests that analyte functionality 

likely is more important than polarity in predicting MOF-analyte binding interactions. The 

interactions of UiO-67 with the polar analytes, acetone and isopropanol, are dominated by 

hydrogen bonding, evident by the evolution of unique OH signals that evolve as the 

analytes diffuse into the MOF pores during heating. The interactions of the non-polar 

analyte, n-heptane, with the MOF likely result from a combination of attractive interactions 

with the organic linker and weak interactions with the µ3-OH groups, which perturb the 

local environment around the inorganic SBU during heating. Ultimately, in situ 

investigation of the temperature-dependent MOF-guest interactions provides insight into 

how individual functional groups interact with UiO MOFs, enabling a foundation where 

MOF interactions with complex molecular systems can be evaluated.  

 

4.3. Evaluation of Analyte Binding Preferences & Energetics  

Temperature-Programmed Desorption-Mass Spectrometry provides insight into analyte 

binding preferences, the availability of binding sites and MOF-analyte binding energies. 

Three organic compounds with different chemical properties (e.g., polarity, functionality, 

etc.) were investigated, namely: acetone (polar, aprotic), isopropanol (polar, protic) and 

heptane (non-polar).106  TPD-MS experiments were carried out on the selected analytes by 

monitoring the most abundant molecular ion fragments as the MOF samples were heated 

under ultra-high vacuum following analyte exposure. Similar temperature profiles were 
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observed for all tracked mass fragments indicating that the primary mode of interaction of 

acetone, isopropanol, and n-heptane with the UiO-6x MOFs is through molecular 

physisorption (see Appendix C). 

 

In this study, we investigate the binding interactions at low analyte coverage (<10% of a 

monolayer) to minimize adsorbate-adsorbate interactions and to enable the unique 

identification of MOF-analyte interactions within the internal pore environment. We 

estimate that a ~1000 L analyte dose corresponds to ~2.0% of the total available MOF 

surface area (Appendix B). For the TPD experiments reported here, we expose the UiO-6x 

MOF to ~1100 L of the traget analyte by backfilling the UHV chamber at a fixed gas 

pressure (P = 1.0 · 10-5 Torr) for 110 s (1 L = exposure of 10-6 Torr for 1 s). After dosing, 

the UHV leak valve is closed and the pressure inside the chamber drops as the system is 

pumped down to the desired pressure (< 1.0 · 10-8 Torr) before the temperaure ramp is 

initiated. During the pumpdown, additonal analyte molecules remaining in the chamber 

can condense on the external crystallite surfaces which likely accounts for the observed 

experimental overshoot (~10%) from the target dose (1000 L). In the remaining sections, 

we report the mean dose (~1100 L), which accounts for the experimental overshoot. 

Additional sources of experimental error that could complicate comparison of TPD spectra 

between MOF samples could arise from differences in the amount of sample deposited on 

the W-mesh, which could impact the relative intensity of the TPD features, i.e., a thicker 

MOF sample can accommodate more analyte and thus lead to larger features in the TPD 
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spectrum (see Section 2.3.1) for a description of the sample casting method). However, 

from the weight of the dried MOF paste following the TPD experimental cycle and after 

the sample is removed from the chamber, we estimate the difference in sample deposition 

weight is on the order of 10%, and thus will likely have minimal impact on the qualitative 

comparison of TPD features between samples.  

 

4.3.1 Acetone  

The quantity and position of peaks in the TPD spectum provides information on the 

availability of binding sites and the binding strength of acetone with the MOFs. TPD 

spectra are generated following ~1100 L acetone exposure by monitoring the m/z = 43 amu 

molecular ion fragment as UiO-6x samples are heated under vacuum (P < 1.0  × 10-8 Torr) 

from 100 K to 473 K (423 K for UiO-66) at 2.0 K/s  (Figure 4.1). Acetone desorption from 

the UiO-6x MOFs occurs in two temperature regimes: a low temperature region around 

150 K and a high temperature region between 180 K – 260 K (Figure 4.1). The 

asymmetrical peak shape and common leading edge observed for the low temperature 

feature near 150 K is consistent with a zero-order process that likely originates from 

desorption of a condensed acetone multilayer.107, 108 Moreover, the peak desorption 

temperature of this feature is consistent with previous studies of acetone adsorption on 

other porous materials, e.g., single walled carbon nanotubes66, 109, 110 However, we 

recognize that an exposure of ~1100 L may not form a true multilayer on the external 
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crystallite surfaces of the MOF as this exposure accounts for <10% of a monolayer (see 

Appendix B). 

Figure 4.1. TPD spectra tracking the m/z = 43 amu molecular ion fragment following ~1100 L 
acetone exposure and during heating at 2 K/s for UiO-67 (1106 L), UiO-67-NH2 (1150 L), UiO-
67-CH3 (1118 L) and UiO-66 (1125 L). The MS signal intensity is scaled so the first TPD peaks 
(~150 K) are similar in magnitude for all MOFs. The total amount of acetone introduced into the 
UHV chamber was within 5% of the mean exposure (~1100 L) for all UiO MOFs. 

 

As the sample temperature is increased, some acetone molecules desorb from the 

condensed layer on the external crystallite surfaces (Tdes ~ 150 K), while the remaining 

acetone molecules diffuse into and bind to sites within the internal pore environment (Tdes 

> 150 K). By scaling the MS signal intensity of the low temperature site (Tdes ~ 150 K) for 

all UiO-6x MOFs, the uptake of acetone for the higher temperature features (Tdes > 200 K) 

C

O

CH3
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can be compared to the condensed acetone layer. For UiO-66 (black trace, Figure 4.1) and 

UiO-67-CH3 (light blue trace, Figure 4.1), the intensity of the higher temperature feature 

(Tdes > 200 K) is of lower magnitude than the condensed acetone site (Tdes ~ 150 K). This 

suggests that during heating less acetone can access the internal pore environment, which 

can be explained by the smaller pore aperture of UiO-66 (~5 Å) compared to UiO-67 (~10 

Å).48, 49 For UiO-67-CH3, we also observe a larger contribution from the low temperature 

site (light blue trace, Figure 4.1) compared to UiO-67 (red trace, Figure 4.1) and UiO-67-

NH2 (dark blue trace, Figure 4.1). It is possible that the methyl substituents on the UiO-67-

CH3 linker block acetone access to the internal pores. However, since this effect is not 

observed for UiO-67-NH2, where contribution from the higher temperature site (Tdes = 215 

K) is larger compared to the low temperature site (Tdes ~ 150 K) (blue trace, Figure 4.1), 

then it seems more likely that majority of the acetone molecules remain on the external 

UiO-67-CH3 surface due to repulsive interactions induced by the methyl substituent.  

 

The TPD peak maximum (Tdes) correlates with the binding energy: the higher Tdes, the 

stronger the MOF-analyte binding. All energies calculated in this section assume a first-

order process where the binding energy is independent of analyte coverage.70 See Section 

2.5.3 for a more detailed discussion of the calculations. We note that unlike the other UiO-

6x MOFs, two higher energy desorption sites (Tdes > 150 K) are observed for UiO-67 with 

energies of 46.0 kJ/mol (Tdes = 180 K) and 57.0 kJ/mol (Tdes = 200 K), which indicates that 

multiple binding sites are accessible within the UiO-67 internal pores at low coverage 
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(Table 4.1). However, UiO-67 is observed to have the weakest binding interaction with 

acetone, where the trend observed experimentally is UiO-66 (66.5 kJ/mol) > UiO-67-CH3 

(60.1 kJ/mol) > UiO-67-NH2 (55.5 kJ/mol) > UiO-67 (46.0 and 50.1 kJ/mol). It is not 

surprising that UiO-66 binds acetone tightly, as the narrow pore aperture (~5 Å, see Section 

1.3) likely restrict analyte mobility compared to UiO-67 (~10 Å see Section 1.3). A similar 

argument can be made for acetone mobility in UiO-67-CH3, where one could imagine that 

the molecules that do diffuse into the internal pore environment would preferentially bind 

within the more polar tetrahedral UiO-67 cavity where the majority of the µ3-OH groups 

on the inorganic Secondary Building Unit (SBU) reside. For UiO-67-NH2, it is possible 

that there are competing binding interactions with the amine functionality and the MOF 

µ3-OH groups. In order to access the µ3-OH groups, the molecule must first pass through 

the larger pore opening containing the linker amine groups, which likely accounts for 

majority of the acetone binding interactions at low exposure. Ultimately, our results 

indicate that linker functionalization and likely pore size impacts the strength of acetone 

binding to the UiO-6x MOF at low coverage (Table 4-1).  

 

Table 4-1. Acetone desorption energies calculated assuming a first-order 
desorption process and pre-exponential factor of 1013 s-1 (see Section 2.5.3) 

 Site 2 Site 3 
Tdes (K) Edes (kJ/mol) Tdes (K) Edes (kJ/mol) 

UiO-67 180 46.0 225 50.1 
UiO-67-NH2 -- -- 215 55.5 
UiO-67-CH3 -- -- 235 60.1 
UiO-66 -- -- 257 66.5 
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4.3.2 Isopropanol 

The temperature profiles of UiO-67, UiO-67-NH2 and UiO-67-CH3 following ~1100 L 

isopropanol (IPA) reveals several features consistent with multiple adsorption sites at low 

coverage (<10% of a monolayer). TPD-MS spectra were collected following the most 

abundant IPA mass fragment, m/z = 45 amu (Figure 4.2), and the experimental exposure 

was within 5% of the mean (~1100 L) exposure. A similar, low temperature feature is 

observed at ~174 K for all UiO-67 MOFs. Similar to acetone (Section 4.2.1), the 

asymmetrical peak shape and common leading edge are consistent with a zero-order 

process and suggests that some IPA molecules desorb from a condensed layer with a rate 

that is independent of analyte converge (see Section 4.2.1). In fact, the experimental 

desorption temperature observed for this site for the UiO-67 MOFs (Tdes ~ 175 K) is in 

good agreement with that reported for IPA sublimation from carbonaceous and water ice 

surfaces.111-113  

 

When dosed at 100 K, IPA molecules condense on the external MOF surface and only 

diffuse in when sufficient thermal energy is provided to the system. As the sample 

temperature is increased, some IPA molecules desorb from the condensed layer (Tdes ~ 174 

K), while the remaining molecules diffuse into and preferentially bind to the most 

accessible sites within the MOF pores. This internal pore binding is identified in the TPD 

spectra by a common feature near 200 K for all UiO-67 MOFs (Figure 4.2). Desorption 

energies calculated assuming a first-order desorption process, described in Section 2.5.3, 
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yield values of 51.2 kJ/mol (UiO-67), 51.5 kJ/mol (UiO-67-NH2) and 51.9 kJ/mol (UiO-

67-CH3), Table 4-2. The similarity in these energy values strongly suggests that IPA is 

desorbing from the same site in each UiO-67 MOF, and thus likely originates from 

interaction with the inorganic SBU.  

Figure 4.2. TPD spectra following the m/z = 45 amu molecular ion fragment following isopropanol 
exposure for UiO-67 (1160 L), UiO-67-CH3 (1105 L) and UiO-67-NH2 (1047 L) and during heating 
from 100 K to 473 K at 2.0 K/s. The total amount of isopropanol introduced into the vacuum 
chamber was within 5% of the target exposure (1100 L) for all UiO MOFs. 

 

For UiO-67 and UiO-67-NH2, an additional higher temperature desorption peak is 

observed at 300 K (57.7 kJ/mol) and 222 K (77.8 kJ/mol), respectively (Table 4-2). IPA 

interactions with UiO-67 and UiO-67-NH2 are significantly stronger than interactions with 

acetone (see Table 4-1). We hypothesize that this may be related to the ability of IPA to 
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act as both a hydrogen bond donor and acceptor, which can enable multiple binding 

configurations with the MOFs simultaneously. This topic is discussed in more detail in 

Section 4.3.2 and Section 4.4. We note that a higher energy IPA binding site (Tdes > 220 

K) is not observed for UiO-67-CH3 (Figure 4.2), and we hypothesize that the absence of 

this site may be due to repulsive interactions with the methyl substituent blocking analyte 

access, at least in the limit of low surface coverage.  

 

Table 4-2. IPA desorption energies calculated assuming a first-order desorption 
process and pre-exponential factor of 1013 s-1 (see Section 2.5.3) 

 Site 2 Site 3 
Tdes (K) Edes (kJ/mol) Tdes (K) Edes (kJ/mol) 

UiO-67 200 51.2 300 77.8 
UiO-67-NH2 202 51.5 222 57.7 
UiO-67-CH3 203 52.2 -- -- 

 

4.3.3 n-Heptane  

The TPD profiles for the UiO-67 MOFs following ~1100 L n-heptane exposure yield a 

similar, low temperature feature near 165 K, which share a common leading edge and 

asymmetrical peak shape. As previously described for acetone and isopropanol, this 

behavior is suggestive of a zero-order process resulting from n-heptane desorption from a 

condensed layer on the external MOF surfaces. The desorption temperature for this site is 

in good agreement with previous literature reports for the sublimation of straight-chain 

alkanes (n = 6-8) from graphite material.114  
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Figure 4.3. TPD spectra following the m/z = 43 amu molecular ion fragment following n-heptane 
exposure for UiO-67 (red, 980 L), UiO-67-CH3 (1030 L) and UiO-67-NH2 (1138 L) and during 
heating from 100 K to 473 K at 2.0 K/s. The MS signal intensities for UiO-67 and UiO-67-NH2 
were scaled to align the TPD signals at the lowest temperature site (Tdes ~ 165 K). The total amount 
of n-heptane introduced into the vacuum chamber was within 10% of the target exposure (1100 L) 
for all UiO MOFs. 

 
UiO-67-CH3 appears to have the strongest interactions with the non-polar analyte, n-

heptane, as revealed by two higher temperature desorption features at 246 K (65.5 kJ/mol) 

and 308 K (80.5 kJ/mol) (Figure 4.3). The lower temperature site observed for UiO-67-

CH3 (246 K) coincides with similar features observed for UiO-67 and UiO-67-NH2 at 234 

K (60.1 kJ/mol) and 242 K (62.2 kJ/mol), respectively, which suggests that n-heptane likely 

desorbs from a similar site for all UiO-67 MOFs. Notably, the highest temperature shoulder 

(Tdes > 250 K) is only observed for the functionalized UiO-67 MOFs (Figure 4.3), which 

CH2
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suggests that this binding interaction likely originates from interaction with the functional 

group on the organic linker. In fact, the highest temperature n-heptane binding site (Tdes = 

308 K) on UiO-67-CH3 yields the strongest binding energy compared to all other MOF-

analyte system reported in this chapter (Table 4-3). We suspect that this strong binding 

results from a combination of attractive interactions originating from non-polar character 

of the organic linker (-CH3 substituent) and confinement effects of the n-heptane within 

the UiO-67-CH3 pores. We expect a similar effect for UiO-67-NH2, where confinement of 

n-heptane near the linker amine groups likely strengthens the binding interactions induced 

by weak hydrogen bonding.  

 

Table 4-3. n-Heptane desorption energies calculated assuming a first-order 
desorption process and pre-exponential factor of 1013 s-1 (see Section 2.5.3) 

 Site 2 Site 3 
Tdes (K) Edes (kJ/mol) Tdes (K) Edes (kJ/mol) 

UiO-67 234 60.1 -- -- 
UiO-67-NH2 242 62.2 286 74.2 
UiO-67-CH3 246 63.5 310 80.5 

 

4.4. The Vibrational Signature of MOF-Analyte Interactions  

In the previous section, TPD-MS characterization revealed the availability of analyte 

binding sites and their energies for acetone, isopropanol and n-heptane with UiO-6x MOFs 

by monitoring the MS signal of gaseous species as they are removed from the surface 

during sample heating. Complementary to this technique, temperature-programmed FTIR 

can provide detailed in situ information about the nature of the MOF-analyte interactions 

by monitoring changes in the MOF IR signature (a) during the adsorption process, (b) 
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during the heating process, and (c) after the removal of surface-bound species. In this 

section, we interpret the information encoded in the MOF vibrational signature in order to 

determine the similarities and differences in analyte interactions with the framework and 

the impact of pore size on analyte accessibility.  

 

4.4.1 Acetone  

In order to gain more fundamental insight into the interactions of acetone with the UiO-6x 

MOFs, we use in situ IR to monitor changes in the MOF IR signature during analyte uptake 

and as the sample is heated to the activation temperature. Initially, upon exposure to ~1000 

L of acetone at 100 K, several spectral features characteristic of crystalline acetone are 

observed in the IR difference spectra (Figure 4.4). For all MOFs, a peak near 1710 cm-1 is 

assigned to the carbonyl stretching frequency of acetone, v(C=O).115 This feature is 

redshifted (~11 cm-1) relative to unbound acetone carbonyl confirming acetone adsorption 

on the external MOF surface.115 At 100 K, bulk acetone exists in a solid, crystalline phase, 

so dosing the MOF at this temperature allows acetone to condense on the external MOF 

surface as a multilayer, in good agreement with the TPD results presented previously. A 

full list of band assignments for the acetone features observed at 100 K for all UiO-6x 

MOFs is provided in Table A-2 of Appendix A. 

 



 

 

86 

 

 

Figure 4.4. IR difference spectra following ~1000 L acetone exposure at 100 K for UiO-67 (red), 
UiO-67-NH2 (dark blue), UiO-67-CH3 (light blue) and UiO-66 (black). Acetone adsorption to the 
MOF surface is confirmed by the positive IR feature at ~1710 cm-1 assigned to the carbonyl stretch– 
v(C=O), indicated by the vertical dashed line. Difference spectra were generated using the clean 
MOF at 100 K as the reference. Band assignments are provided in Table A-2 of Appendix A. 

 
MOF-acetone interactions are recognized by changes in the MOF IR profile during heating 

from 100 K to 473 K at 1 K/s following acetone exposure (100 K), which we discuss using 

the unfunctionalized UiO-67 as the representative example (Figure 4.5). IR difference 

spectra, generated using a reference spectrum of the clean MOF at the same temperature, 

allows us to resolve the temperature-dependent acetone-MOF interactions by excluding 

any interference from heating effects on the clean MOF’s own IR features (see Chapter 3).  

The IR difference spectra presented in Figure 4.5 highlight the interactions of acetone with 

UiO-67 in two temperature regimes: (a) 100 K – 180 K (blue spectra) and (b) 180 K – 230 

UiO-67

UiO-67-NH2

UiO-67-CH3

UiO-66
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K (red spectra). Upon acetone adsorption at 100 K (solid, black), it is apparent that a small 

fraction of the acetone directly interacts with the µ3-OH groups on the Zr-node (negative 

v(µ3-OH) band at 3700 cm-1) forming hydrogen bonds with the acetone carbonyl (positive 

v(OH)HB centered at 3450 cm-1). Two additional features near v(OH)HB are also observed 

at 3530 and 3398 cm-1. The IR band at 3398 cm-1 is assigned to the overtone stretch of the 

acetone carbonyl, 2v(C=O).116, 117 The band at 3530 cm-1 originates from a hydrogen 

bonded interaction between the acetone carbonyl and a small quantity of water that likely 

entered the UHV chamber from residual water remaining in the acetone dosing flask, or 

from adsorbed in the UHV gas line. This assignment was guided by a previous report which 

identified a feature at 3520 cm-1 to result from acetone-water hydrogen bonding originating 

water contamination in IR signature of liquid “neat” acetone 118  

 

Acetone diffusion from the external crystallite surface into the internal pore environment 

is expected as the sample temperature is increased. Indeed, from 100 K to 180 K (Figure 

4.5a), a decrease of the MOF v(µ3-OH) at 3677 cm-1 (inset, Figure 4.5a) is accompanied 

by the growth of v(OH)HB centered at 3450 cm-1. This observation provides evidence that 

as the sample temperature is increased, acetone diffuses into the internal UiO-67 pore 

environment where majority of the µ3-OH groups reside (Figure 4.5a). At 180 K, v(OH)HB 

reaches a maximum indicating that majority of the acetone has diffused in and interacts 

with µ3-OH groups in the internal pore environment. Continued heating above 180 K 

(Figure 4.5b) leads to the removal of hydrogen bonded acetone evidenced by the monotonic 
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loss of v(OH)HB. As the acetone population in the framework decreases, there are fewer 

molecules available to hydrogen bond, leading to the reemergence of the isolated v(µ3-OH) 

signal. The complete disappearance of v(OH)HB and full recovery of v(µ3-OH) are observed 

by 320 K (Figure 4.5 b), which is consistent with the TPD-MS results presented previously.  

Figure 4.5. IR difference spectra of UiO-67 collected during heating from 100 K to 473 K at ~1.0 
K/s following exposure to ~1000 L of acetone at 100 K (black, solid) highlighting the evolution of 
hydrogen bonded species - v(OH)HB within the temperature regimes (a) 100 K – 180 K (blue) and 
(b) 180 K – 473 K (red), where the inset highlights the behavior of the MOF bridging hydroxyls - 
v(µ3-OH). The dashed black spectra correspond to the sample at 180 K. Difference spectra were 
generated by subtracting each IR spectrum with a spectrum of the clean MOF at the same 
temperature.  

 
The acetone carbonyl – v(C=O) – initially observed at 1711 cm-1 is a direct spectroscopic 

probe for the total amount of adsorbed acetone.89 As the sample temperature is increased 

from 100 K to 180 K (Figure 4.6a), the v(C=O) band shifts towards higher wavenumber 

and slightly (<10%) decreases in spectral intensity, reaching a minimum by 120 K, but then 

regains its initial intensity by 180 K. This intensity decrease with heating has been detected 

v(OH)HB
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v(OH)HB

180 K
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previously using reflection absorption infrared spectroscopy for amorphous solid acetone 

confined between two H2O ice layers, and was attributed to the change in phase from an 

amorphous solid (80 K) to a “molecularly aligned” phase (120 K) and finally to an isotropic 

phase (140 K).119 Specifically, the v(C=O) band is reported to decrease upon heating from 

80 K – 120 K and then recovers to its initial intensity with continued heating from 120 K 

– 140 K.119 Therefore, we attribute the observed intensity changes to confined acetone 

changing phase within the internal UiO-67 pore environment. We note that no appreciable 

loss in v(C=O) intensity is observed until sample temperatures exceed 180 K (Figure 4.6b), 

consistent with the TPD (Figure 4.2). The gradual loss of v(C=O) intensity continues with 

increasing temperature and the feature completely disappears from the IR spectrum by 320 

K (Figure 4.6b). This behavior occurs simultaneously with the loss of v(OH)HB features, 

and indicates that for temperatures above 180 K, acetone molecules diffuse out of the 

framework and desorb. The complete loss of the acetone v(C=O) and v(OH)HB features and 

recovery of the initial clean MOF spectrum after heating to 473 K further supports 

molecular physisorption of acetone evidenced by TPD (see Appendix C).  



 

 

90 

 

 

Figure 4.6. IR difference spectra of UiO-67 collected during heating from 100 K to 473 K at ~1.0 
K/s following exposure to 1000 L of acetone at 100 K (black, solid) highlighting the evolution of 
the acetone carbonyl - v(C=O) within the temperature regimes (a) 100 K – 180 K (blue) and (b) 
180 K – 473 K (red). The dashed black spectra correspond to the sample at 180 K. Difference 
spectra were generated by subtracting each IR spectrum with a spectrum of the clean MOF at the 
same temperature.  

 

4.4.2 Isopropanol  

Upon exposure to ~1000 L of isopropanol (IPA) at 100 K, several spectral features 

characteristic of crystalline IPA are observed in the IR difference spectra for UiO-66 and 

unfunctionalized UiO-67 (Figure 4.7). IPA adsorption on the external crystallite surface is 

confirmed by the appearance of intrinsic v(CH) stretching modes at 2968, 2926 and 2880 

cm-1, which are shifted towards lower wavenumber relative to crystalline IPA at 120 K.111 

The asymmetric methyl C-H stretch, vas(CH3) (2968 cm-1) is the most intense of the 

intrinsic C-H IPA features, which we use as a direct spectroscopic probe for the total 

v(C=O) v(C=O)

100 K

180 K
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180 K
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180 K
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amount of adsorbed IPA.89 A complete list of IPA band assignments is provided in Table 

A-3 in Appendix A. 

Figure 4.7. IR difference spectra following ~1000 L isopropanol exposure at 100 K for UiO-67 
(red) and UiO-66 (black). Isopropanol adsorption to the external MOF surface is confirmed by the 
positive IR features at 2968, 2926 and 2880 cm-1assigned to adsorbed v(CH) modes of IPA. The 
asymmetric methyl C-H stretch – v(CH)IPA is indicated by the vertical dashed line. Difference 
spectra were generated using the clean MOF at 100 K as the reference. Band assignments are 
provided in Table A-3 of Appendix A. 

 
Initially, at 100 K and following ~1000 L IPA exposure, majority of the adsorbed 

molecules condense on the external MOF crystallite surface. Using UiO-66 as the 

representative example, this is recognized in the IR spectrum by the appearance of a broad 

O-H stretch centered at 3240 cm-1, originating from a condensed network of IPA-IPA 

hydrogen bonds (Figure 4.8). However, we note that upon adsorption, IPA also interacts 

UiO-67

UiO-66
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directly with the µ3-OH groups on the SBU, evidenced by the negative v(µ3-OH) band at 

3677 cm-1 (solid black spectra, inset, Figure 4.8). 

 

As the sample temperature is increased, the mobility of individual IPA molecules increases 

and enables diffusion into the internal pore environment. In order to resolve the 

temperature-dependent MOF-IPA interactions, IR difference spectra are generated using a 

reference spectrum of the clean MOF at the same temperature, thus excluding any 

interference from the heating effects of the clean MOF (see Chapter 3). Unlike acetone, 

IPA can form hydrogen bonds with itself, acting as both a proton donor and acceptor, which 

complicates interpretation of the OH stretching region. It is generally reported that the 

hydrogen bonded aggregation state of alcohols decreases with increasing temperature, 

where the highest-ordered aggregates are observed at lower frequency (within the range of 

3100 – 3700 cm-1).120-122 This effect has been previously reported for simple alcohols, 

including butanol, methanol, 1-propanol and isopropanol, isolated in solid argon 

matrices.120-122 As more thermal energy is provided to the system, IPA molecules break 

away from the condensed layer and diffuse into the internal pores, which is observed 

experimentally by the blueshift of the broad v(OH) band centered 3240 cm-1 (100K) and 

evolution of several other distinct v(OH) bands at 3195 cm-1, 3276 cm-1, 3397 cm-1, 3480 

cm-1 and 3600 cm-1 with heating (Figure 4.8).  
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Figure 4.8. IR difference spectra of UiO-66 collected during heating from 100 K to 423 K at ~1.0 
K/s following exposure to ~1000 L of isopropanol (IPA) at 100 K (black, solid) highlighting the 
evolution of hydrogen bonding IPA clusters - v(OH)HB. The insets highlight IPA interactions with 
MOF free OH groups – v(µ3-OH) at 3677 cm-1 and the evolution of IPA hydrogen bonded 
monomers – v(OH)’HB at 3600 cm-1 within the temperature regimes (a) 100 K – 235 K (blue) and 
(b) 235 K – 423 K (red). The dashed black spectra correspond to the sample at 235 K. Difference 
spectra were generated by subtracting each IR spectrum with a spectrum of the clean MOF at the 
same temperature.  

 

The O-H band at 3600 cm-1 uniquely evolves with increasing temperature, changing only 

in intensity with no shift in frequency. We assign this feature to the direct hydrogen-

bonding interaction of IPA with the µ3-OH groups of UiO-66, which we term v(OH)’HB. 

Quantitatively, a plot of the integrated intensity of v(OH)’HB as a function of temperature 

confirms our qualitative assessment where v(OH)’HB increases in intensity up to 235 K 
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where it reaches maximum absorbance before decreasing in intensity with continued 

heating to 423 K (Figure 4.9). We interpret this as the increasing population of individual 

IPA-MOF hydrogen bonds as molecules break off from the larger network of hydrogen 

bonding interactions at the crystallite surface and diffuse into the internal pore environment 

of UiO-66 (Figure 4.8 + top inset) before reaching a critical point (i.e., 235 K) then 

diffusing out of the framework and desorbing (Figure 4.9). By 423 K, there is a complete 

disappearance of all v(OH) IPA modes, which is accompanied by the recovery of the MOF 

v(µ3-OH) mode, confirming IPA interactions with UiO-66 is reversible.  

 

Figure 4.9. Monitoring the temperature-dependant evolution of IPA interactions with UiO-67 
showing the evolution of the integrated absorbance of the hydrogen bonded species, v(OH)’HB at 
3640 cm-1, during heating from 100 K – 473 K at 1 K/s. 
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The differences in IPA hydrogen bonding behavior between UiO-66 and UiO-67 are 

presented using selected IR difference spectra in Figure 4.10. We point out that unlike the 

UiO-67 MOFs, the smaller pore apertures of UiO-66 limits the ability to completely 

evacuate residual pore-confined solvent (i.e., DMF) during the activation process (see 

Chapter 2) without compromising the structural integrity of UiO-66.42, 63 As a result, we 

hypothesize that there is likely a contribution of IPA hydrogen bonding with the residual 

DMF solvent, which could explain the identity of the multiple, distinct v(OH) features 

observed in IPA-UiO-66 IR spectrum (Figure 4.10). It is clear that as temperature 

increases, the broad hydrogen bonding stretch centered 3240 cm-1 (100 K) for UiO-67 does 

not split into multiple, distinct resolvable features as observed for UiO-66 (Figure 4.10a). 

This observation is consistent with our hypothesis that the residual, pore-confined solvent 

in UiO-66 contributes to the hydrogen bonding interactions with IPA. However, the degree 

of spectral shift towards higher wavenumber and the evolution of the isolated, v(OH)’HB is 

similar for both materials, suggesting that majority of the hydrogen bonded interactions are 

occurring between IPA and the MOF. 
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Figure 4.10. Selected IR difference spectra collected in situ following exposure to ~1000 L of 
isopropanol (IPA) and during heating at ~1.0 K/s comparing the temperature dependent MOF-IPA 
interactions for (a) UiO-66 from 100 K (dark blue) to 423 K (dark red) and (b) UiO-67 from 100 
K (dark blue) to 423 K (dark red). Difference spectra were generated by subtracting each IR 
spectrum with a spectrum of the clean MOF at the same temperature.  

 

4.4.3 n-Heptane  

Upon exposure of UiO-67 to ~1000 L n-heptane at 100 K, several features appear within 

the high wavenumber region of the infrared difference spectrum at 2849, 2870, 2916, 2951 

and 3640 cm-1 (Figure 4.11a), which are in good agreement with previous literature reports 

of n-alkane adsorption on UiO-66 and porous zeolites.123, 124 The appearance of a feature 

at 3640 cm-1 correlates with the disappearance of the intrinsic UiO-67 v(µ3-OH) mode at 

3677 cm-1, indicating that n-heptane adsorption at 100 K perturbs the local environment 

around the free µ3-OH groups (solid black spectrum, Figure 4.11). At 100 K, we expect all 
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of the analyte to condense on the external crystallite surface. If all n-heptane molecules 

adsorb, then we estimate that the fraction of µ3-OH groups available for n-heptane to 

interact with is ~2% relative to the total available µ3-OH groups (see Appendix C). We 

note that the intensity loss in v(µ3-OH) for n-heptane is more pronounced that for acetone 

(Figure 4.5) and isopropanol (Figure 4.8) for a similar exposure. This suggests that some 

n-heptane likely enters into the internal pores where it can interact with more µ3-OH groups 

upon adsorption at 100 K.  

 

Sharp et al. report similar observations for n-butane uptake by UiO-66 at 124 K, attributing 

the appearance of a feature at 3641 cm-1 to weak hydrogen bonds with the MOF free µ3-

OH.123 This assignment is supported by isothermal diffusion experiments, which followed 

the decrease of the v(µ3-OH) stretch intensity as a function of time during n-butane 

exposure.123 The authors report that the loss of v(µ3-OH) coincided with the appearance of 

the redshifted (34 cm-1) and broadened v(OH) feature at 3641 cm-1 leading the authors to 

conclude that n-butane diffuses into the internal UiO-66 pore space and can access the µ3-

OH sites.123 For low coverage (~1000 L) n-heptane adsorption on UiO-67, a redshift of 37 

cm-1 shift of the v(µ3-OH) stretch and is observed immediately following analyte exposure 

(black spectrum, Figure 4.11). The larger redshift observed for n-heptane (37 cm-1) 

compared to n-butane (34 cm-1) suggests there might be a correlation between the alkyl 

chain length and the binding energy. However, we also recognize that the larger pores of 

UiO-67 likely allow for easier access of the analyte into the internal pore environment 
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compare to UiO-66.123 In order to determine the limiting factor (i.e., chain length or pore 

size), future studies should investigate the interaction of n-heptane on UiO-66 using 

identical experimental conditions.  

Figure 4.11. IR difference spectra of UiO-67 collected during heating from 100 K to 473 K at ~1.0 
K/s following exposure to ~1000 L of n-heptane at 100 K (black, solid) showing (a) perturbation 
of the MOF free OH groups – v(µ3-OH) at 3677 cm-1 due to adsorption of n-heptane, v(CH)heptane. 
The insets show heating induced effects within the temperature regimes (b) 100 K – 236 K (blue) 
and (c) 236 K – 473 K (red). The dashed black spectra in the insets correspond to the sample at 180 
K. Difference spectra were generated by subtracting each IR spectrum with a spectrum of the clean 
MOF at the same temperature.  

 
The diffusion of n-heptane in UiO-67 is recognized by changes in the v(OH)’ band at 3641 

cm-1 as temperature is ramped from 100 K – 473 K (Figure 4.11a). The temperature-
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dependent changes can be divided into two temperature regimes: (a) 100 K – 236 K (Figure 

4.11b) and (b) 236 K – 473 K (Figure 4.11c). As the sample temperature is increased, 

v(OH)’ blueshifts and increases in intensity, reaching a maximum at 236 K (dashed spectra, 

Figure 4.11b). Continued heating above 236 K leads to the decay of v(OH)’, which 

completely disappears from the IR spectrum by 326 K and is accompanied by the recovery 

of the intrinsic v(µ3-OH) mode. Moreover, as the temperature is increased, the intrinsic 

heptane v(CH) modes between 2800 – 3000 cm-1 blueshift and decrease in intensity, 

suggesting that the interaction with n-heptane is likely a combination of attractive 

interactions with the MOF π-system and weak hydrogen bonding with the µ3-OH groups.  

Figure 4.12. Monitoring the temperature-dependant evolution of n-heptane interactions with UiO-
67 showing by tracking the integrated absorbance of the MOF v(µ3-OH) at 3677 cm-1 (closed 
circles) and the intrnsic n-heptnae v(CH) modes between 2968 – 2880 cm-1 (open circles) during 
heating from 100 K – 473 K at ~1.0 K/s.  
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Quantitative analysis tracking the normalized integrated intensity of v(OH)’ at 3641 cm-1 

and v(CH) modes (2800 – 2978 cm-1) provides insight into the transport of n-heptane 

during heating (Figure 4.12). The intrinsic v(CH) modes of heptane are a direct 

spectroscopic probe for the amount of n-heptane adsorbed on UiO-67. By tracking the loss 

in integrated intensity as a function of temperature we can determine the temperature range 

associated with the molecules leaving the MOF. Unlike acetone and isopropanol, we 

observe two steps in the loss of n-heptane v(CH) modes (open circles, Figure 4.12). 

Between 130 -170 K, a loss of ~25% of the adsorbed heptane molecules is observed, which 

is followed by a plateau region where no further loss of v(CH) modes is observed until the 

sample temperature exceeds 236 K. The initial loss between 130 – 170 K is in reasonable 

agreement with desorption from the initial, low temperature site (Tdes ~ 165 K) observed 

from the TPD (Figure 4.6). However, loss of v(CH) slows considerably between 170 – 236 

K, as v(OH)’ mode at 3641 cm-1 continues to increase, suggesting that there may be 

additional interactions occurring within this temperature range, possibly from confinement 

effects of n-heptane within the internal pores and interaction with the π-system of the UiO-

67 linker. Notably, at the onset of the second loss in v(CH) at 236 K, the intensity of v(OH)’ 

reaches a maximum (Figure 4.12). Continued heating above 236 K leads to the loss of both 

v(CH) and v(OH)’ modes, proceeding at similar rates as indicated by the slopes of the 

integrated area curves. By 326 K all n-heptane has desorbed from the framework and the 

initial state of the clean MOF is recovered, indicating that interactions with heptane are 

reversible.  
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4.5. Comparison of Analyte Interactions with UiO-67 

By comparing the three different analyte interactions with the unfunctionalized UiO MOF, 

we can identify if analyte polarity impacts the binding strength. The polarity index is 

defined as “the ability of the solvent to interact with various test solutes”,125 which scales 

with increasing polarity. For the analytes reported here, the reported polarity index values 

are: n-heptane (0.1), isopropanol (3.9) and acetone (5.1).125, 126  

 

TPD-MS provides insight into the accessibility and strength of binding sites with the MOF. 

Using UiO-67 as a representative example, we compare the binding preferences of ~1000L 

exposure of acetone, isopropanol and n-heptane (Figure 4.13). Several features are 

observed in each of the TPD spectra, indicating that all analytes have sufficient mobility to 

access multiple binding sites within the UiO-67 MOF (Figure 4.13). A low temperature 

feature, close to their respective sublimation temperatures, is observed for all analytes, 

which we previously attributed to analyte desorbing from a condensed layer on the external 

crystallite surface. The highest temperature feature observed in the TPD is reflective of the 

highest energy binding site of the MOF, which yields a relative trend in desorption energy 

as acetone (5.1) < n-heptane (0.1) < isopropanol (3.9). The observed trend in binding 

strength, at least in the limit of low coverage (<10% of a monolayer), suggests that solvent 

polarity is not a useful indicator for predicting the strength of MOF-analyte binding 

interactions. As will be described in the following paragraphs, the intrinsic functionality of 

the analyte plays an important role in the binding interactions with the MOF.  
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Figure 4.13. TPD spectra comparing ananlyte binding preferences with UiO-67 following ~1100 L 
exposure of IPA (m/z = 45), acetone (m/z = 43) and n-heptane (m/z = 43). 

 
The effects of analyte functionality on the interactions with the µ3-OH groups of UiO-67 

are reflected in the infrared spectra collected immediately following 1000 L analyte 

exposure at 100 K (blue curve, Figure 4.14) and at elevated temperatures, e.g., 200 K (red 

curve, Figure 4.14). During adsorption at 100 K, we estimate that for a ~1000 L exposure 

the analyte can interact with roughly 2.0% of the total available µ3-OH groups confined on 

the external surface, and thus if all molecules stick during exposure then we should only 

see ~2.0% change in the v(µ3-OH) signal at 100 K, see Appendix B. Close examination of 

the OH region reveals that for acetone and isopropanol there does not seem to be a visible 

effect on the µ3-OH mode (Figure 4.14b/c), which suggests that as the polar molecules 
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condense, they likely do not interact with the entire external surface resulting in seemingly 

insignificant reduction in v(µ3-OH) upon adsorption. However, the non-polar analyte n-

heptane (Figure 4.14a) does perturb the local environment around the µ3-OH groups at 100 

K. This result suggests that during exposure some of the n-heptane may be able to access 

the internal pore environment producing a larger initial effect on the µ3-OH group at 100 

K.  

Isopropanol, a simple alcohol, differs structurally from acetone at the central carbon, which 

bears a single bond to oxygen (C-OH) rather than a double bond (C=O). Although these 

molecules are structurally similar, this slight modification at the central carbon contributes 

significantly to differences in their properties. With respect to hydrogen bonding, acetone 

can only act as a proton acceptor, whereas isopropanol can act as both a proton donor and 

acceptor, enabling the possibility of multiple, simultaneous hydrogen bonding interactions. 

This difference is reflected in the UiO-67 IR spectra collected following ~1000 L analyte 

exposure at 100 K and at 200 K (Figure 4.14), where the relative strength of the hydrogen 

bonding interactions is assessed by the position of hydrogen-bonded OH signal; the more 

redshifted the v(OH)HB signal, the stronger the analyte-MOF hydrogen bond. At 100 K, the 

broad v(OH)HB signal for acetone (3545 cm-1 – 3370 cm-1) is observed at higher 

wavenumbers compared to the broad v(OH)HB for isopropanol (3370 cm-1 – 3130 cm-1), 

signifying that isopropanol forms stronger, and likely multiple, hydrogen bonds with the 

framework. However, we recognize that for IPA the majority v(OH)HB at 100 K is 

associated with the condensed network of IPA-IPA hydrogen bonding interactions, which 
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is significantly reduced at higher sample temperatures as the IPA diffuses into the internal 

pores of the MOF. At 200 K, the v(OH)HB for both IPA and acetone blueshift, indicating a 

weakening of their hydrogen bonded interactions, yet v(OH)HB for IPA remains at higher 

wavenumber relative to acetone. Moreover, UiO-67 interaction with IPA has a more 

pronounced effect on the MOF µ3-OH groups, where a large decrease in intensity is 

observed at 200 K. We attribute this effect to the ability of IPA to form multiple hydrogen 

bonding interactions with the MOF through both oxygen and hydrogen functionalities, and 

thus forms stronger interactions with UiO-67, which in good agreement with the TPD 

results presented in Section 4.1. For the non-polar molecule, n-heptane, our IR results 

provide evidence that interaction with C-H functionality produces a subtle redshift in the 

v(µ3-OH) intensity, which can be used as an indicator for the binding orientation of the 

polar molecules, acetone and heptane. Moreover, we suspect that there could also be 

contributions from attractive interactions with the π-system of the organic linker and could 

explain the strong binding energies observed in the TPD. Ultimately, our results suggest 

that analyte functionality may be more important than polarity of the solvent, i.e., 

isopropanol (3.9) < acetone (5.1) < n-heptane (0.1) in determining the relative strength of 

MOF-analyte interactions.  
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Figure 4.14. IR spectra of UiO-67 interacting with (a) n-heptane, (b) acetone, and (c) isopropano l 
immedietly following ~1000 L analyte exposure at 100 K (blue) and during heating at 200 K (red). 
All IR spectra are baseline corrected.  
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4.6. Conclusion 

A combination of temperature programmed desorption-mass spectrometry and in situ FTIR 

spectroscopy under UHV conditions have revealed the fundamental interactions of simple 

solvents with UiO-series MOFs. In the limit of low coverage, TPD-MS results provide 

insight into the accessibility of binding sites, providing evidence that both the functionality 

of the MOF and the functionality of the analyte influences the relative binding strength. In 

situ FTIR provides complementary insight by enabling the interpretation of analyte binding 

preferences and reveals that regardless of polarity both polar and non-polar analytes can 

access the internal pore environment and interact with the MOF µ3-OH groups. Ultimately, 

this work will guide future studies investigating uptake, transport and desorption of 

complex molecules, including simulants of chemical warfare agents.  
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CHAPTER 5: DESIGN, SYNTHESIS, AND CHARACTERIZATION OF 

METAL−ORGANIC FRAMEWORKS FOR ENHANCED SORPTION OF 

CHEMICAL WARFARE AGENT SIMULANTS 

 

5.1. Abstract 

In the previous chapter, I described the temperature-dependent binding interactions of 

simple polar and non-polar molecules with UiO-66 and UiO-67 MOFs. This study served 

as a necessary first step in order to understand (a) the influence of MOF functional groups 

on analyte binding and (b) the interactions of UiO MOFs with more complex molecular 

systems (i.e., CWAs and CWA simulants). In this chapter, I describe the binding 

interactions of the chemical warfare agent, dimethyl methyl phosphonate (DMMP) with 

functionalized UiO-67 MOFs.  

 

Through our collaboration with Professor J. Karl Johnson’s group at the University of 

Pittsburgh, density functional theory (DFT) was used to screen a library of functionalized 

UiO-67 MOFs having a range of binding energies for DMMP. Three UiO-67 analogs in 

this library, UiO-67-NH2, UiO-67-CH3 and UiO-67, were selected to experimentally verify 

the DFT calculations, which predicted that these MOF would have strong, moderate and 

weak binding energies, respectively. We find that the order of binding energies predicted 

by DFT agrees with experimental data from temperature-programmed desorption 

experiments. This serves as a proof of concept that ab initio calculations can guide 
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experiments in designing MOFs that exhibit a higher affinity for CWAs and their 

simulants. Moreover, this multi-technique approach has enabled a fundamental 

understanding of CWA simulant interactions with porous materials and informs the rational 

design of stratified MOF materials suitable for superior military, industrial and civilian 

protection equipment. The material presented in this chapter was published in the Journal 

of Physical Chemistry C in August 2019.28 

 

5.2. Introduction  

Chemical warfare agents (CWAs) are a persistent and evolving threat. Therefore, continued 

development of mitigation and defense technologies is necessary. Currently, a combination 

of high-efficiency particulate air (HEPA) media and activated carbon impregnated with 

materials capable of reacting with volatile species is used in respirators to protect against 

exposure to CWAs.11, 13, 14  While highly effective in capturing a variety of deadly species, 

microporous carbon-based materials suffer from limited selectivity to CWAs due to their 

ill-defined pore sizes, shapes, and pore chemistry.3 In addition, the lack of catalytic activity 

in purely carbonaceous sorbents (e.g., activated carbon) results in the potential re-emission 

of CWAs.127, 128  

 

Key features of an ideal reactive sorbent material for CWA removal include high capacity 

and selectivity towards CWAs, the ability to convert CWAs into benign products, stability 

under a variety of conditions for a long period of time, and the ability to regenerate the 
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sorbent and catalyst. To this end, metal-organic frameworks (MOFs) have many 

advantages. Compared to porous carbons, many MOFs have not only larger surface areas 

for high adsorption capacity, but also well-defined pores required for high selectivity.129, 

130 Further, MOF pore dimensions and chemistry can be systematically modified by 

adjusting the size and functional groups of organic linkers, which can significantly affect 

MOF-adsorbate interactions and potentially lead to enhanced selectivity for specific 

adsorbates.131, 132  

 

A variety of MOFs have been examined for CWA simulant adsorption and destruction.103, 

133-137 Computational and experimental methods demonstrate that MOFs degrade CWAs 

and less hazardous CWA simulant molecules in acidic/basic/neutral solutions,103, 133,138-141 

under ambient conditions,142, 143 catalytically,103, 133, 138-141, 143-145 non-catalytically,142 when 

impregnated into other materials such as textiles,141, 145, 146 and when doped or impregnated 

with other materials, such as Lewis bases.140, 144 

 

In this work we focus on the UiO family of MOFs.147 These MOFs consist of 

Zr6O4(OH)4(COO)12 secondary building units (SBUs) interconnected by linear 

dicarboxylate ligands and are known for their exceptional thermal, mechanical, and 

chemical stability.39, 40, 147 By introducing functional groups to the ligands pre-synthesis, a 

variety of variations of these MOFs have been synthesized while maintaining excellent 

stability properties.91, 148, 149  
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Recently, Wang et al. reported that dimethyl methylphosphonate (DMMP), an adsorption 

simulant for sarin, can be adsorbed by non-functionalized Zr-based MOFs via both 

reversible physisorption and irreversible chemisorption.98, 142 However, there have been 

relatively few studies of the interactions of CWAs or CWA simulants with functionalized 

MOFs.150 Our hypothesis is that different functional groups incorporated into MOF linkers 

can be used to tune the adsorption strength of CWAs. At the outset, it is not obvious that 

CWA or simulant adsorption strengths can be controlled through modifying the linker with 

different functional groups because these molecules typically interact strongly with the 

SBU rather than the linker.142, 151 However, the strong guest-SBU interactions are typically 

due to the presence of defects, such as missing linkers;142, 151, 152 we assume that in 

relatively defect-free MOFs the sorbent-sorbate interactions can be tuned by introducing 

functional groups on the linker.  

 

This work examines the adsorption of DMMP in functionalized UiO-67 with the goal of 

identifying functional groups that impart enhanced MOF-DMMP binding. We use a variety 

of experimental and computational methods to probe three functionalized UiO-67 MOFs, 

determining the nature of their interactions with DMMP. The studies and conclusions 

presented herein will inform our design of stratified MOFs153 containing specific domains 

that selectively concentrate CWAs and others that reject undesired background molecules 

and/or enhance the removal of CWA degradation products. 
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5.3. Functional Group Identification   

We selected UiO-67 as the platform MOF for our studies because its pore windows are 

sufficiently large to permit facile diffusion of CWAs and their simulants.142 We note, 

however, that stability of the UiO MOFs generally decreases with increasing ligand size;40, 

154 UiO-67 is an appropriate selection to balance stability and pore size concerns. It has 

been shown that UiO-67 is not stable in the presence of water vapor;155 however, the 

synthesis procedure used99 is different than that used here, and reactivity with water may 

depend on the synthesis used, assuming the reactivity is defect driven. 

Figure 5.1. Ligands computationally screened to create a UiO-67 family MOF (from left to right: 
BPDC, CH3-BPDC, SH-BPDC, NH2-BPDC, N3-BPDC, NO2-BPDC, Br-BPDC, Cl-BPDC). 

 
As an initial screening of the binding of DMMP with the functionalized MOFs, Density 

Functional Theory (DFT) calculations were implemented using benzene to represent the 

BPDC linker. Binding energies of DMMP with functionalized benzene was considered as 

a surrogate for the binding energies of DMMP in the UiO-67-X MOFs. A detailed 

description of the computational methodology is provided in reference 28.28  Based on the 

DFT calculations, amino- and methyl-functionalized linkers were chosen to give a strong 
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and intermediate binding energy with DMMP, respectively, while the unfunctionalized 

biphenyl linker was chosen to give weaker binding.  The geometries of the most favorable 

binding configurations for these three materials are shown in Figure 5.2.  As DMMP enters 

the UiO-67-X pores, it preferentially binds within the octahedral pores (~16 Å diameter) 

where it interacts directly with the functionality on the organic linker. It is important to 

note that the DMMP does not interact directly with the SBU in the absence of missing 

linker defects (i.e., pristine MOFs), as can be seen from the closest pairwise interactions 

between DMMP and the framework coming from O atoms on DMMP interacting with H 

atoms on the linkers (Figure 5.2). It is also instructive to note that DMMP does not directly 

interact with the CH3 functional group in UiO-67-CH3, as can be seen from Figure 5.2c. 

We surmise that the CH3 group provides steric and van der Waals interactions that increase 

the binding energy of DMMP relative to unfunctionalized UiO-67.  

Figure 5.2. Optimal binding geometry of DMMP within an octahedral pore for (a) UiO-67-NH2, 
where the dashed lines indicate hydrogen bonds of 2.34 Å (top) and 2.45 Å (bottom), (b) UiO-67-
CH3, where the dashed lines indicate hydrogen bonds of 2.28 Å (vertical) and 2.40 Å (horizontal), 
and (c) UiO-67, where the dashed line indicates a hydrogen bond of 2.76 Å. Key: Zr shown in light 
blue, phosphorous shown in orange, oxygen shown in red, carbon shown in gray, nitrogen shown 
in blue, and hydrogen shown in white. Image was adapted from Ruffley, J., Goodenough, I., and 
Luo, T-Y., et al.28 
 

(a) UiO-67-NH2 (b) UiO-67-CH3 (c) UiO-67
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Monocrystalline samples of UiO-67-NH2, UiO-67-CH3 and UiO-67 containing discrete 

crystallites were synthesized under solvothermal conditions. Detailed procedures for ligand 

and MOF syntheses can be found in the Supporting Information of reference 28.28 

 
5.4. Experimental Binding of DMMP to the UiO-67-X series MOFs 

5.4.1 Evaluation of  DMMP Binding Energies  

To investigate the strength and nature of adsorbate interactions with the UiO-67-X MOFs, 

TPD experiments were performed by monitoring the m/z = 15, 79, 94 and 109 DMMP 

molecular ion fragments as the MOF samples were heated under vacuum (from a base 

pressure < 1×10-9 Torr) following analyte exposure. Similar temperature profiles shown in 

Figure 5.3, were obtained for all tracked masses for each exposure (1000 – 8000 L), 

providing evidence for molecular desorption of DMMP from the different UiO-67-X 

MOFs investigated in this study. This result suggests that association of DMMP with the 

MOF occurs primarily through physisorption. Previously, DMMP decomposition has been 

reported upon interaction with UiO-67 through hydrolysis of a single P-OC  H3  bond 

forming the chemisorbed Zr-bound product, methyl methylphosphonic acid (MMPA), and 

methanol.142 The lack of any significant evolution of methanol (m/z = 32), as indicated by 

the molecular ion fragment (m/z = 32), from the full mass spectrum (1 – 130 amu), taken 

during heating after 1000 L DMMP exposure provides further evidence of DMMP 

physisorption, rather than chemisorption.28, 156, 157 This lack of chemisorption and reaction 

of DMMP is likely due to the low level of defects in our materials, combined with the 

absence of significant amounts of adsorbed water. The peak at m/z = 32 is likely residual 
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O2, as this feature also appears in the pure DMMP spectrum prior to heating. This feature 

does not change significantly during heating, making it unlikely that the feature originates 

from evolving methanol caused by DMMP degradation. 

 

The positions of each of the multiple peaks in the DMMP TPD spectra, shown in Figure 

5.4, reflect the binding energy for the associated adsorption sites on the MOF. All spectra 

are shown for the m/z = 79 molecular ion, which is assigned to PO2CH4+.157, 158 At the 

lowest DMMP exposure (1000 L), two desorption sites were observed for all UiO-67-X. 

The first site (M) (T < 230 K) evolved with a seemingly common leading edge and non-

symmetric peak shape with successive increases in exposure. This behavior typically 

reflects a process following zero-order kinetics, otherwise known as multilayer (M) 

desorption.107, 108 The second, higher temperature site is more intense relative to the M-site 

and presents with a slightly non-symmetrical peak shape. We assign this feature to strongly 

(S) physisorbed DMMP within the MOF. Increasing exposure beyond 2000 L leads to the 

appearance of a third, intermediate site, which we designate as weakly (W) physisorbed 

DMMP. For UiO-67-NH2 and UiO-67, W- and S-physisorbed sites  evolve as a single 

convoluted feature whereas for UiO-67-CH3, the W- and S-sites are distinct, well-resolved 

features in the TPD (Figure 5.4). We interpret S-site desorption to be DMMP bound to the 

most easily accessible sites within the interior pore space. As exposure is increased, the 

saturation of higher energy sites (S) allows for DMMP to populate lower energy binding 

sites, and thus the evolution of the W-site.  
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Figure 5.3. Mass spectra temperature profiles showing all mass fragments: m/z = 15 (green), m/z 
= 79 (red), m/z = 94 (blue) and m/z = 109 (gray) for (a) UiO-67, (b) UiO-67-NH2 and (c) UiO-67-
CH3. All DMMP fragments share similar profiles indicating molecular desorption of DMMP. Note: 
m/z = 109 was multiplied by 3 for improved resolution. 
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Figure 5.4. Thermal desorption profiles as a function of DMMP exposure for (a) UiO-67-NH2, (b) 
UiO-67-CH3 and (c) UiO-67. Spectra are shown for increasing exposure from 1000 L (gray) to 
8000 L (red). Desorption sites are characterized by increasing temperature: (M) multilayer, (W) 
weakly physisorbed and (S) strongly physisorbed.  
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Figure 5.5. Thermal desorption profiles at 1000 L DMMP exposure for UiO-67-NH2 (green), UiO-
67-CH3 (blue) and UiO-67 (black). 

 
At the lowest DMMP exposure (1000 L), the W-site is not observed, as seen in Figure 5.5. 

The peak desorption temperature of the S-site of UiO-67-NH2 (335 K) is greater than UiO-

67-CH3 (307 K) and UiO-67 (260 K), indicating that UiO-67-NH2 has the strongest 

interaction with DMMP at low exposure. Unlike UiO-67-NH2 or UiO-67, a significant 

coverage dependence is observed on the S-site of UiO-67-CH3 where attractive inter-

adsorbate interactions shift the peak towards higher temperature with increased exposure. 

We have not been able to identify the origin of this shift.  

 

The binding energies for the physisorbed DMMP species were calculated using the 

Redhead analysis method.70 At low exposure (1000 L) the majority of DMMP is 

anticipated to initially adsorb to external surface sites and thus effects resulting from 
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diffusion are neglected. Quantitative analysis was performed using the Polyani-Wigner 

equation 5-2,159 where the desorption rate (rdes) is expressed by an nth order rate law: 

where q is coverage, ν(q) is the pre-exponential factor, n is the desorption order, Edes(q) 

(kJ/mol) is the desorption energy, R is the ideal gas constant, and Tm (K) is the peak 

desorption temperature. Redhead derived a simple relationship between the desorption 

energy (Edes) and the peak desorption temperature (Tm) in the case that desorption follows 

first order kinetics (n = 1) by assuming that the kinetic parameters are independent of 

surface coverage. The assumption of first order kinetics for our TPD spectra is based on 

the asymmetric peak shapes with common leading edges seen in Figure 5.4. We also note 

that Tm is essentially independent of temperature for UiO-67-NH2 and UiO-67 (Figure 5.4a 

and Figure 5.4c, respectively). However, the strongly physisorbed peak of UiO-67-CH3 

varies slightly with temperature at higher coverages, but is independent of temperature for 

coverages from 1000 to 3000 L. Substituting .G
.H

;R
;8

 for .G
.8

 and assuming that spectra were 

collected at a constant heating rate (𝛽 = .8
.H

), yields equation (6-3) 

from which the energy of desorption energy can readily be extracted. In this work, the pre-

exponential factor is assumed to be on the order of 1013 sec-1, a value typical for a process 

following first order kinetics.160  

 
𝑟;<= = −

𝑑𝜃
𝑑𝑡 = 𝑣(𝜃) ∙ 𝜃0 ∙ exp A−

∆𝐸;<=(𝜃)
𝑅𝑇E

F 
(5-2) 

𝛥𝐸;<= = 𝑅𝑇E Tln W
𝑣 ∙ 𝑇E
𝛽 X − 3.46] (6-3) 
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The desorption profiles for 1000 L DMMP exposure suggest the relative binding strength 

for the S-site as: UiO-67-NH2 > UiO-67-CH3 > UiO-67 (Figure 5.5). Extracted energies 

from the S-site yield values of 87 kJ/mol, 81 kJ/mol and 76 kJ/mol, respectively (Table 5-

1). The energy trend compares quite favorably with the binding energies calculated from 

DFT on the periodic crystal, with the DFT weaker binding than the experiments by around 

10 kJ/mol. 

 

Table 5-1. Kinetic parameters extracted from desorption profiles following 1000 L DMMP on UiO-
67-X, along with DFT predictions of the negative of the binding energies.  

MOF *Tdes (K) Edes (kJ/mol) EDFT (kJ/mol) 
UiO-67-NH2

 334 87 ± 2.0 74 
UiO-67-CH3 307 81 ± 0.5 71 

UiO-67 260 76 ± 2.0 64 
*Tdes shown for single TPD spectra at 1000 L DMMP exposure 
with a heating rate of 2.2 K/s.  

 

5.4.2 Vibrational Signature of DMMP Binding Interactions 

Infrared spectroscopy as a function of exposure provides additional information on the 

uptake of DMMP by the MOF, the inter-adsorbate and/or adsorbate-MOF interactions, as 

well as the nature of the DMMP adsorption sites. Initial IR profiles for all UiO-67-X share 

similar spectrum characteristics yielding several well-defined features previously assigned 

for low-defect and highly crystalline structures (Figure 5.6, black).161-163 Linker 

functionalization is confirmed by the presence of signature vibrational features associated 

with asymmetric/symmetric stretching of the amino (3485 cm-1/3398 cm-1) and methyl 

(2962 cm-1/2852 cm-1) groups for UiO-67-NH2 and UiO-67-CH3, respectively. 92, 164 Full 
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IR spectra of the pristine samples are provided in the Supporting Information of reference 

28.28 All IR spectra are reported for samples activated at 473 K. 

Figure 5.6. FTIR spectra of the fingerprint region for (a) UiO-67-NH2, (b) UiO-67-CH3 and (c) 
UiO-67 showing the initial MOF before DMMP exposure (black), after 9000 L DMMP exposure 
(red), and after thermal treatment to 473 K (blue). All spectra were collected at 100 K and baseline 
corrected. 

In situ IR monitoring during the adsorption process probes the initial interactions of DMMP 

at 100 K. Upon exposure (9000 L), several bands characteristic of DMMP evolve within 

the 1300 cm-1 – 800 cm-1 region (Figure 5.6, red), while the features associated with the 

clean MOF remain unperturbed (Figure 5.6, black). For the UiO-67 spectrum, bands 

centered at 1245 cm-1, 1054 cm-1, 1024 cm-1 and 920 cm-1 are assigned to P=O stretching, 
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asymmetric and symmetric O-C stretching, and P-CH3 bending of DMMP in the MOF, 

respectively (Figure 5.6, red).161-163, 165 Exposure at 100 K leads to a significant (30 – 40 

cm-1) redshift for ν(P=O) and ν(O-C) modes compared to gaseous DMMP, while the 

remaining DMMP spectral features remain largely unaffected, suggesting that coordination 

occurs primarily though the phosphoryl oxygen and/or the methoxy moieties. This 

observation is in qualitative agreement with the highest binding energy configurations 

observed in Figure 5.2, where the closest distances between DMMP and framework atoms 

involves O atoms within DMMP interacting with H atoms of the framework. 

Chemisorption of DMMP on Zr-based MOFs has been identified by a large shift in the 

phosphoryl stretching frequency from 1276 cm-1 to 1188 cm-1.142  In the present work, the 

phosphoryl stretch only shifts to 1245 cm-1, indicating a weaker (physisorption) interaction. 

This could be due to the relatively low density of defects in the MOFs synthesized in this 

work, because chemisorption of DMMP on the SBU requires the presence of 

undercoordinated Zr sites not available in non-defective UiO-67. A complete assignment 

of DMMP vibrational modes for all UiO-67-X is provided in Table 5-2.  

 

Temperature dependent IR experiments record DMMP-MOF interactions as samples are 

heated following DMMP exposure. Complete removal of DMMP is observed by 473 K for 

UiO-67 and UiO-67-NH2 (Figure 5.6a/c), as evidenced by the disappearance of 

characteristic DMMP features described previously and recovery of pristine MOF spectral 

features. The recovery of the clean MOF spectra upon cooling to 100 K indicates 



 

 

122 

 

 

completely reversible adsorption of DMMP on both UiO-67 and UiO-67-NH2. However, 

for UiO-67-CH3, spectral features potentially consistent with adsorbed DMMP are 

observed at 1070 cm-1 and 1049 cm-1 following thermal treatment to 473 K (Figure 5.6b). 

These features may be associated with asymmetric and symmetric methoxy stretch modes, 

ν(O-C). During exposure at 100 K, these features were observed at 1050 cm-1 and 1030 

cm-1. The shift towards higher frequency, essentially the gas phase values, suggests residual 

gas-phase-like DMMP in UiO-67-CH3 after thermal treatment. We do not have an 

explanation for this feature, but we note that it is not consistent with chemisorbed DMMP.  

 

Table 5-2. Assignment of DMMP infrared vibrational modes (cm-1) in gas phase (298 K)a and 
adsorbed on UiO-67 series MOFs (100 K). 

 

 

Vibrational 
Mode a 

Gas Phase 
298 K a 

UiO-67-NH2 
100 K 

UiO-67-CH3 
100 K 

UiO-67 
100 K 

nas(P-CH3) 3014 2990 2994 2990 
nas(O-CH3) 2962 2960 2959 2960 
ns(P-CH3) 2921 2924 2923 2924 
ns(O-CH3) 2859 2853 2850 2853 
das(O-CH3) 1471 1467 1466 1465 
ds(P-CH3) 1315 1316 1317 1319 
n(P=O) 1276 1244 1238 1244 
r(O-CH3) 1188 1191 1192 1187 
na(O-C) 1075 1051 1050 1054 
ns(O-C) 1050 1031 1030 1032 
r(P-CH3) 919 919 921 920 
aVibrational assignments and gas phase frequencies.161-163  
n = stretch, r = bend, d = deformation, as = asymmetric, s = symmetric 
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5.5. Conclusions 

Density functional theory has been used to predict ligand functionalizations that yield 

differential uptake of DMMP in a UiO-67 family MOFs. Three functionalized MOFs were 

synthesized based on DFT predictions of differential binding energies. TPD experiments 

showed that the functionalized MOFs indeed exhibit the same order of adsorption affinities 

for DMMP predicted from DFT calculations and classical GCMC simulations. Consistent 

with the TPD studies discussed above, FTIR showed no evidence of decomposition 

reactions of DMMP with any of the MOFs, in contrast to other literature accounts, though 

a small amount of DMMP persists for UiO-67-CH3, even after heating to 473 K. These 

results demonstrate that functionalized MOF domains with differential affinity for CWAs 

can be fabricated, providing a foundation on which stratified MOFs for CWA capture may 

be based. Our calculations and experiments predict that a stratified MOF consisting of UiO-

67-NH2 ⊂ UiO-67-CH3 ⊂ UiO-67 will show an equilibrium concentration gradient of 

DMMP induced by the differential binding of DMMP. Assuming a Boltzmann distribution 

the ratio of concentrations is predicted to be about 55:17:1 in the UiO-67-NH2, UiO-67-

CH3 and UiO-67 strata, respectively, based on the DFT energies (Table 5-1) at a 

temperature of 300 K (details of calculation given in the Supporting Information of 

reference 28).28 Thus, even these modest differences in binding energies can result in 

significant concentration enhancement in a target stratum of a stratified MOF.  
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CHAPTER 6: ISOTHERMAL DIFFUSION OF POLAR ANALYTES          

IN UiO-SERIES MOFS 

 

6.1. Abstract 

One of the primary objectives of this collaborative project is to selectively transport 

hazardous chemical agents, including chemical warfare agents, through a layered MOF 

material, where each layer contains specific functionalized domains that will enhance 

filtration of the target analyte and reject undesired background gases (e.g., water vapor or 

carbon dioxide). To achieve this goal, it is critical to first understand the fundamental 

diffusion processes of simple analytes through simple MOFs. We now know from the work 

presented in previous chapters that small, polar molecules will reversibly, and non-

destructive, bind to the µ3-OH groups located within the tetrahedral pore environment of 

UiO-66 and UiO-67 MOFs. The work presented in this chapter provides an in-depth 

description of our initial attempts to probe molecular transport of polar analytes from the 

external crystallite surface into the internal pore environment of UiO-67 and UiO-66 MOFs 

using in situ infrared spectroscopy. Through our collaboration with Professor J. Karl 

Johnson’s group at the University of Pittsburgh, I have provided experimental results 

showing that acetone diffuses into the tetrahedral pores of UiO-66 MOFs and hydrogen 

bonds with the µ3-OH groups.27 This work builds off the information that has been 

previously published, and explores how the temperature of system impacts the rate limiting 

processes for isopropanol and acetone diffusion.27  Specifically, we find that depending on 
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the choice of isothermal hold temperatures, we can isolate the direction of analyte transport, 

i.e., diffusion from the external surface into the internal pores or vice-versa.   

 

6.2. Introduction 

Porous Metal-Organic Frameworks (MOFs) have wide applicability as filtration and 

decontamination materials to protect against exposure to chemical warfare agents (CWAs) 

and other hazardous chemicals.3, 12, 137 As a result, the efficiency of the material will be 

determined by its ability to readily capture and transport the target molecule to a catalytic 

active site, and to evacuate non-toxic byproducts. Fourier Transform Infrared spectroscopy 

(FT-IR) has shown utility as a method to probe molecular transport in porous materials by 

monitoring the temporal evolution of characteristic FT-IR bands associated with the 

diffusing species.166-169  In MOF materials, diffusion of analytes can be envisioned as 

independent processes whereby molecules can move either “outward” from the internal 

pore environment to the external crystallite surface (Figure 6.1a) or “inward” from the 

external crystallite surface into the internal pore environment (Figure 6.1b).166, 167  The 

terms “inward” and “outward” were originally used by John Yates and colleagues to 

describe the directionality of analyte transport in metal-oxides.166, 167  We adopt this 

terminology to describe analyte transport in a similar manner for MOFs.166, 167  
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Figure 6.1. Molecular diffusion in MOFs highlighting (a) inward and (b) outward analyte transport.  

 

Fick’s Second Law has proven to be a useful approach to determine the diffusivity of 

analytes in porous materials, in which molecular diffusion can be modelled using the 1-

dimensional Fick’s Second Law (equation 6-1):  

which states that the diffusivity (D) at any time (t) and position (x) is driven by the change 

in concentration (C). 166-169 Previously, in situ IR has been used to monitor the outward 

diffusion of hydrocarbons in UiO-66, including: alkanes, benzene, toluene, xylene, and 

derivative structures under ultra-high vacuum (UHV) conditions.168, 169  For these systems, 

the internal pore environment of the MOF was saturated with the gaseous analyte, and 

molecular transport was monitored by following the loss of the IR signal corresponding to 

the MOF-analyte interaction as diffusing species moved out towards the external surface 
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and desorbed.168, 169 When all molecules are initially confined within a saturated internal 

pore environment, analyte diffusivity can be modelled using a general solution to Fick’s 

Second Law which quantifies the loss of the analyte from the change in IR absorbance, 

equation 6-2:  

where At is the integrated absorbance at time t, A0 is the initial integrated absorbance value 

at initial loading, k is an experimental constant proportional to the surface coverage (see 

Appendix D), Dout diffusion coefficient, and l is the diffusion path length. For this diffusion 

process, the rate limiting step is likely desorption into the vacuum.  

 

The outward movement of molecules in MOFs has been the most widely-investigated 

approach to obtain diffusivities under non-equilibrium conditions.49, 168, 169  Alternative 

techniques, including solid state NMR spectroscopy, have also shown success in measuring 

diffusivity.29, 170, 171 However, NMR based approaches are limited to analyte self-diffusion, 

which measures the Brownian motion of diffusion molecules under equilibrium 

conditions.24  For practical applications, especially with regards to filtration and 

degradation of CWAs, it may be more useful to consider the inward movement of 

molecules. To our knowledge, there has only been one such report utilizing infrared 

spectroscopy following such a method, which monitored the diffusion of the CWA 
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simulant, 2-CEES (2-chloroethyl sulfide) from a condensed, external layer into Al2O3 

nanoparticles. This scenario is mathematically described best by equation 6-3:167  

Here, k’ is an offset term, k” is an experimental constant that corresponds to the total 

amount of analyte that can occupy the internal pore and Din is the diffusion coefficient (see 

Appendix D). In this case, all analytes are assumed to be initially confined to external 

surface sites and only diffuse in when the sample temperature increases, and thus the rate 

limiting step is likely diffusion into the material. 

 

A more complicated scenario arises when we consider an activated process with  

simultaneous inward and outward diffusion. To our knowledge, there have been no reports 

which directly attempt to fit experimental IR data for MOFs using the Fickian models 

described previously for strictly outward (equation 6-2) and strictly inward diffusion 

(equation 6-3). As our initial attempt to address this problem, we propose the following 

model (equation 6-4), accounting for simultaneous inward and outward diffusion, which 

we hypothesize will more accurately reflect competing transport processes:    

 
1 −

𝐴H
𝐴e

= 𝑘′ + 𝑘"f
8

𝜋b(2𝑛 + 1)b 	𝑒
T4k+,(b0lm)

*n*
o* H]

p

0qe

 
(6-3) 

𝐴H
𝐴e

= t𝑘f
8

𝜋b(2𝑛 + 1)b 	𝑒
T4k'()(b0lm)

*n*
o* H]

p

0qe

u

+ t𝑘′ + 𝑘"f
8

𝜋b(2𝑛 + 1)b 	𝑒
T4k+,(b0lm)

*n*
o* H]

p

0qe

u	

(6-4) 



 

 

129 

 

 

Here Dout and Din are the diffusion coefficients for outward and inward diffusion processes, 

respectively. The results presented in this chapter are preliminary and part of an on-going 

project, which seeks to understand the fundamentals of transport of hazardous chemical 

agent simulants from the external MOF surface to an internal reactive center. 

Understanding the diffusion mechanism in MOFs allows for the development and 

optimization of materials for use as filters and decontamination materials for practical 

applications. Using in situ infrared spectroscopy under UHV conditions, we identify the 

spectroscopic signature for the diffusion of two polar analytes, isopropanol and acetone, in 

UiO-66 and UiO-67 MOFs. From our previous study (see Chapter 4), we provide evidence 

that for polar analytes the primary mechanism of interaction is through molecular 

physisorption dominated by hydrogen bonding with the MOF µ3-OH groups. Moreover,  

acetone and isopropanol interaction with the MOF produce distinct IR signals that can be 

used as a spectroscopic probe to the directionality of analyte transport (i.e., inward vs. 

outward) making them ideal candidates for diffusion studies. 

 

We find that at low temperatures, analyte transport is likely diffusion-limited, driven by 

inward movement from the external crystallite surface into the internal pore environment 

and the availability of binding sites. In contrast, at high temperatures, the mechanism of 

diffusion is likely desorption-limited,  where the diffusion process is likely governed by 

the outward movement of analytes to the external surface and possibly desorption into the 

vacuum. We find that within an intermediate temperature range the diffusion mechanism 
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competes between analytes diffusing into and analytes diffusing out of the internal pore 

environment. We propose a hybrid approach based on known Fickian diffusion models as 

a first step towards understanding transport within this intermediate range.166, 167 

Ultimately, the work presented here has potential for significant impact on our 

understanding of diffusion processes in porous materials and the future applicability of 

MOFs for filtration and catalytic applications. 

 

6.3. Monitoring Analyte Transport in UiO-67 using in situ IR Spectroscopy 

6.3.1 Isopropanol Diffusion  

The signature of isopropanol (IPA) diffusion into UiO-67 is recognized in the infrared 

spectra by the decay of features formed after adsorption at 100 K and by the growth of new 

features during an isothermal holding period. In a typical experiment, IR spectra are 

collected continuously as ~1000 L IPA is dosed onto the cold MOF surface (100 K); 1 

Langmuir (L) = 1.0 · 10-6 Torr s. The sample temperature is then ramped at a constant rate 

(0.5 K/s) to a fixed diffusion temperature (Td) and held at Td, where spectra are collected 

every 2 minutes. Following the isothermal holding period, the MOF sample is rapidly 

cooled back to 100 K (Figure 6.2). The sample temperature is then once again increased at 

1.0 K/s to the activation temperature (473 K) to drive off all physisorbed analyte remaining 

in the internal pore environment. The selection of the isothermal diffusion temperatures 

(Td) was guided from the TPD-MS spectrum following ~1000 L IPA exposure, which 

revealed three desorption features at approximately 160 K, 180 K and 210 K (Appendix D, 
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Figure D-1). From our previous results, we assign these features to a condensed IPA-IPA 

hydrogen bonding layer on the external crystallite surface (160 K), a weakly physisorbed 

binding site (180 K) and a strongly bound physisorbed binding site (210 K), see Section 

4.2.1. We note that the TPD spectrum reported here was collected from the same MOF 

synthesis batch as the sample used for the isothermal diffusion experiments. Three 

temperatures were selected that we hypothesized would allow for the maximum 

concentration of analyte to enter into the internal UiO-67 pores (Td = 150 K, 170 K and 

180 K).  

Figure 6.2. IR difference spectra collected during the experimental diffusion cycle for Td = 170 K 
following ~1000 L IPA exposure on UiO-67, highlighting the IR spectra of IPA adsorbed at 100 K 
(red), at the beginning of the isothermal hold at (0 min, purple), at the end of the isothermal hold 
(36 min, blue) and after the isothermal hold at 100 K (black). Difference spectra were generated 
using the clean MOF at 100 K as the reference. 
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Using the intermediate Td (i.e., 170 K) as the representative example, following ~1000 L 

exposure on UiO-67, a broad band appears in the high wavenumber region of the IR 

spectrum centered at 3240 cm-1. We previously assigned this feature as the IR signal 

associated with a condensed IPA-IPA hydrogen-bonding network on the external MOF 

crystallite surface, ν(OH)HB (see Section 4.3.2).121  As the sample temperature is increased 

to 170 K, and during the isothermal hold, ν(OH)HB blueshifts to 3290 cm-1 and is 

accompanied by the growth of a feature near 3380 cm-1. By the end of the 36 min isothermal 

hold, and after cooling to 100 K (black spectra, Figure 6.2), two distinct features are 

observed within ν(OH)HB at  3380 cm-1 and 3275 cm-1. This behavior is indicative of a 

decrease in the self-aggregation state of IPA hydrogen bonding interactions with increasing 

temperature (see Section 4.3.2).121  The spectra recorded after cooling to 100 K (black 

spectrum, Figure 6.2) did not return to its initial state (i.e., to that following initial IPA 

exposure at 100 K), suggesting a change in the local environment of ν(OH)HB, which is 

also supported by an observed isosbestic point at 3360 cm-1. This likely results from IPA 

diffusing into and condensing within the internal UiO-67 pore space. 

 

Isothermal diffusion experiments provide a unique opportunity to study the arrival of IPA 

molecules into the internal UiO-67 MOF pore and their impact on the µ3-OH groups. For 

all Td values, we observe two new IR features above 3600 cm-1 that appear during the initial 

temperature ramp at 3657 cm-1 and 3603 cm-1 (Figure 6.3). We note that these features are  
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Figure 6.3. IR difference spectra collected during the isothermal diffusion cycle of ~1000 L IPA in 
UiO-67 for Td = (a) 150 K, (b) 170 K, (c) 180 K, showing the IR spectra during the initial ramp 
from 100 K to Td (red), during the isothermal hold at Td (purple to light blue) and following the 
isothermal hold at 100 K (black). Difference spectra were generated using the clean MOF at 100 K 
as the reference. Note: the shaded gray region near 3700 cm-1 highlights the intrinsic thermal effects 
of the UiO-67 at each diffusion temperature, respectively.  

 
not initially present following IPA exposure at 100 K. The evolution of two, distinct IR 

signals suggests that IPA may be able to access multiple binding sites within the internal 

framework, which is supported from two physisorbed binding sites observed in the TPD 

spectrum (Appendix D, Figure D-1). From our previous results for n-heptane adsorption 

on UiO-67, we determined that simple alkanes interact weakly with the MOF µ3-OH 

groups likely via dispersion interactions, which results in a small redshift and broadening 

of the ν(µ3-OH) mode (see Section 4.3.3). The appearance and growth of the new feature 

at 3657 cm-1 suggests that while IPA diffuses into the MOF, it weakly interacts with the 

µ3-OH groups, which we assign as ν(OH)” (Figure 6.3). The feature at 3603 cm-1 has been 

assigned to a hydrogen bonding interaction between O-H of IPA and the MOF µ3-OH 

1 1000 L IPA Exposure (100 K)

2 Start Hold @ TD – 0 mins

3 Stop Hold @ TD – 36 mins

4 Flash cool to 100 K
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groups, ν(OH)’, which evolves as IPA molecules break away from the condensed IPA-IPA 

hydrogen bonded layer on the external crystallite surface (100 K) and diffuses into the 

internal pores (see Section 4.3.2).111, 121  Ultimately, we hypothesize that the temporal 

change in ν(OH)’ and ν(OH)” integrated intensity during the isothermal hold can be used 

as a spectroscopic indicator to understand the rate limiting transport process as IPA 

molecules move through the UiO-67 MOF. 

Figure 6.4. Change in the IR integrated intensity of the weakly physisorbed ν(OH)” and strongly  
physisorbed ν(OH)’ IPA-MOF interactions during isothermal hold at (a) Td = 150 K, (b) Td = 170 
K and (c) Td = 180 K. The integrated intensity values are represented as red markers for ν(OH)” 
and blue markers for ν(OH)’. The lines are the best-fit curves modelled from the Fickian diffusion 
processes using equation 6-3 (Td = 150 K) and equation 6-4 (Td = 170 K, 180 K). 

 
The diffusivity of IPA in UiO-67 was measured by following the integrated absorbance 

ν(OH)’ (3603 cm-1) and ν(OH)” (3657 cm-1) during the isothermal holding period (Figure 

6.4). At Td = 150 K, both ν(OH)’ and ν(OH)” evolve during the isothermal hold and appear 

to grow with increasing diffusion time, reaching a maximum within ca. 10 min and remain 

constant throughout the remainder of the 36 min hold (Figure 6.4a). This suggests that at 

Td = 150 K, there is sufficient thermal energy to allow IPA to diffuse into the MOF pores 
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and form hydrogen bonds with µ3-OH groups without any interference from competing 

processes, in good agreement with the TPD (Appendix D, Figure D-1). As the temperature 

of the isothermal hold increases (Td > 150 K), the behavior of  ν(OH)’ and ν(OH)” begin 

to diverge. The integrated absorbance of ν(OH)’ grows with increasing Td (blue trace, 

Figure 6.4b/c), whereas for ν(OH)” the integrated absorbance initially increases, reaching 

maximum absorbance at ca. 8.0 min and ca. 6.0 min for Td = 170 K and 180 K, respectively, 

and then decreases towards a plateau throughout the remainder of the hold (red trace, 

Figure 6.4b/c). This behavior suggests that during the isothermal hold at 150 K (Figure 

6.4a) the µ3-OH sites are equally populated by a combination of weakly and strongly bound 

IPA species, which is recognized by the growth and plateau of the integrated absorbance 

values of the ν(OH)” (3657 cm-1) and ν(OH)’ (3603 cm-1). As the isothermal hold 

temperature increases (Td > 150 K), there is sufficient energy to allow molecules to diffuse 

in and interact with the strong physisorbed binding sites, giving rise to an increasing 

population of ν(OH)’ with increasing diffusion temperature. However, the rise and decay 

of ν(OH)” suggests that there is likely enough energy for some of the weakly bound IPA 

species to potentially diffuse out, which is in agreement with the TPD spectrum revealing 

the onset of desorption for the weakly bound site at ca. 170 K (Figure D-1).  

 

We use the solutions to Fick’s second law described in Section 6.1 (and in Appendix D) to 

extract the diffusion coefficients for IPA transport in UiO-67 through a non-linear 

regression of the integrated absorbance of ν(OH)’ and ν(OH)” during the isothermal hold 
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(Figure 6.4). We note that prior diffusion experiments under similar UHV conditions 

typically report the diffusion length l as the thickness of the sample.166, 168, 169  In previous 

reports, the MOF sample was pressed into the tungsten mesh as a dry powder, so the actual 

thickness of the bulk sample was nearly equivalent to the thickness of the tungsten mesh. 

However, in the experiments reported here, the actual diffusion length is not so 

straightforward as and may depend on the intrinsic characteristics of the sample. In our 

case, the MOF sample is cast onto the tungsten mesh as a wet MOF-paste, which then dries 

as a uniform disk on the tungsten mesh (see Section 2.3.1). As a result, the sample is thicker 

than the thickness of the tungsten mesh. The analyte dosed on the sample likely first hits 

the sample exterior and perhaps the surfaces of the crystallites within but is probably not 

uniformly distributed on the external surface of each and every particle. Additionally, the 

time associated with diffusion into the MOF crystallites likely depends on the MOF 

crystallite size, and any inhomogeneity in the crystallite size of the bulk material.27  For 

the diffusivities calculated here we assume that analyte transport is isotropic and as a result, 

we regress D/l2 in our experimental fits, where D’ = Din/l2 and D” = Dout/l2  represent the 

reduced diffusion coefficients for inwards and outward diffusion processes, respectively 

(Table 6-1).167   

 

We find that for all Td values, v(OH)’ is well represented by a single parameter fit for a 

strictly inward diffusion process (equation 6-3), which reveals a decreasing trend in the 

reduced diffusion coefficient (D’) with increasing Td  (Table 6-1). This suggests that as Td 



 

 

137 

 

 

increases, the diffusivity also decreases. We hypothesize that as IPA diffuses into the 

internal pore the molecules will bind to the most accessible binding site first, and if v(OH)’ 

is related to a strongly bound IPA species then it’s possible that the diffusion process could 

be limited by the availability of strongly bound adsorption sites. Notably, we find that the 

growth of ν(OH)” at Td = 150 K is also well represented by a strictly inward diffusion 

process (equation 6-3), where the best fit line was obtained using a linear combination of 

two D’ parameters (D0’ and D1’), suggesting that the diffusivity v(OH)” may depend on 

more than one simultaneous diffusion process, perhaps related to the two pore 

environments in UiO-67 (Table 6-1). For Td > 150 K, we find that the diffusivity is not 

well defined by a Fickian diffusion process that is strictly outward (equation 6-2) or inward 

(equation 6-3), but rather is well represented by the proposed hybrid model which accounts 

for simultaneous inward and outward diffusion (equation 6-4), Figure 6.4b/c. As proof of 

concept, we compare the fit obtained for the strictly outward process (equation 6-2) and 

the hybrid, inward + outward (equation 6-4) for Td = 180 K, where it is clear that the 

outward diffusion model fails to define the initial diffusion behavior (Figure 6.5). 

Comparing the diffusivities obtained for v(OH)” it is clear that both the inward diffusion 

process (D’) and the outward diffusion process (D”) increase with increasing temperature, 

suggesting that at higher diffusion temperatures (i.e., Td > 150 K), inward and outward 

diffusion are competing processes.  
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Table 6-1. Reduced diffusion coefficients (s-1) for isopropanol transport in UiO-67, determined 
from experimental fits of the integrated absorbance for ν(OH)’ at 3603 cm-1 and ν(OH)” at 3657 
cm-1 vs. time using non-linear regression of Fick’s Second Law for inward (D’) and outward 
(D”) diffusion processes (see Appendix D).  

 v(OH)” - 3657 cm-1 v(OH)’ - 3603 cm-1 
T (K) 𝑫w 𝑫𝟎

w  𝑫𝟏
w

 𝑫ww
 

150 1.04 × 10-3 3.20 × 10-4 2.32 × 10-4 --  
170 1.55 × 10-4 -- 2.66 × 10-4 4.24 × 10-4 
180 1.54 × 10-5 -- 3.00 × 10-4 6.50 × 10-4 

Key:  
Reduced diffusion coefficients: 𝐷w = 𝐷{0 𝑙b⁄  and 𝐷ww = 𝐷}~H 𝑙b⁄  
Strictly inward diffusion (equation 6-3): v(OH)’ for all Td (𝐷w), v(OH)” only Td = 150 K (𝐷ew , 𝐷mw) 
Simultaneous inward + outward diffusion (equation 6-4): v(OH)” for Td > 150 K (𝐷mw , 𝐷ww) 
*experimental fit equations are provided in Appendix D 

 

Figure 6.5. Time-dependent behavior of the integrated absorbance of ν(OH)” for isopropanol 
diffusion in UiO-67 at TD = 180 K showing the fit of the integrated absorbance values (red markers) 
using a strictly outward diffusion model (dashed red line, equation 6-2) and the proposed hybrid 
diffusion model (solid line, equation 6-4).  
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6.3.2 Acetone Diffusion  

Acetone diffusion is recognized in the UiO-66 IR signature by the evolution of a broad O-

H feature formed after adsorption at 100 K and evolves during an isothermal holding period 

(Figure 6.6). The isothermal diffusion experiment is carried out using an identical 

procedure as described for isopropanol in the previous section, and in Chapter 2. The 

choice of isothermal holding temperatures were guided from the TPD-MS spectrum 

collected for ~1000 L acetone desorption from UiO-66 (Appendix D, Figure D-1), which 

revealed two desorption features at ~150 K and ~260 K. From our previous results, the 

feature at 150 K is assigned to acetone desorption from a condensed layer on the external 

crystallite surface, and the feature at ~260 K is assigned to strongly physisorbed acetone 

(see Section 4.3.1). For the IR diffusion experiments, we selected a range of temperatures 

between 160 K – 260 K. We note that the onset for desorption from the physisorbed site 

occurs as sample temperature approach 220 K (Appendix D, Figure D-1). Therefore, we 

hypothesize that the primary mode of acetone transport for Td < 200 K will be inward 

diffusion, and outward diffusion for Td > 200 K (see Appendix D). Using the experimental 

cycle for the lowest diffusion temperature, Td = 160 K, as the representative example, the 

formation of a small feature at 3420 cm-1 is observed immediately following ~1000 L 

acetone exposure at 100 K (red curve, Figure 6.6) which has been assigned previously as a 

species resulting from hydrogen bonding between the acetone carbonyl and the MOF µ3-

OH groups, ν(OH)HB (see section 4.3.1). It is important to point out that, for UiO-66, a 

significant percentage of acetone molecules appear to desorb from the external surface 
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during the initial ramp to 160 K (~40%), as evidenced by the loss of ν(C=O) spectral 

intensity (inset, Figure 6.6); however, during the isothermal hold, there is no additional loss 

of acetone, indicating that the remaining 60% of acetone molecules likely enter the UiO-

66 pores and remain there. We discuss the impact of pore size on analyte transport in 

Section 6.3. 

 

Figure 6.6. IR difference spectra collected during the experimental diffusion cycle for Td = 160 K 
following ~1000 L acetone on UiO-66, highlighting changes in the OH region for acetone adsorbed 
at 100 K (red), at the beginning of the isothermal hold at (0 min, purple), at the end of the isothermal 
hold (36 min, blue) and after the isothermal hold at 100 K (black). The inset highlights similar IR 
changes for the acetone carbonyl.  
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In order to identify the rate limiting step in the diffusion of acetone in UiO-66, we evaluate 

the behavior of ν(OH)HB for a series of isothermal holding temperatures between 160 – 260 

K (Figure 6.7). For the lowest temperatures (Td < 200 K), ν(OH)HB increases continuously 

throughout the initial ramp and during the isothermal hold (Figure 6.7a). Following the 

isothermal hold, and after cooling to 100 K, a redshift and significant increase in spectral 

intensity is observed for ν(OH)HB, indicating that the population of hydrogen bonded 

acetone in the MOF increased during the isothermal hold (black spectrum, Figure 6.7a). 

This is consistent with the TPD spectrum (Appendix D, Figure D-1), which reveals that the 

onset for desorption from the strongly bound site does not occur until the temperature 

exceeds 200 K. Therefore, for Td < 200 K there is likely enough energy for molecules to 

diffuse into the internal pore environment without desorbing. For Td ≥ 200 K, ν(OH)HB 

reaches a maximum during the initial ramp (i.e., at temperatures below the isothermal 

hold), where it then blueshifts and decreases in intensity (Figure 6.7b/c). Following the 

isothermal hold and after cooling (100 K), a significant redshift in ν(OH)HB is observed, 

indicating a change in the local environment of ν(OH)HB, likely resulting from acetone 

within the internal MOF pores. Additionally, for Td ≥ 200 K, a significant reduction in 

ν(OH)HB intensity is observed after the isothermal hold at 100 K, which indicates that there 

is likely enough energy to drive some of the confined acetone out of the internal pores, 

which is in good agreement with the TPD (Appendix D, Figure D-1).  
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Figure 6.7. IR difference spectra collected during the isothermal diffusion cycle of ~1000 L acetone 
in UiO-66 for Td = (a) 160 K,  (b) 200 K, (c) 240 K, showing the IR spectra during the initial ramp 
from 100 K to Td (red), during the isothermal hold at Td (purple to light blue) and following the 
isothermal hold at 100 K (black). Difference spectra were generated using the clean MOF at 100 K 
as the reference. 

The effect of the isothermal holding temperature on acetone transport in UiO-66 was 

investigated by monitoring the temporal evolution of the ν(OH)HB integrated absorbance 

for a series of temperatures between 160 – 260 K (Figure 6.8). For the lowest temperatures 

(Td = 160 K and 175 K), the integrated absorbance values were most accurately represented 

by a strictly inward diffusion process (equation 6-3), indicating that the acetone population 

hydrogen bonding with the µ3-OH groups increases for Td ≤ 175 K. The best-fit curve was 

obtained using a single parameter (D’ = Din/l 2) for Td = 160 K (pink trace, Figure 6.8), but 

for Td = 175 K (yellow trace, Figure 6.8), two diffusion parameters (D0’ + D1’) were 

necessary (Table 6-2). This suggests that at Td = 175 K there may be two simultaneous 

diffusion processes, potentially diffusion through the two independent UiO-66 pores as 

suggested previously (Section 6.2.1). This result is also supported by the best fit curves 

1 After 1000 L Acetone (100 K)

2 Start Hold @ TD – 0 mins

3 Stop Hold @ TD – 36 mins

4 Flash cool to 100 K

v(OH)HB

v(µ3-OH)

*
* 2v(C=O)
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obtained for the highest diffusion temperatures, Td = 240 K (green trace, Figure 6.8) and 

Td = 260 K (purple trace, Figure 6.8), which show the opposite behavior, which were both 

well represented using two parameters (D0” + D1”) for strictly outward diffusion (D” = 

Dout/l 2)  (equation 6-2), Table 6-2. This is in agreement with the TPD (Appendix D, Figure 

D-1), which reveals that the maximum desorption rate for the physisorbed acetone binding 

site occurs near 260 K, and therefore, for Td ≥ 240 K, the rate of diffusion out of the MOF 

should be the primary diffusion process. For the intermediate temperatures, Td = 200 K 

(blue trace, Figure 6.8) and 220 K (red trace, Figure 6.8), we find that the best fit curve is 

obtained using the proposed hybrid diffusion model which suggests that there is 

contribution from both inward (D’) and outward (D”) diffusion processes (Table 6-2). 

Comparing the diffusivities obtained for ν(OH)HB suggests that the rate limiting process is 

acetone diffusion into the internal pore environment for Td < 200 K, where the diffusivity 

(D’) increases with increasing Td. Within the intermediate range for 200 K < Td < 240 K, 

the diffusivity values for D’ are larger than D”, which suggests that inward and outward 

diffusion are competing processes. Finally, as Td approaches the desorption temperature 

for physisorbed acetone, the rate limiting process is driven by the outward diffusion of 

acetone, which increases with increasing Td.  
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Table 6-2. Reduced diffusion coefficients (s-1) for acetone transport in UiO-67, determined from 
experimental fits of integrated absorbance for ν(OH)HB between 3550 – 3350 cm-1 vs. time using 
non-linear regression of Fick’s Second Law for inward (D’) and outward (D”) diffusion 
processes (see Appendix D).  

 Inward Diffusion Outward Diffusion 
T (K) 𝑫𝟎

w  𝑫𝟏
w  𝑫𝟎

ww 𝑫𝟏
ww 

160 8.11 × 10-5 -- --  -- 
175 7.65 × 10-5 1.08 × 10-4 -- -- 
200 -- 1.91 × 10-4 1.46 × 10-4 -- 
220 -- 2.06 × 10-4 1.57 × 10-4 -- 
240 -- -- 3.20 × 10-4 6.73 × 10-6 
260 -- -- 5.48 × 10-4 2.51 × 10-5 

Key:  
Reduced diffusion coefficients: 𝐷w = 𝐷{0 𝑙b⁄  and 𝐷ww = 𝐷}~H 𝑙b⁄  
Strictly inward diffusion (equation 6-3): Td = 160 K (𝐷ew ) Td = 175 K (𝐷ew , 𝐷mw) 
Simultaneous inward + outward diffusion (equation 6-4): Td = 200 K and Td = 200 K (𝐷mw , 𝐷eww) 
Strictly outward diffusion (equation 6-2): Td = 200 K and Td = 200 K (𝐷eww, 𝐷mww) 
*experimental fit equations are provided in Appendix D 
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Figure 6.8. Change in the IR integrated intensity of ν(OH)HB during the isothermal hold at Td = 160 
K (pink), 175 K (yellow), 200 K (blue), 200 K (red), 240 K (green) and 260 K (purple). The 
integrated intensity values are represented as colored markers and the solid lines are the best-fit 
curves modelled from the Fickian diffusion processes for strictly inward diffusion (Td < 175 K, 
equation 6-3), inward + outward diffusion (Td = 200 K and 220 K, equation 6-4), and strictly 
outward diffusion (Td > 220 K, equation 6-2). 
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6.4. Impact of Pore Size on Analyte Transport 

6.4.1 Isopropanol 

Comparison of the IR difference spectra collected during the isothermal diffusion cycle for 

UiO-66 and UiO-67 provides insight into the impact of pore size on IPA diffusion. The 

structures of UiO-66 and UiO-67 differ only in the length of their organic linkers, where 

the shorter linker of UiO-66 reduces pore size by ~50%, i.e., 6 Å/10 Å v. 12 Å/16 Å for the 

tetrahedral and octahedral pores of UiO-66 and UiO-67, respectively (see Chapter 1, Figure 

1.2).23  Using the intrinsic νas(CH3) mode at 2968 cm-1 of IPA as a direct spectroscopic 

probe for the total amount of IPA adsorbed on the external MOF surface at 100 K, or the 

amount of IPA inside the MOF crystallite during diffusion, we can qualitatively evaluate 

the amount of IPA that has desorbed during the isothermal diffusion cycle. For UiO-67, 

there is no change in νas(CH3) intensity following the 36 min isothermal hold at 170 K and 

after the sample has been cooled down to 100 K, providing evidence that majority of the 

IPA molecules diffuse into the internal pore environment of UiO-67 (black spectra, Figure 

6.9a). However, for UiO-66 we observe an intensity decrease of ~50% in νas(CH3) at the 

start of the isothermal hold (purple spectra, Figure 6.9b). This large change in νas(CH3) 

intensity suggests that majority of the IPA desorbs from the external surface of UiO-66 

before the molecules can diffuse into the internal framework, and therefore indicates that 

the smaller pores of UiO-66 are the limiting factor for IPA diffusion. However, the position 

of the hydrogen bonding features can tell us about the relative strength of the IPA 

interactions by the position of ν(OH)HB; the more redshifted the ν(OH)HB signal, the 
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stronger the analyte-MOF hydrogen bond. Close examination of the hydrogen bonded 

region reveals that ν(OH)HB and ν(OH)’ are observed at lower wavenumber for UiO-66 

compared to UiO-67, which suggests that the overall IPA interactions are stronger for UiO-

66. which is likely related to its restricted pore size.  

 

Figure 6.9. Comparison of IR difference spectra collected during the experimental diffusion cycle 
at Td = 170 K following ~1000 L IPA exposure on (a) UiO-67 and (b) UiO-66, highlighting the IR 
spectra following adsorption at 100 K (red), at the beginning of the isothermal hold (0 min, purple), 
at the end of the isothermal hold (36 min, blue) of the isothermal holding period, and after the 
isothermal hold at 100 K (black). Difference spectra were generated using the clean UiO-67 and 
UiO-66 MOF at 100 K as the reference, respectively. 

 
6.4.2 Acetone 

The impact of MOF pore size on acetone diffusion is evaluated by the changes in the IR 

signature of UiO-67 and UiO-66 during the isothermal diffusion cycle for Td = 160 K 

(Figure 6.10). Following 1000 L acetone exposure at 100 K and during the isothermal hold, 

(a) UiO-67 (b) UiO-66

v(µ3-OH)

v(OH)HB

vas(CH3)

*
**

* v(OH)’

** v(OH)”

v(µ3-OH)

v(OH)HB

vas(CH3)

*
**

1 1000L IPA Exposure (100 K)
2 MOF + IPA @ TD – 0 mins

3 MOF + IPA @ TD – 30 mins
4 Flash Cool to 100 K
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ν(OH)HB blueshifts and increases in intensity for both MOFs. However, we note that at the 

start of the isothermal hold, the intensity of ν(OH)HB is significantly lower than observed 

for UiO-67, suggesting a slower rate of hydrogen-bond formation with the µ3-OH groups. 

Close examination of the intrinsic acetone ν(C=O) mode at 1711 cm-1 shows a decrease in 

intensity (~30%) as the sample temperature is increased to 160 K, which does not recover 

to its initial state following sample cooling to 100 K (inset, Figure 6.10a). No significant 

change in intensity is observed for UiO-67 (Figure 6.10b), indicating that acetone 

molecules desorb from the external UiO-66 surface, but not UiO-67, before they can 

diffuse into the internal pores.  

Figure 6.10. Comparison of IR difference spectra collected during the experimental diffusion cycle 
at Td = 170 K following ~1000 L acetone exposure on (a) UiO-67 and (b) UiO-66, highlighting the 
IR spectra following adsorption at 100 K (red), at the beginning of the isothermal hold (0 min, 
purple), at the end of the isothermal hold (36 min, blue) of the isothermal holding period, and after 
the isothermal hold at 100 K (black). Difference spectra were generated using the clean UiO-67 
and UiO-66 MOF at 100 K as the reference, respectively.  
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6.5. Conclusions & Suggestions for Future Studies 

Ultimately, the overall goal of our collaborative project is to transport toxic molecules from 

the external MOF surface into the internal pore environment, where it can then react with 

catalytic centers and convert into non-toxic products, which can then diffuse out of the 

MOF and desorb. The results presented in this dissertation highlight our initial attempt at 

monitoring the analyte diffusion under non-equilibrium conditions using infrared 

spectroscopy, and to model this behavior using Fick’s Second Law. We find qualitatively 

that inward and outward transport of IPA and acetone is achievable in UiO-66 and UiO-

67, and that the rate limiting process will depend on the temperature of the isothermal hold, 

which complicates our spectral analysis. In order to extract a more meaningful kinetic 

interpretation into the rate-limiting behavior of the diffusion process, I recommend the 

following:  

 

Substitute O-H with O-D: Impact of Deuterated Analytes. Assigning IR features for 

UiO-67 hydrogen bonding interactions with isopropanol is uniquely challenging because 

both IPA and the UiO-67 have O-H groups. We know that when IPA diffuses into MOF 

two new O-H signals appear above 3600 cm-1 (3657 cm-1 and 3603 cm-1), but we are unable 

to say with any certainty if those IR signals are originating from the O-H of IPA or from 

the µ3-OH from the MOF. In order to provide a concrete assignment, it’s worth attempting 

to carry out the isothermal diffusion experiments using deuterated IPA, where O-H 

replacing O-D could help to differentiate between hydrogen bonding features that are 
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intrinsic to the analyte and of the MOF. Specifically, the response of the O-D signal upon 

interaction with the MOF can be used as an indicator for the hydrogen bonding behavior 

of IPA (i.e., donor or acceptor), where the absence of an IR signal(s) above 3600 cm-1 (and 

instead observed near 2685 cm-1) would indicate the O-H of IPA is responsible for the 

hydrogen bonded IR signals.172 Moreover, the O-D stretch of IPA falls within a region of 

the infrared spectrum that does not contain any other significant MOF modes (i.e., only 

weak combination modes), and could provide a unique opportunity to examine the 

aggregation tendency of IPA-IPA self-interactions.172 Yet, the challenge with this 

experiment would be H/D exchange between the O-D of IPA and the O-H of the MOF µ3-

OH groups, which could be very difficult to control, and further complicate the spectral 

analysis.   

 

Engage Theoretical Collaborations. In 2020, I provided data to support a theoretical 

investigation which modelled the diffusion of acetone in pristine UiO-66, and the impact 

of framework flexibility on hydrogen bonding with the MOF.27 Using a combination of 

molecular dynamics simulations and in situ IR spectroscopy, we determined that acetone 

does diffuse into the UiO-66 pores and binds to µ3-OH groups within the tetrahedral 

pores.27  In that report, our theory collaborators reported the diffusivity values for acetone 

self-diffusion, i.e., the random motion of molecules due to Brownian motion under 

equilibrium conditions.24  With the new insights we have gained from this in-depth 

isothermal diffusion study, it would be beneficial to build off the theoretical model used in 
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our previous study to report transport diffusivities using a Fickian diffusion model with the 

goal of identifying (a) the primary MOF-analyte binding at each Td (e.g., isopropanol 

hydrogen bonding) and (b) to provide insight the diffusion length (l).  

 

Vary the Initial Heating Rate. With increasing diffusion hold temperatures, we observe 

that the diffusing species appears more prominently during the initial temperature ramp 

and before the isothermal hold is initiated. This limits the number of experimental data 

points that can be fit under isothermal conditions. By increasing the initial heating rate (i.e., 

1.0 or 2.0 K/s instead of 0.5 K/s), it may be possible to restrict the amount of time the 

diffusing species can move into the MOF prior to the isothermal hold. However, increasing 

the heating rate will decrease the temperature resolution of the spectra, where a faster ramp 

would result in a broader temperature range between scans; e.g., assuming 1 scan is 

collected every 13 seconds, then for a 2.0 K/s heating ramp would account for a 26 K 

temperature difference between each scan. A series of experimental tests should be 

performed using both in situ IR and TPD-MS, where the IR study will provide insight into 

the diffusing species moving in, and TPD-MS will reveal the amount of analyte that 

desorbs for each heating rate.  

 

Minimize Simultaneous Diffusion and Desorption Processes. For the experiments 

reported here, we observe for both IPA and acetone a temperature range that we 

hypothesize enables simultaneous inward diffusion and outward diffusion. TPD-MS 
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spectra should be collected for the desired MOF-analyte system (using a MOF sample of 

the same synthetic batch) to determine an optimal experimental temperature range that will 

maximize either inward or outward diffusion processes. For example, selecting 

temperatures well below the lowest temperature site observed in the TPD will enable 

inward diffusion, while points closer to, and exceeding the lowest temperature site will 

enable outward diffusion and likely desorption. Additionally, TPD-MS can be used to 

quantitatively probe the amount of analyte desorbing during the isothermal hold. We now 

know from this initial diffusion experiment that the error in temperature during the 

isothermal hold is ± 1 K. Therefore, a narrower range of temperatures can be selected, i.e., 

every 5-7 K instead of every 10-25 K.  

 

Ultimately, the results of this work are preliminary and reproducibility experiments are 

needed using optimized experimental conditions, including a narrower range of diffusion 

temperatures, and we must confirm the validity of the Fickian diffusion model used for the 

extraction of the diffusivity. However, the knowledge gained from these initial experiments 

open a promising avenue to understand the transport processes of analytes in porous MOF 

materials.  
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CHAPTER 7: SUMMARY OF RESULTS 

 

The work presented in this dissertation is the result of a five (5) year collaboration between 

the University of Pittsburgh and Temple University, which sought to develop superior 

sorbent materials capable of capturing and degrading hazardous chemical agents, including 

Chemical Warfare Agents (CWAs). My role in this project was to characterize the uptake, 

transport and desorption interactions of both simple and complex molecular systems to 

provide insight into the structure-activity relationship of UiO-series and target analytes. 

Additionally, I have investigated the intrinsic thermal response of several UiO-67 MOFs 

and have discovered novel, reversible changes reflected in the IR signature originating 

from the isotropic negative thermal expansion behavior of these materials. Ultimately, the 

outcome of this dissertation has enabled a fundamental understanding of analyte 

interactions with UiO-66, UiO-67, UiO-67-NH2 and UiO-67-CH3 MOFs, which has 

informed the rational design of MOF materials with diverse functionality for use in  

filtration and decontamination devices. 

 

In order to directly monitor the uptake, transport and desorption of our target analytes, we 

need to utilize a system that is capable of monitoring these processes under the timescale 

of our probe. Therefore, all of the experiments performed in this work were conducted 

under Ultra-High Vacuum conditions, which provided an effective model environment by 

isolating molecular interactions and minimizing interference from guest-molecules and 
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atmospheric contamination (e.g., water vapor or CO2), thus providing direct observation of 

the thermally-driven processes which impact MOF stability and MOF interactions with 

guest molecules.  

 

The ability to readily tune the chemical and physical functionality of UiO materials is 

highly desirable for targeted applications. The chemical stability of UiO materials has been 

extensively investigated, yet only a handful of studies have investigated the intrinsic 

thermal response of the material and how this response can impact with guest molecules. 

We provide a detailed characterization of the intrinsic thermal behavior of UiO-67 and its 

the functional analogs, UiO-67-NH2 and UiO-67-CH3 using temperature-programmed 

infrared, X-ray diffraction and mass spectrometric techniques. Using in situ XRD, we have 

determined that the UiO-67 MOFs exhibit isotropic negative thermal expansion (NTE) 

during heating and have identified the structural origin of this NTE behavior as the 

distortion of the carboxylate groups on the organic linker. Moreover, we observe novel 

reversible changes in the MOF IR signature as samples are heated up to 473 K, and for the 

first time, we have correlated this with the structural dynamics associated with the MOF 

NTE. Specifically, we demonstrated that the functional pendant groups on the organic 

linker of UiO-67-NH2 and UiO-67-CH3 are uniquely impacted by heating and cooling, 

which elucidates the importance of critically evaluating temperature-dependent MOF 

spectral features. We find that when heated above the sample activation temperature and 

in the absence of oxygen, activated UiO-67 MOFs undergo two stages of change during 
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the thermal degradation process. These irreversible changes are found to be intimately tied 

to the deformation of the inorganic node and the isotropic negative thermal expansion of 

these materials. The knowledge gained from this project has significant impact our 

fundamental understanding of the properties that govern thermal stability in these UiO-67 

MOFs, which is critical for future development of ultra-stable MOFs and for the 

interpretation of binding interactions with guest-molecules.  

   

As a first step towards understanding of the characteristic binding of UiO-67 MOFs with 

guest molecules, we explore the host-guest interactions of simple polar and non-polar 

molecules  with UiO-6x (i.e., UiO-66, UiO-67, UiO-67-NH2 and UiO-67-CH3. Using TPD-

MS, we determined that for low analyte loadings (<10% of a monolayer), the functionality 

of the MOF (i.e., substituent groups on the organic linker and pore size) influenced the 

binding interactions with UiO-6x MOFs. Temperature programmed IR studies revealed 

that n-heptane, acetone and isopropanol bind reversibly and non-destructively to all UiO-

6x MOFs. In particular, the perturbations of the free bridging hydroxyl groups (µ3-OH, 

3677 cm-1) on the SBU following exposure reveals that solvent functionality, rather than 

polarity, impacts the strength of the binding with MOF. The interactions of UiO-67 with 

the polar analytes, acetone and isopropanol, are dominated by hydrogen bonding, where 

we determined the relative strength of the hydrogen bonding interactions by the frequency 

of v(OH)HB. Our results indicate that isopropanol binds more tightly to the MOF than 

acetone, which we correlate to the ability of isopropanol to form multiple hydrogen 
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bonding interactions with the MOF simultaneously. For the non-polar analyte, we find that 

the presence of n-heptane within the internal pores induces weak interactions with the MOF 

and perturbs the local environment around the µ3-OH groups. The outcome of this study 

provides a necessary understanding of the impact of key functional groups (i.e., ketones, 

alcohols, and alkanes) interact with of UiO-6x and provides a basis for which more 

complex molecular systems can be investigated, including Chemical Warfare Agent 

simulants.  

 

Through our collaboration with the University of Pittsburgh, density functional theory was 

used to screen a library of functionalized UiO-67 MOFs having a range of binding energies 

for the nerve agent simulant, dimethyl methylphosphonate (DMMP), a simple and benign 

alternative to the highly toxic nerve agent, Sarin. Three UiO-67 analogs in this library, 

UiO-67-NH2, UiO-67-CH3 and UiO-67, were selected to experimentally verify the DFT 

calculations, which predicted that these MOF would have strong, moderate and weak 

binding energies, respectively and is in good agreement with values determined via my 

TPD experiments. I have shown using in situ IR that DMMP binds reversibly and non-

destructively with pristine UiO-67 MOFs, but reacts with defective MOFs, or MOFs with 

open metal sites. DMMP adsorption and desorption upon heating were monitored through 

in situ FTIR spectroscopy, where we observed the complete recovery of the initial, clean 

MOF IR spectra following DMMP removal for UiO-67 and UiO-67-NH2. However, the 
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clean IR spectrum was not fully recovered for UiO-67-CH3, which is likely related to 

DMMP chemisorption to undercoordinated Zr sites.48, 49  

 

Understanding the diffusion of analytes from the external surface to the internal pore 

environment is central to the overall objective of this collaborative project, which is to 

transport toxic molecules into the internal pore environment, where they react with 

catalytic centers and are converted into non-toxic products, which are finally released as 

non-toxic products through desorption. I developed a protocol that allows us to monitor the 

diffusion of molecules from the external MOF surface using in situ IR by following the 

appearance/disappearance of spectral features during an isothermal holding period. Our 

preliminary results for isopropanol and acetone are consistent with an activated diffusion 

process, where an increase in the diffusion coefficient is observed for higher diffusion 

temperatures. Using non-linear regression, a first attempt at modelling the experimental 

results with Fick’s Second Law was applied, and we discovered that depending on the 

selection of isothermal hold temperatures, we can isolate inward and outward transport of 

analytes. This project is on-going, and I provide a detailed list of experimental 

recommendations for the Borguet group to carry this project forward in Section 6.4 of this 

dissertation. Ultimately, we hope that the knowledge gained from these isothermal 

diffusion experiments will impact the potential use of UiO MOF materials as superior 

sorbent materials capable of selective capture and detoxification of hazardous chemicals, 

including CWAs.   
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APPENDIX A: PROPERTIES OF ADSORBATES 

A. 1. Physical Properties of Analytes 

Table A-1 Physical Properties of Analytes 

 Acetone (a) Isopropanol (a) n-Heptane (a) DMMP (b) 

Molecular 
Weight (g/mol) 58.1 60.1 100 124.1 

Boiling Point, 
Tboil (K) 329 355 371 454 K 

Freezing Point, 
Tfus (K) 178 185 102 ~220 K 

Density 
(g/cm3) 0.789 @ 293 K 0.785 @ 293 K 0.679 @ 293 K 1.14 @ 293 K 

Heat Capacity, 
Cp (J/mol·K) 

Solid 96.30 
@ 178 K Solid 88.03 

@ 185 K Solid 143.7 
@ 102 K Solid no data 

available 

Liquid 127.5 
@ 298 K Liquid 172.4 

@ 298 K Liquid 230.4 
@ 298 K Liquid 143.2 

@ 300 K 

Gas 80.30 
@ 329 K Gas 169.8 

@ 355 K Gas 367.1 
@ 371 K Gas no data 

available 
Heat of 

Vaporization, 
∆Hvap (kJ/mol) 

29.1 @ 329 K 39.9 @ 355 K 31.7 @ 371 K 52.8 kJ/mol 

Heat of 
Fusion, ∆Hfus 

(kJ/mol) 
5.69 @ 178 K 5.41 @ 329 K 14.1 @ 102 K no data available 

(a) 173Yaws, C.L., ed. Chemical Properties Handbook. 1999, McGraw-Hill: New York 
(b) 174DMMP: W.E. Acree, Jr., J.S. Chickos, "Phase Transition Enthalpy Measurements of Organic 

and Organometallic Compounds" in NIST Chemistry WebBook, NIST Standard Reference 
Database Number 69, Eds. P.J. Linstrom and W.G. Mallard, National Institute of Standards 
and Technology, Gaithersburg MD, 20899, https://doi.org/10.18434/T4D303, (retrieved 
October 25, 2018) 
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A.2. Infrared Band Assignments for Adsorbates 

Acetone 

Table A-2. IR band assignments for crystalline acetone at 120 
K and acetone adsorbed UiO-67 and UiO-66 (100 K).  

 Crystalline  UiO-67  UiO-66 

Mode 120 K  100 K  100 K 
      

2n(C=O) 3412  3397  3396 
nas(CH3) 3003  3003  3003 
ns(CH3) 2922  2920  2920 
n(C=O) 1715  1709  1710 
δas(CH3) 1443, 1440  1444  -- 
δs(CH3) 1360, 1350, 

1346 
 1361, 1350  1361, 1350  

nas(C-C-C) 1234  1235  1234 
ρ(CH3) 1098  1095  1100 
ns(C-C-C) 794  767  768 
a Vibrational assignments guided from reference X117 and 
reference X 116 n = stretch,  δ	= bending, ω = wagging, ρ = 
rocking, as = asymmetric, s = symmetric 
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Isopropanol 

Table A-3 IR band assignments for crystalline isopropanol (IPA) 
at 100 K, and IPA adsorbed UiO-67 and UiO-66 at 100 K  

 UiO-67  UiO-66  Crystalline 

Mode 100 K  235 K  120 K 
      

n(O-H)free --  --  -- 
n(O-H)HB 3240  3600, 3480, 

3397, 3276, 
3195 

 3286, 3166 

nas(CH3) 2968  2983, 2966  2979, 2971 
ns(CH3) 2926  2928  2922 
ns(CH) 2880  2877  2884 
δas(CH3) 1473  1470  1489 
δs(CH3) 1361  1373  1377 
ω(CH) 1340  --  1341 
Association 1310  1300  1300, 1318 
δ(OH),	
δ(CH) 

1262  1260  1268 

nas(C-C-C) 1167  1165  1169, 1174 
n(C-O) 1128  1128  1132, 1138 
ρ(CH3) 954  945  966 
ns(C-C-C) 819  810, 819  833 
a Vibrational assignments guided from reference 111 
n = stretch,  δ	 = bending, ω = wagging, ρ = rocking, as = 
asymmetric, s = symmetric 
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n-Heptane 

Table A-4 IR band assignments for crystalline and solid n-
heptane, and n-heptane adsorbed UiO-67 (100 K)  

 UiO-67  Liquid  Crystalline 

Mode 100 K  298 K  77 K 
      

vas(CH3) 2952  2859  -- 
vas(CH2) 2917  2926  -- 
vs(CH3) 2870  2874  -- 
vs(CH2) 2849  2858  -- 
δas(CH3)	+	
δas(CH2) 

1471, 
1444 

   1475, 1448 

ω(CH) 1371    -- 
ρ(CC) 1178    1177 
v(C-C) 1142, 

1074, 
1058 

   1142, 
1075, 1058 

ρ(CH3) 924    925 
a Vibrational assignments guided from reference 175 
n = stretch,  δ	= bending, ω = wagging, ρ = rocking, as = 
asymmetric, s = symmetric 
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APPENDIX B: PROPERTIES OF UiO-6X MOFs 

B. 1. Intrinsic Vibrational Signature of UiO-67-X 

Table B-1 Assignment of Infrared Vibrational Modes (cm-1) of UiO-67 Series MOFs 

Vibrational Mode a UiO-67 UiO-67-NH2 UiO-67-CH3 
n(O-H)free 3678 3678 3678 
nas(N-H) -- 3485 -- 
ns(N-H) -- 3398 -- 
n(B-H)ring 3076 

3049 
3018 
2922 

3074 
3051 
3016 
2925 

3074 
3054 
3025 
2927 

nas(B-H)me -- -- 2982 
ns(B-H)me -- -- 2962 
nas(OB-O)a.p 1670 1683 1683 
β(N-H) -- 1627 -- 
ns(OB-O)i.p 1618 1615 1617 
nas(B-O) 1580 1577 1580 
n(B-C)ring 1535 1539 1533 
ns(B-O) 1360 1361 1356 
n(B-N) -- 1270 -- 
[ϒ(O-H) + β(B-H)]a.p 821 833 825 
[β(O-H) + β(B-H)]i.p 775 775 776 
β(O-H) + n(B-C)ring + β(OB-O) 715 719 714 
n(Zr-μ3-O) 677 681 675 
nas(Zr-OC) 621 623 621 
ns(Zr-OC) 557 559 561 
nas(Zr- μ3-OH) 458 457 459 
ns(Zr- μ3-OH) 406 404 403 
a IR band assignments are guided from 23, 39, 48, 63 
n = stretch, ϒ = wagging, β = in-plane bending, as = asymmetric, s = symmetric,  
i.p = in-phase, a.p = anti-phase 
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B.2. Estimation of Available MOF Surface Area  

In order to determine the relationship between analyte exposure (L) and surface coverage, 

we use the density of the defect-free UiO-67 (0.724 g/cm3) from the experimental crystal 

structure and the specific surface area calculated from nitrogen sorption isotherm 

measurements (SBET) to estimate the percentage of the MOF surface area confined on the 

external crystallite surface.28 All UiO-67 experimental characterizations were for UiO-67 

were performed at the University of Pittsburgh in 2018 by Tian-Yi Luo, Ph.D.  

 

Assuming the crystallite geometry is octahedral with an edge length (a) of 100 nm, the total 

volume of a single MOF crystallite is given by equation B-1.  

The external surface area for octahedral crystal (Aext) is calculated from equation B-2.  

Using the experimental density from the UiO-67 crystal structure and the calculated 

volume of a 100 nm crystallite, we obtain the mass of one crystallite (m), equation B-3:  

 

 

 
 
 

𝑉 =
√2
3 𝑎1 =

√2
3
(100	𝑛𝑚)1 = 4.7	 ∙ 102	𝑛𝑚1 = 𝟒. 𝟕 ∙ 𝟏𝟎3𝟏𝟔	𝒄𝒎𝟑	 (B-1) 

 
 
 

𝐴789 = 2√3 ∙ 𝑎: = 2√3 ∙ (100	𝑛𝑚): ≅ 3.5 ∙ 10;	𝑛𝑚: = 𝟑. 𝟓 ∙ 𝟏𝟎3𝟏𝟒	𝒎𝟐	 (B-2) 

 
 
 

𝑚 = 𝑑?@A ∗ 𝑉 ≅ 	0.724𝑔 𝑐𝑚19 ∙ (4.7 ∙ 103BC𝑐𝑚1) ≅ 𝟑. 𝟒 ∙ 𝟏𝟎3𝟏𝟔𝒈	 (B-3) 
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To estimate the total internal surface area (Aint) of a crystallite we multiply its estimated 

mass (m) by the specific surface area determined from the experimental nitrogen isotherm 

to give (B-4):  

Finally, by dividing the external surface area (Aext) of the 100 nm octahedron by the total 

internal surface area (Aint) gives the fraction of the total surface area confined on the outside 

of the crystallite (B-5): 

Identical calculations were carried out for a range of crystallite sizes, revealing that as the 

crystallite size increases, the percentage of available area on the external surface decreases, 

and therefore less sites are available for adsorption during exposure at 100 K for larger 

crystallites (Table B-2).  

Table B-2 Fraction of External MOF Surface Area for a single Octahedral UiO-67 Crystallite.  

Edge Length 
(a) (nm) 

Volume (V) 
(cm3) 

External 
Surface Area  

(Aext) (m2) 

Mass of one 
crystallite (g) 

Internal 
Surface Area 

(Aint) (m2) 

% External 
Surface Area 

50 5.9 ∙ 104m� 8.7 ∙ 104m� 4.3 ∙ 104m� 110 ∙ 104m� 8.0% 
100 4.7 ∙ 104m� 3.5 ∙ 104m� 3.4 ∙ 104m�  88 ∙ 104m� 4.0% 
200 3.8 ∙ 104m� 1.4 ∙ 104m� 2.7 ∙ 104m� 71 ∙ 104m� 2.0% 
400 3.1 ∙ 104m� 5.6 ∙ 104m� 2.2 ∙ 104m� 570 ∙ 104m� 1.0% 
600 1.1 ∙ 104m� 1.3 ∙ 104mb 7.2 ∙ 104m� 190 ∙ 104mb 0.7% 

 

 

 𝐴DE9 = 𝑚 ∙ 𝑆FGH = (3.4 ∙ 103BC𝑔) ∙ 22587	𝑚
:
𝑔9 : = 𝟖𝟖 ∙ 𝟏𝟎3𝟏𝟒	𝑚:	  

(B-4) 

 
 

𝐴M�H
𝐴{0H

=
3.5 ∙ 104m�	𝑚b

88 ∙ 104m�	𝑚b ∙ 100% ≅ 𝟒%	 (B-5) 
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Assuming that 2.0 mg of sample with uniform crystallite size is deposited onto the W-

mesh, then by multiplying the sample weight by the total surface area (SBET) gives (B-6):  

Where AT is the total area occupied by the entire 2mg sample. Now, assuming that an 

exposure of 1.0 L will cover 1.0 cm2 of surface area and this leads to 1.0 monolayer of 

surface coverage, it would take roughly 52,000 L of analyte exposure to cover the internal 

surface with a monolayer on UiO-67. Therefore, an approximate analyte dose of 1000 L 

would correspond to roughly 2% of a monolayer assuming a uniform distribution of 

molecules within the internal pores.  

 𝐴8 = 𝑚 ∙ 𝑆 68 = (0.002	𝑔) ∙ 22587	𝑚
b
𝑔9 : ≅ 𝟓𝟐, 𝟎𝟎𝟎	𝑚b	 (B-6) 



APPENDIX C: SIMPLE SOLVENTS – SUPPLEMENTARY MATERIAL 

C.1. Analysis of Molecular Physisorption 

To assess the availability of binding sites for acetone (Figure C.1), isopropanol (Figure 

C.2) and n-heptane (Figure C.3), TPD experiments were performed by monitoring the most 

abundant molecular ion fragments as UiO-6x samples were heated under vacuum (P < 1.0 

 × 10-8 Torr) from 100 K to 473 K (423 K for UiO-66) at 2.0 K/s following ~1100 analyte 

exposure, respectively. For all UiO-6x MOFs investigated in this work, similar temperature 

profiles were obtained for all tracked mass fragments for acetone (m/z = 15, 43 and 58 

amu), isopropanol (m/z = 15, 45 and 60 amu), and n-heptane (m/z = 29, 43 and 57 amu), 

respectively, indicating that all analytes desorbs from the MOF as an intact molecule and 

that the primary mode of association is through molecular physisorption. 

Figure C.1. Representative mass temperature profiles for acetone desorption (~1100 L) from UiO-
67 showing all recorded mass fragments: m/z = 15 ([CH3]+, dashed), m/z = 58 ([CHO(CH3)2]+, 
dotted) and m/z = 43 ([COCH3]+, solid) during heating from 100 K to 473 K at 2.0 K/s.  
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Figure C.2. Representative mass temperature profiles for isopropanol desorption from UiO-67 
showing all recorded mass fragments: m/z = 15 ([CH3]+, dotted), m/z = 58 ([CHOH(CH3)2]+, solid) 
and m/z = 43 ([CHOHCH3]+, dashed) during heating from 100 K to 473 K at 2 K/s.  

Figure C.3. Representative mass temperature profiles for n-heptane desorption from UiO-67 
showing all recorded mass fragments: m/z = 29 ([CH3CH2]+, dashed), m/z = 57 ([CH3CH2]+, dotted) 
and m/z = 43 ([CH3(CH2)3]+, solid). The MS signal intensity for m/z = 29 was scaled by a factor of 
10. 
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APPENDIX D: DIFFUSION MODELS 

The material presented in this Appendix provides additional information into the Fickian 

models described in Chapter 6. This document was originally created by a former 

undergraduate, now graduate, colleague and co-author, Ryan McDonnell, and has since 

been modified by me for use in this dissertation.  

 
D. 1.  General Solutions to Fick’s Second Law  

The diffusion of a molecule under non-equilibrium conditions can be described using 

Fick’s Second Law in one-dimension, (D-1)176  

where C = C(x,t) is the one-dimensional concentration function and D is the isotropic 

Diffusivity.  Depending on the boundary conditions, the general solution for inward and 

outward diffusion can be regressed to model the experimental IR data set.  The diffusion 

scenarios presented in Chapter 6 are best described by two sets of boundary conditions:  

Case I, where all diffusing species are initially confined within a saturated pore 

environment (i.e., outward), or Case II, where all diffusing species are confined to the 

external crystallite surface (i.e., inward).  

 

 

 

 

𝜕𝐶
𝜕𝑡 = 𝐷

𝜕b𝐶
𝜕𝑥b  

(D-1) 
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Case I: Outward Diffusion (adapted from John Yates & Colleagues)166  

Case I is described by the boundary conditions in equations D-2 to D-4. 

where C0 is the initial concentration of analyte inside the MOF pores.  Through the method 

of separation of variables and the application of these boundary conditions, the solution for 

outward diffusion is (D-5):166  

In order to determine the amount of analyte that diffuses out of the material at some time t 

(𝑀H), D-5 is integrated over the entire diffusion length (𝑙), (D-6): 

The total amount of analyte remaining at some time t > 0 can be defined in relation to the 

total analyte coverage (θ), where 𝜃9 = 𝑀𝑡
𝑀𝑎𝑑𝑠

, (D-7): 

where 𝑀#.N is the total amount of analyte adsorbed inside the MOF pores at time t = 0.  

Equation D-7 can be fit to experimental data and regressed to obtain D/𝑙2 for outward 

𝐶(0, 𝑡) = 0	; 𝑡 ≥ 0 

𝐶(𝑙, 𝑡) = 0	; 𝑡 ≥ 0 

𝐶(𝑥, 0) = 𝐶e; 𝑥 ∈ (0, 𝑙) 

(D-2) 

(D-3) 

(D-4) 

𝐶(𝑥, 𝑡) =
4𝐶e
𝜋 f

1
2𝑛 + 1 exp §

−𝐷𝜋b𝑡
𝑙b

(2𝑛 + 1)b¨ sin §
(2𝑛 + 1)𝜋𝑥

𝑙 ¨
p

0qe

 
(D-5) 

𝑀H = « 𝑑𝑥	𝐶(𝑥, 𝑡)
o

e
= 	𝑀ef

8
𝜋b(2𝑛 + 1)b exp§

−𝐷𝜋b𝑡
𝑙b

(2𝑛 + 1)b¨
p

0qe

 
(D-6) 

𝜃H =
𝑀H

𝑀#.N
= f

8
𝜋b(2𝑛 + 1)b exp §

−𝐷𝜋b𝑡
𝑙b

(2𝑛 + 1)b¨
p

0qe

 
(D-7) 
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analyte diffusion from a material. Note: ¬)
¬%!#

	~ ®)
®%!#

, where A is experimental integrated 

infrared absorbance of the diffusing species.166  To account for this, we rewrite D-7 as: 

where k is some proportionality constant relative to the analyte surface coverage.   

 

Case II: Inward Diffusion (adapted from John Yates & Colleagues)167 

Case II is described by the boundary conditions in equations D-8 to D-10. 

Through the method of separation of variables and the application of these boundary 

conditions, the general solution for inward diffusion is (D-11):167  

In order to determine the amount of analyte that enters the material as a function of time 

(Mt), D-11 is integrated over the entire diffusion length (𝑙), (D-12): 

where, 𝑀p is the total amount of analyte that diffuses into the material after infinite time 

(i.e., saturation capacity). In the simplest approximation, 𝑀p ≈ 𝜌#0#o±HM𝑉²}³M, where 𝜌 is 

𝜃H =
𝐴H
𝐴#.N

= 𝑘f
8

𝜋b(2𝑛 + 1)b exp§
−𝐷𝜋b𝑡
𝐿b

(2𝑛 + 1)b¨
p

0qe

 
(D-7) 

𝐶(0, 𝑡) = 𝐶e	; 𝑡 ≥ 0 
𝐶(𝑙, 𝑡) = 𝐶e	; 𝑡 ≥ 0 
𝐶(𝑥, 0) = 0; 𝑥 ∈ (0, 𝑙) 

(D-8) 
(D-9) 
(D-10) 

𝐶(𝑥, 𝑡)
𝐶e

= 1 −
4
𝜋f

(−1)0

2𝑛 + 1 exp§
−𝐷(2𝑛 + 1)b𝜋b

𝑙b 𝑡¨ cos(
(2𝑛 + 1)𝜋𝑥

𝑙 )			
p

0qe

 
(D-11) 

𝑀H = « 𝑑𝑥	𝐶(𝑥, 𝑡)
o

e
= 𝑀p(1 −f

8
𝜋b(2𝑛 + 1)b exp §

−𝐷(2𝑛 + 1)b𝜋b

𝑙b 𝑡¨		
p

0qe

 
(D-12) 
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the analyte density and V is the pore volume.167   Since the analyte is moving in, 𝑀p ≈

1 − ¬)
¬%!#

, where 𝑀#.N is the total amount of analyte present at adsorption (D-13): 

Allowing 1 − ·%,%MN)" O̧'P"

¬%!#
 to vary has us arrive at:  

where k’ and k” are some proportionality constants relative to the analyte surface coverage. 

Equation D-14 can be regressed to obtain D/𝑙2 for inward analyte diffusion.  Note: as 

previously, ¬)
¬%!#

	~ ®)
®%!#

, where A is experimental integrated infrared absorbance of the 

diffusing species.167  

 

 

 

 

 

 

 

 

1 −
𝑀H

𝑀#.N

= 1 −
𝜌#0#o±HM𝑉²}³M

𝑀#.N
¹−f

8
𝜋b(2𝑛 + 1)b exp§

−𝐷(2𝑛 + 1)b𝜋b

𝑙b 𝑡¨		
p

0qe

º 

(D-13) 

1 −
𝑀H

𝑀#.N
= 𝑘′ + 𝑘"f

8
𝜋b(2𝑛 + 1)b exp§

−𝐷(2𝑛 + 1)b𝜋b

𝑙b 𝑡¨		
p

0qe

 
(D-14) 
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D.2 Experimental Fits - Supporting Information:  

The diffusivities reported in Chapter 6, D’ and D”, for inward and outward diffusion 

processes, respectively, were calculated assuming analyte transport is isotropic and 

dependent on the diffusion length (l), where D’ = Din/l2 and D” = Dout/l2 which we report 

as the reduced diffusion coefficient. For inward and outward diffusion models, the 

experimental fit is represented by a linear combination using two parameters for the 

diffusivity, i.e., 𝐷{0 for inward (equation D-15) and 𝐷}~H outward (equation D-16): 

where, 𝑘e" ≠ 𝑘m"  and 𝐷{0 and 𝐷{0w  represent the independent diffusion coefficients for 

simultaneous diffusion processes.166  

 

 

 

 

1 −
𝐴H
𝐴e

= 𝑘w + 𝑘"f
8

𝜋b(2𝑛 + 1)b exp A
−𝐷{0(2𝑛 + 1)b𝜋b

𝑙b 𝑡F	
m

0qe

 

= 𝑘w + ¼t𝑘e" f
8

𝜋b(2𝑛 + 1)b exp A
−𝐷{0(2𝑛 + 1)b𝜋b

𝑙b 𝑡F
m

0qe

u

+ t𝑘m" f
8

𝜋b(2𝑛 + 1)b exp A
−𝐷{0w (2𝑛 + 1)b𝜋b

𝑙b 𝑡F
m

0qe

u½ 

(D-15) 
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where, 𝑘e ≠ 𝑘m and 𝐷}~H and 𝐷}~Hw  represent the independent diffusion coefficients for 

simultaneous diffusion processes.166   

 

We note that we assume that the proposed hybrid model is a solution to Fick’s Second 

Law, as a linear combination of solutions of differential equations are themselves 

solutions.176  The hybrid model is fit using a linear combination of a single Dout parameter 

and a single Din parameter (D-17):     

 

 

 

𝐴H
𝐴e

= 𝑘f
8

𝜋b(2𝑛 + 1)b exp W
−𝐷}~H𝑡
𝑙b X	

m

0qe

 
(D-16) 

= t𝑘ef
8

𝜋b(2𝑛 + 1)b exp A
−𝐷}~H(2𝑛 + 1)b𝜋b

𝑙b 𝑡F
m

0qe

u

+ t𝑘mf
8

𝜋b(2𝑛 + 1)b exp A
−𝐷}~Hw (2𝑛 + 1)b𝜋b

𝑙b 𝑡F
m

0qe

u 

 

𝐴H
𝐴e

= t𝑘ef
8

𝜋b(2𝑛 + 1)b exp A
−𝐷}~H(2𝑛 + 1)b𝜋b

𝑙b 𝑡F
m

0qe

u

+ t𝑘w + 𝑘"f
8

𝜋b(2𝑛 + 1)b exp A
−𝐷{0(2𝑛 + 1)b𝜋b

𝑙b 𝑡F	
m

0qe

u 

(D-17) 
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D.3 Selection of Diffusion Temperatures 

The isothermal diffusion experiments presented in Chapter 6 reflect the first attempts at 

modelling molecular transport from the external crystallite surface into the internal pore 

environment of UiO-67 an UiO-66 MOFs. Acetone and isopropanol are ideal candidates 

for diffusion experiments because interaction with the MOF produces distinct IR signal 

that can be used as a spectroscopic probe during the experimental cycle. Additionally, the 

primary interaction of these polar analytes with the UiO MOFs is through molecular 

physisorption (i.e., all binding interactions are reversible), see Chapter 4, which provides 

the opportunity to undergo multiple experimental cycles on a single MOF sample. The 

choice of diffusion temperature was guided from TPD-MS experiments using a sample 

from the same synthesis batch. During these initial studies we were attempting to identify 

an range of temperatures that would allow majority of the adsorbed analyte to diffuse into 

the MOF crystallite (Figure D.1). 
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Figure D.1. Selection of isothermal diffusion temperatures from the TPD-MS profiles for (a) 1000 
L isopropanol desorption from UiO-67 and (b) 1000 L acetone desorption from UiO-66. The black 
markers represent the diffusion temperatures described for each MOF in Chapter 6. 
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