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RESUMO 

 

Esta tese de doutorado tem como objetivo realizar a avaliação computacional de uma 

vasta série de Redes Metalorgânicas (MOF) contendo Zr ou Ti como centros metálicos a fim 

de predizer suas performances com relação a adsorção e degradação dos agentes de guerra 

química: agentes neurotóxicos (Sarin e Soman), agentes vesicantes (Gás Mostarda) e seus 

simulantes Metilfosfonato de dimetilo, Isofluorofato, Pinacolyl metilfosfonato e Cloreto de 2-

etiltioetilo. Cálculos baseados na Teoria do Funcional da Densidade (DFT) e simulações de 

Monte Carlo foram combinados para avaliar a capacidade adsortiva, a energia e os sítios de 

adsorção preferenciais para cada par MOF/CWA. A racionalização do banco de dados gerado 

foi posteriormente realizada, a fim de estabelecer relações estrutura-propriedade de adsorção 

levando em consideração descritores geométricos e eletrônicos que caracterizam as MOF, os 

CWA e também as interações CWA/MOF. Posteriormente, foram realizados cálculos de DFT 

para elucidar os mecanismos de degradação de CWA e seus simulantes utilizando MOF 

formadas por titânio ou zircônio, e analisar os principais estados da reação de degradação e as 

energias de ativação resultantes. E por fim, o mecanismo de hidrólise de uma série de Zr e Ti-

MOF foi explorado por meio de cálculos de DFT com o objetivo de identificar os principais 

parâmetros que governam a estabilidade das MOF sob umidade. Espera-se que este estudo 

computacional releve MOF com elevado desempenho de captura/degradação a serem 

potencialmente aplicadas como filtros de CWA. 

 
Palavras-chave: Materiais Híbridos porosos. MOF. Agentes de guerra química. Adsorção. 

Catálise. Degradação. Monte Carlo. Teoria do Funcional da Densidade. 



 
 

ABSTRACT 
 

The present PhD thesis aims to perform a computational evaluation of a large series of 

Metal Organic Frameworks (MOFs) containing Zr or Ti as the metal centers for their adsorption 

and degradation performances with respect to chemical warfare agents: nerve agents (Sarin and 

Soman), vesicant agents (Sulfur Mustard) as well as their simulants, Dimethyl 

methylphosphonate, Diisopropyl phosphorofluoridate, Pinacolyl methylphosphonate and 2-

Chloroethyl ethyl sulfide. This was achieved by combining Density Functional Theory (DFT) 

calculation and Monte Carlo simulations to assess the adsorption uptake, the energetics and the 

preferential adsorption sites for each considered MOF/CWA pair. The rationalization of the so-

generated database was further achieved in order to establish structure-adsorption property 

relationships with the consideration of geometric and electronic descriptors characterizing 

MOFs, CWAs as well as CWA/MOF interactions. As a further step, DFT calculations were 

performed to elucidate the degradation mechanisms for CWAs and their simulants on the Ti or 

Zr-MOFs analyzing the main states of the degradation reaction and the resulting activation 

energies. Finally, the hydrolysis mechanism of a series of Zr and Ti-MOFs was explored by 

means of DFT calculations with the objective to identify the key parameters that control their 

stability under humidity. This computational work is expected to pave the way towards refined 

MOFs with improved capture/degradation performances to be potentially applied as CWA 

filters. 

Keywords: Hybrid Porous materials. MOFs. Chemical Warfare Agents. Adsorption. Catalysis. 

Degradation. Monte Carlo simulations. Density Functional Theory calculations. 

 

 

 

 

 

 

 

 



 
 

 
RÉSUMÉ 

 

Cette thèse vise à effectuer un criblage computationnel d'une grande série de structures 

métal-organiques (MOFs) contenant du Zr ou du Ti afin de prédire leurs performances vis-à-

vis l'adsorption et dégradation des agents chimiques de guerre (ACGs). Cette étude inclut des 

agents neurotoxiques (Sarin et soman), agents vésicants (gaz moutarde) ainsi que leurs 

simulants, à savoir, le diméthyl méthylphosphonate, le diisopropyl phosphorofluoridate, le 

pinacolyl méthylphosphonate et le 2-chloroéthyl éthyl sulfure. Des calculs basés sur la Théorie 

de la Fonctionnelle de la Densité (DFT) ont été couplés à des simulations de Monte Carlo pour 

évaluer la capacité adsorptive, l'énergie et les sites d'adsorption préférentiels pour chaque paire 

MOF/ACG considérée. Ensuite, ces données ont été rationalisées afin d'établir des relations 

structure-propriété d'adsorption en prenant en compte des paramètres géométriques et 

électroniques caractéristiques des MOF, des ACGs ainsi que de leurs interactions croisées. 

Postérieurement, des calculs DFT ont été effectués afin d’élucider les mécanismes de 

dégradation des ACG et de leurs simulants sur les MOFs en analysant les principaux états 

intermédiaires de leurs réactions de dégradation et les énergies d'activation résultantes. 

Finalement, les mécanismes d'hydrolyse d'une série de MOFs à base de Ti et Zr ont été explorés 

par la voie des calculs DFT dans le but d'identifier les paramètres clés qui contrôlent leur 

stabilité sous humidité. Ces études computationnelles doivent ouvrir la voie à des nouvelles 

MOF avec des performances de capture/dégradation améliorées qui pourraient être appliquées 

comme filtres de ACGs. 

Mots clefs: Matériaux Hybrides poreux. MOFs. Agents Chimiques de guerre. Adsorption. 

Catalyse. Dégradation. Monte Carlo. Théorie de la Fonctionnelle de la Densité. 
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1 INTRODUCTION 

 

The Chemical Weapons Convention targets to eliminate an entire category of weapons 

of mass destruction by prohibiting the development, production, acquisition, stockpiling, 

retention, transfer or use of Chemical Warfare Agents (CWAs) by States Parties under any 

circumstances (OPCW, 2005; SZINICZ, 2005). Unfortunately, even though their strictly 

prohibited, the world has not been able to be safe from terrorist groups and ill-intentioned 

governments. The number of incidents involving CWAs has significantly increased and some 

of them, such as the poisoning of Sergei Skripal, who acted as a double agent for the UK's 

intelligence services, and his daughter with a Novichok nerve agent by the Russian and the 

assassination of Kim Jong-un’s half-brother, who died less than 20 minutes later that two 

women had attacked him with a VX nerve agent, have also demonstrated that civilian 

populations may also be exposed to these toxic agents. This sadly emphasizes that threat of 

exposure to CWAs is still considered as a major military issue. 

Currently, filters for masks and protective overgarments are made of activated carbons. 

However, some issues are related to the use of this material, such as: a complete suit typically 

weighs about 2 kg; in warm weather, periods of heavy exertion cause heat stress and it must be 

safely discard due to the absence of degradation process by these materials (OUDEJANS, 

2014). Therefore, it is becoming essential to develop technological methods and search for news 

materials for the sustainable neutralization of chemical warfare agents. 

In this context, the hybrid porous materials, namely, the metal organic frameworks 

(MOFs) (FÉREY, 2008; HOSKINS; ROBSON, 1989; KONDO et al., 1997; MAURIN et al., 

2017; YAGHI; LI, 1995), have been recently envisaged as an alternative solution to the standard 

activated carbons for practical better-performing protective equipment owing to their unique 

degree of variability in terms of chemical features (FÉREY, 2008; KUPPLER et al., 2009). This 

offers an unprecedented opportunity to identify porous adsorbents with the ability to capture a 

broad range of hazardous molecules to respond to diverse menaces and store high CWA. 

The key objective of the PhD is to identify efficient MOFs to neutralize and destroy 

CWAs. In this context, molecular simulations were performed to study the adsorption 

performances of a large series of MOFs as well as their potentiality to catalytically degrade 

these toxic molecules. 

There are clear advantages in performing simulations instead of real experiments. 

Besides the cost of the experiments, the CWAs cannot be manipulated at the academic level  

(NATIONAL RESEARCH COUNCIL, 1999). Indeed, the legislation on the 
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acquisition/holding/use of CWA is very restrictive due to security issues and toxicity of these 

substances. Thus, the handling of CWA requires equipment only available in military premises 

or being a laboratory accredited by the Organization for the Prohibition of Chemical Weapons. 

Therefore, for obvious reasons, the experiments must be carried out using simulants and in this 

case, molecular simulations are highly required to make the connection between these simulants 

and the real target CWA (KENAR; KARAYILANOĞLU; KOSE, 2002; NATIONAL 

RESEARCH COUNCIL, 1999; OPCW, 2019). 

Molecular simulations integrate a wide panel of theoretical techniques: (i) the classical 

simulations based on the use of forcefield are useful to explore the adsorption and the dynamics 

properties of confined molecules in porous materials (FRENKEL; SMIT; RATNER, 1997; 

ROUQUEROL et al., 2014), (ii) quantum mechanical methods are for instance needed to 

explore systems at the electronic level when chemical reactions are in play (FIOLHAIS, 

CARLOS, FERNANDO NOGUEIRA, 2003; SHOLL, DAVID; STECKEL, 2011). 

Therefore, in this thesis, DFT calculations and Monte Carlo simulations have been 

combined to elucidate the adsorption and degradation of CWAs by MOFs as well as to explore 

the water stability of the most promising MOFs materials. The manuscript is thus constructed 

as follows: 

The second chapter describes CWAs and their potential simulants in terms of 

classification and properties. This is followed by the state of the art regarding the current 

protection devices and the recent envisaged materials for the capture and degradation of CWAs 

with a special emphasis on the studies related to the family of MOFs for such application. 

The third chapter provides an overview of the molecular simulation techniques used in 

this thesis. The main pillars of Density Functional Theory applied to the solid-state as well as 

the basic principles of Monte Carlo techniques, including the microscopic models and force-

fields used to represent the MOF frameworks and the CWAs molecules are described.  

The fourth chapter reports a systematic computational evaluation of the CWA capture 

performances of a series of Zr- and Ti- MOFs, concerning Sarin and Soman as well as their 

most common simulants used in experiments, the Dimethyl methylphosphonate, the 

Diisopropyl phosphorofluoridate and Pinacolyl methylphosphonate. Grand Canonical Monte 

Carlo simulations have been combined with DFT calculations to assess the adsorption uptakes 

and the energetics for each MOF/CWA pair and to evidence the preferential adsorption sites 

and the resulting CWA/MOF interactions. As a further step, this computational database has 

been used to build model structure-adsorption performances in order to identify the key 

parameters of the MOFs that drive the CWA capture. Finally, the comparison of the simulated 
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adsorption behaviors of CWA and their simulants allowed us to define the most reliable simulant 

that mimics as fairly as possible the real molecules. 

The fifth chapter explores three possible hydrolysis mechanisms for Sarin and its 

simulants on the activated Ti site of MIP-177(Ti) in presence/absence of water. This is followed 

by the study of the degradation of Sarin and Soman on pristine and functionalized Zr-MOFs. 

The whole set of data (the main states of the degradation reaction and the resulting activation 

energies) were further compared with the corresponding data reported in the literature in order 

to assess the promises of the investigated MOFs. Finally, the hydrolysis reaction of Sulfur 

mustard and its simulant 2-Chloroethyl ethyl sulfide, also known as half-mustard was 

computationally investigated in tandem with the experimental work performed in collaboration 

with Prof. J.S. Chang (KRICT, Korea).  

The sixth chapter depicts a systematic exploration of the hydrolysis mechanism of a 

series of Zr and Ti-MOFs. The reactants, transition states and intermediates as well as the 

activation energy barriers were carefully analyzed aiming to identify the key parameters that 

control their stability under humidity and to establish a structure-property relationship for the 

most promising materials investigated in Chapter 4.  

Finally, the last section delivers the main conclusions of this work and the perspectives 

it may offer. 
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2 OVERVIEW ON THE ADSORPTION AND DEGRADATION OF CWAs 

 

The objective of this chapter is to introduce the readers to the main concepts and the 

state-of-the art related to the adsorption and degradation of chemical warfare agents. 

The first section provides a theme contextualization of chemical warfare agents. A brief 

historical introduction is followed by a discussion about the classification of these hazardous 

substances according to their actions to humans. Their chemical and physico-chemical features 

are further detailed. The toxic effects to exposed humans and the mechanism of action of the 

nerve and blistering intoxicants on the human body are outlined. The structure of the non-toxic 

molecules namely as surrogates, analogs or simulants and the importance related to the choice 

of them to mimic the hazardous substances were discussed. Finally, the deactivation reactions 

of sulfur mustard and G-series were illustrated, with some discussion of intermediate and final 

degradation products and their toxicity. 

The second part of the chapter is dedicated to the description of protective materials 

against chemical warfare agents. The current protection devices for the capture of CWA from 

air streams including gas masks and filters involve carbon materials (the so-called ASZM-

TEDA). Recent developments have been also devoted to the detection of CWAs using notably 

pure or functionalized silica, zeolites, alumina or titania. Although these existing adsorbents 

exhibit many desirable characteristics for the capture and the destruction of CWAs, they show 

relatively low adsorption capacities, rapid deactivation of their active sites and/or lack of 

tailorability. This leaves significant room to identify other porous materials with improved 

performances for such application. In this context, the studies related to application of Metal-

Organic Frameworks for the identification, adsorption and/or catalytic degradation of these 

hazardous molecules were discussed. 

 

2.1 DEFINITION AND CLASSIFICATION OF CHEMICAL WARFARE AGENTS 

 
The expression “chemical warfare”, first mentioned in 1917, refers to all tactical war 

assets which use incendiary mixtures, smokes and irritating, vesicant, poisonous or 

asphyxiating gases (SIDELL, F. R.; TAKAFUJI, E. T.; FRANZ, 1997). The use of poisonous 

chemicals from plant extracts to poison individuals is widely documented throughout the 

Middle Ages and Renaissance, but it was not until the expansion of industrial chemistry in the 

nineteenth century that mass production and deployment of Chemical Warfare Agents (CWAs) 

appeared (HAYES; GILBERT, 2009; SZINICZ, 2005). It is considered that modern chemical 
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war started during the First World War, when the German Army employed large quantities of 

chlorine gas against the Allied Forces in Ypres, Belgium. A series of first-generation CWAs 

were developed, some of which, like phosgene, diphosgene, hydrogen cyanide, cyanogen 

chloride and mustard gas, were even more toxic than chlorine.  

The development, production, stockpiling and use of CWAs have been prohibited since 

1993 thanks to the signature of the Chemical Weapons Convention (CWC) (NORADOUN et 

al., 2005). According to this convention, CWA are generally defined as toxic chemicals and 

their precursors, munitions and devices, and any equipment specifically designed for use in 

connection with such weapons.  Among the Weapons of Mass Destruction, chemical warfare 

is probably the most brutal one created by mankind. CWAs are extremely toxic synthetic 

chemicals that can be dispersed as a gas, liquid or aerosol or as agents adsorbed to particles to 

become a powder. These CWAs have either lethal or incapacitating effects on humans (AAS, 

2003). They differ from explosive chemicals in which the destructive effects are caused by 

shear force and are localized. Thousands of toxic substances are known, but only some of them 

are considered as CWAs based on their characteristics, e.g. high toxicity, imperceptibility to 

senses and rapidity of action after dissemination and persistency. They are listed as scheduled 

chemicals according to the Organization for the Prohibition of Chemical Weapons (OPCW) 

that was created in order to establish a world free of chemical weapons and of the threat of their 

uses [Available from: http://www.opcw.org]. Even though their strictly prohibited, CWAs are 

still be used throughout the world by terrorist groups and unprincipled governments with the 

most recent occurrence in Syria, where the United Nations believes sarin was handled. 

The CWAs are classified in several categories (Figure 2.1), according to their 

mechanisms of action to humans (DICHTWALD; WEINBROUM, 2008; VALDEZ et al., 

2018):  

(i) Blister agents or vesicants, which cause irritation and vesication of the skin and 

mucous membranes mainly the lungs. The mustard gas (ClCH2CH2SCH2CH2Cl) 

represents the most representative CWAs of this family. Although vesicants can lead to 

death, they usually have only an incapacitating effect, where, for instance, the victims 

of mustard gas require one to four months of hospitalization. 

(ii) Chocking agents attack the respiratory tract, damage the peripheral portions of the lung, 

terminal bronchioles and alveoli causing choking. The main substances of the group are 

phosgene (COCl2), chlorine gas (Cl2) and diphosgene (Cl3COCOCl).    

(iii) Blood agents, which are compounds that release cyanide ions in the body, being 

cyanogen chloride (ClCN) and hydrogen cyanide (HCN) the most common. The major 

http://www.opcw.org/
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[bis(propan-2-yl)amino]ethyl}sulfanyl)(methyl)phosphinate (VX) are persistent agents. On the 

other hand, based on their chemical structure, they can be categorized as organophosphorus, 

organosulfur and organofluorine compounds, and arsenicals (BARTELT-HUNT; KNAPPE; 

BARLAZ, 2008; MUNRO; AMBROSE; WATSON, 1994). 

Nerve agents which were mostly explored in my thesis, belong to the group of 

phosphororganic cholinesterase inhibitors. The high toxicity of these agents had not been 

recognized until the 1930s when German scientists described effects, which they noticed during 

synthesis of some OP with the P-F bond (SMITH, 2008; SZINICZ, 2005). The first developed 

was Tabun (GA) followed by Sarin (GB) and Soman (GD), leading to a series of nerve agents 

known as the G-agents. Indeed, a variety of nerve agents were developed till 1960 for military 

use and much importance was given to increase their potency and environmental persistence. 

Thus, the V-agents, as more stable versions of the G-agents were developed (SINGH, BEER; 

PRASAD, GANGAVARAPU KRISHNA; PANDEY, K S; DANIKHEL, R K; 

VIJAYARAGHAVAN, 2010). Their basic chemical structure all have in common a central 

phosphorus atom bound to an oxygen atom, a leaving group, an alkyl radical and a OR group 

(Figure 2.2). The structural diversity of OP is due to different substituents attached to the 

phosphorus atom. sarin and soman have as R1 a methyl and as R2 an alcohol group which are 

isopropanoxy and pinacoloxy groups, respectively. The other group, X, is a fluorine atom. 

 

Figure 2.2 - a) Basic chemical structure of nerve agents. b) Tabun, c) Sarin, d) Soman and e) 

VX. 

 

Source: Elaborated by the author (2019). 

 

Table 2.1 summarized some physical, chemical and toxicological properties of these 

nerve agents. These compounds are clear, colorless liquids without well described odors, so 

these odors should not be used for detection or warning. Their boiling points vary from 158°C 

(Sarin) to 298°C (VX), where, the most volatile is sarin, followed by soman, tabun, and VX. 

b)a) c)

d) e)
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G-series compounds are relatively volatile and offer more risk when inhaled while VX is very 

little volatile, and it may be necessary weeks before its complete dissipation. In this way, VX 

presents an elevated risk of being absorbed through the skin. The most common means of 

exposure to these agents is by vapor. After vapor exposure, the effects start almost immediately, 

reach maximal intensity within minutes. One can notice, in Table 2.1, that a few milligrams of 

these molecules are enough to kill an adult of about 70 kg (DELFINO; RIBEIRO; FIGUEROA-

VILLAR, 2009).  

 

Table 2.1 - Physical Properties of nerve agents. 

Property / Nerve Agent Tabun Sarin Soman VX 

Boiling point (°C)  230 158 198 298 

Volatility at 25 ºC (mg m-3)  610 22000 3900 10.5 

LCt50 by inhalation (mg min m-3) 400 100 50 10 

LD50 by contact (mg 70kg-1) 1000 1700 350 6-10 

Source: Adapted from (DELFINO; RIBEIRO; FIGUEROA-VILLAR, 2009). 

Note: Standard measure of the toxicity that will kill half of the sample population in a specified period. 

 

According to the toxicity (Table 2.1), nerve agents are considered as the most hazardous 

families of all chemical weapons, and along with vesicants, constitute the majority of the 

modern chemical arsenals (MUNRO; AMBROSE; WATSON, 1994).  

Regarding blister agents that were also explored in my PhD, the associated acute 

mortality is low, however, they can incapacitate the enemy and overload the already burdened 

health care services during wartime (GHABILI et al., 2011). One example is the widely used 

gas mustard during the Iran–Iraq war (1980–1988), resulting in over 100,000 chemical 

casualties (KHATERI et al., 2003). There are two forms of blister agents: mustards (sulfur or 

nitrogen mustards) and arsenicals (Lewisites) as illustrated in Figure 2.3. 
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2.1.1 Intoxification by nerve agents and mustards 

 

The nerve agents are amongst the most potent of all CWAs and they are highly toxic 

in both liquid and vapor form. In vapor form, they can be inhaled or absorbed through the skin 

or the conjunctiva of the eye and as a liquid absorbed through the skin, conjunctiva, and upper 

gastrointestinal tract (PANAHI; ABDOLGHAFFARI; SAHEBKAR, 2018; ZILKER, 2005). 

Since they are essentially colorless, odorless, tasteless, and nonirritating to the skin, their entry 

into the body may not be perceived by the individual until grave signs and symptoms appear. 

Within seconds after exposure to low levels of nerve agent vapor, local effects may be observed 

in the eyes and the respiratory system of humans. The time of onset of moderate systemic effects 

depends in part on the route of exposure; it is within seconds to a minute after inhalation, within 

45 minutes after ingestion, and within 2-18 hours after application on the skin (MUNRO; 

AMBROSE; WATSON, 1994; SIDELL, F. R.; TAKAFUJI, E. T.; FRANZ, 1997). Exposure 

to lethal doses, however, can lead to collapse within seconds and death within 10 minutes after 

a single deep inhalation. After short-term exposure, mild systemic effects may last for several 

hours to days, whereas moderately severe symptoms can last for 1-6 days (PANAHI; 

ABDOLGHAFFARI; SAHEBKAR, 2018). 

The toxicity of these substances is associated with two factors. On the one hand, the 

amphiphilic nature of these compounds facilitates tissue penetration and on the other hand the 

labile nature of the P─X bond gives rise to irreversible binding to the active site of 

acetylcholinesterase (AChE). AChE belongs to the class of enzymes called esterases which 

catalyze the hydrolysis of esters like acetylcholine (ACh). AChE has the physiological function 

to continuously break down the ACh in acetate and choline (Figure 2.4). Then, the choline is 

taken up by the presynaptic terminal membrane and further reutilized for the synthesis of new 

Ach (DICHTWALD; WEINBROUM, 2008). 
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also strong evidence that occupational exposure to sulfur mustard can cause cancer principally 

in the respiratory tract and larynx area (EASTON; PETO; DOLL, 1988). 

The clinical hallmark of mustard exposure is the relative lack of symptoms following 

exposure. The length of this latent period and rapidity and intensity of symptom development 

depend on the mode of exposure, concentration of the agent and environmental conditions. 

Chemical damage starts in 1 minute after contact, but onset of pain is delayed for 4–6 hours. 

Sulfur mustard acts as an alkylating agent with long-term toxic effects on several body organs, 

where the extent of tissue injury depends on the duration and intensity of exposure (KEHE; 

SZINICZ, 2005). Many studies provide evidence that acute toxicity of sulfur mustard is related 

to its alkylating capacity, and ability to induce oxidative stress and inflammation in affected 

tissues. These events in turn cause detrimental changes in metabolic, genetic, and other cellular 

functions leading to cell death by apoptosis or necrosis (PAPIRMEISTER et al., 1985; 

PAROMOV et al., 2007). The strong reactivity of mustards is due to ionization of its chlorine 

atoms that can lead to the formation of an ethylene sulfonium ion intermediate and carbonium 

ion. These are strong alkylating agents, which react with cellular nucleophilic centers (-SH, -

NH2- groups) in DNA, RNA, proteins, and lipids (DACRE; GOLDMAN, 1996). Several 

studies have shown that sulfur mustard can modify DNA through the formation of DNA mono-

adducts and DNA cross-links and thus inhibit cell division (FIDDER et al., 1994; LUDLUM et 

al., 1994; STEINRITZ; THIERMANN, 2016). Figure 2.5 illustrates the mustard mechanism of 

action. The mustards eliminate a terminal chlorine to form a highly reactive sulfonium or 

nitrogen cation which goes on to react with the guanine. Although the exact mechanisms 

underlying chronic toxicity of sulfur mustard are not clear, it is apparent that the events in acute 

toxicity are related to long-term toxicity. Some studies suggest autoimmune basis for the cause 

of chronic toxicity. Sulfur mustard alters proteins resulting in protein-sulfur mustard products 

that may stimulate autoimmune reactions in exposed tissues (JAVADI et al., 2005; SOLBERG; 

ALCALAY; BELKIN, 1997). 

 

 

 

 

 

 

 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/alkylating-agent
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Figure 2.5 - A scheme depicting the mechanism for the alkylation of a guanine unit by a 

nitrogen mustard (HN2) molecule. This reaction mechanism is the stereotypical route of 

reaction of all mustards. 

 

Source: Adapted from (STEINRITZ; THIERMANN, 2016). 

 

2.1.2 Appropriate Simulants 

 

The extreme toxicity of CWAs and their restricted use in academic laboratories have 

urged the researchers to consider simulant compounds. An ideal simulant would mimic all 

relevant chemical and physical properties of the CWA, while remaining non‐toxic at the dose 

employed. Although many molecules have been used as simulants, each of them can only mimic 

certain aspects of the specific agent. Therefore, prior selecting a simulant, it is important to 

determine which property of the CWA is to be addressed. One must be aware of the differences 

scrutinized between the CWAs and their simulants, for each property, there are many simulant 

choices (SINGER et al., 2005; WAGNER; MACIVER, 1998; YANG; BAKER; WARD, 1992). 

The selection of an appropriate simulant must be made in consideration of the targeted 

property, i.e., physisorption or degradation (reactivity). A first criterion is that the simulants 

should have a molecular size similar to that of the correlated CWA because 

adsorption/desoption rates are governed by diffusion of adsorbates through the porous structure 

of the adsorbent. Simulants that are larger than the CWAs, especially those containing aromatic 

functional groups, may diffuse more slowly, while simulants that are smaller than the CWAs 

may diffuse more rapidly (BARTELT-HUNT; KNAPPE; BARLAZ, 2008; WITKIEWICZ et 

al., 2018). Furthermore, since the hydrolysis degradation of CWAs is governed primarily by 

the reactivity of a given site, the most important criterion in this case is to consider a simulant 

presenting similar chemical composition in particular the presence of the bonds at which the 

hydrolysis reaction occurs. Indeed, the best simulant will closely match the structure of the 
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Figure 2.8 - Nerve agents hydrolysis reaction. 

 

Source: Adapted from (VALDEZ et al., 2018). 

 

The rate of CWA hydrolysis depends on different factors such as temperature and pH. 

Hydrolysis rates increase with increasing temperature. For example, the rate of HD hydrolysis 

at 70 ºC was 28 times that at 30 ºC (HARVEY, S.P., SZAFRANIEC, L.L., BEAUDRY, W.T., 

EARLEY, J.T., AND IRVINE, 1997). For GB at pH 7, hydrolysis half-lives of 2650 hours and 

39–41 hours were reported at 0 ºC and 25 ºC, respectively. The effect of pH on CWA hydrolysis 

varies; e.g., GD hydrolysis is acid catalyzed with half-lives of 3, 50, and 60 hours at pH 2, 7.6, 

and 9, respectively. The hydrolysis rate of HD does not vary between pH = 5 and 10 however, 

high chloride ion concentrations can inhibit HD hydrolysis (BARTELT-HUNT; KNAPPE; 

BARLAZ, 2008). 

Sulfur mustard, can be detoxified by dehydrohalogenation to form the chloroethyl vinyl 

sulfide, by nucleophilic attack to displace an activated aliphatic halogen, or by oxidation, as 

reported in Figure 2.9. 

 

Figure 2.9 - Detoxifying reactions of sulfur mustard. 

 

Source: Adapted from (BOBBITT et al., 2017). 
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HD may be detoxified by partial oxidation to the sulfoxide, but further oxidation to the 

sulfone is not welcome since the sulfone also causes blisters. While hydrolysis of HD to produce 

thiodiglycol (TG) occurs in water with a half-life estimated to be on the order of 5 minutes, HD 

has very low solubility in water and drops of the agent dispersed in water tend to form a form 

a set of ionic products, limiting the effectiveness of hydrolytic catalysis (MUNRO et al., 1999). 

The closest approach to promoting hydrolysis of sulfur mustard has probably been the 

formation of microemulsions that bring the agent and the water nucleophile into close proximity 

(SMITH, 2008). 

As both sarin and soman are miscible in water, their reactivities can be enhanced in the 

presence of a small amount of water or hydrophilic substances (MA et al., 2011a). In contrast, 

due to the oily nature of HD, its hydrolysis must occur through several steps including the 

formation of a fleeting intermediate in water (chlorohydrin - CH) via the hydrolysis of Cl atoms 

and the formation of thiodiglycol, stable hydrolysis product, through the hydrolysis of the 

second Cl group (Figure 2.10) (PETERSON; WAGNER, 2014). It is worth mentioning that the 

rate of chlorohydrin compound formation is faster than that of TG. Nonetheless, the overall 

slower kinetics induces the formation of a transition complex, namely hemi mustard 

thiodiglycol aggregate (CH-TG), which is slowly hydrolyzed to TG (Figure 2.10) (MUNRO et 

al., 1999). 

 

Figure 2.10 - Sulfur mustard hydrolysis. 

 

Source: Adapted from (PETERSON; WAGNER, 2014). 

 

2.2 PROTECTIVE MATERIALS AGAINST CWAs 

 

Understanding of the interfacial chemistry and reaction pathways of CWAs on various 

heterogeneous materials have been of great interest from many years. Since World War I 
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military respirators with a cartridge filled with carbonaceous adsorbents, such as activated 

charcoals, activated carbons (KOWALCZYK et al., 2013), single-wall carbon nanotubes 

(BERMUDEZ, 2005), and activated carbon fibers have been used for capturing highly volatile 

CWAs. These porous materials are a family of carbon-based solid sorbents typically prepared 

by heat treating wood (BASHKOVA; BANDOSZ, 2009), coal (NOWICKI; PIETRZAK, 

2011), coconut shells (AHMADPOUR; OKHOVAT; DARABI MAHBOUB, 2013), polymers 

(SEREDYCH; DELIYANNI; BANDOSZ, 2010), and even sewage waste (YUAN; 

BANDOSZ, 2007) and other carbonaceous substances. 

The first solid adsorbent material used for adsorption and detoxification was introduced 

in 1989 and is called the M291 decontamination kit. This kit contains fiber pads that are filled 

with a high surface area carbonaceous material which physically removes the agent from skin 

by adsorption. An ion-exchange resin then neutralizes the chemical agent (MICHAEL A. 

WARTELL, MICHAEL T. KLEINMAN, BEVERLY M. HUEY, 1999). 

Today’s protection devices for the capture of CWA from air streams including gas 

masks and filters involve carbon materials with a mixture of nanoparticles of metal or metal 

oxides, the so-called ASZM-TEDA Activated Carbon, impregnated with Copper, Silver, Zinc, 

Molybdenum, and Triethlyenediamine, that act as specific adsorption sites for the targeted 

highly toxic molecules (DECOSTE; PETERSON, 2014).  

Activated carbon is a versatile material that shows several attractive properties such as 

large surface area, fire-resistant, robustness and availability of aplenty. While highly effective 

in capturing a variety of dangerous species, microporous carbon-based materials suffer from 

limited selectivity to CWAs due to their ill-defined pore sizes, shapes, and pore chemistry 

(BOBBITT et al., 2017). Thus, the amount of chemical that can be removed by the filter is 

limited by the space available for physical adsorption in the pore structure of the adsorbent and 

the amount of reactive impregnant contained on the adsorbent. Besides other disadvantages 

include heavy weight, low breathability, high cost and poor stability in the presence of liquid 

water (JACOBY, 2014). In addition, activated carbon merely adsorbs the agents and once it 

becomes saturated, it turns out a hazardous material, due to the potential remission of CWAs, 

necessitating safe disposal. Thus, the used suits must be sent back to the supplier of 

manufacturer where it would be essentially decontaminated by bleaching and then disposed by 

incineration or landfill. Therefore, if an adsorbent can ensure breathability with light weight 

and high capacity to decontaminate the adsorbed CWA in situ, it would be the ideal scenario 

for use in the protective clothing (OUDEJANS, 2014). 
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2.2.1 Materials for the degradation of CWAs 

 

Considering the shortcomings described above for the activated carbon, which is the 

current state-of-the-art, significant research efforts have been focused on the development of 

solid adsorbent materials that not only adsorb, but also quickly and efficiently hydrolyze and 

detoxify CWAs. Some of the heterogeneous materials investigated are: Brucite (VAISS; 

BORGES; LEITÃO, 2011), MgO(001) (ALVIM et al., 2013; WAGNER et al., 1999), CaO 

(WAGNER et al., 2000), TiO2 (MOSS et al., 2005; PANAYOTOV; MORRIS, 2008, 2009; 

RUSU; YATES, 2000; TRUBITSYN; VORONTSOV, 2005; WAGNER; CHEN; WU, 2008; 

WAGNER; PETERSON; MAHLE, 2012; YANG et al., 2011a, 2013),  Zr(OH)4 (BANDOSZ 

et al., 2012), pure or functionalized silica (BERMUDEZ, 2007a; KANAN; TRIPP, 2001; 

SAXENA et al., 2012), Rh(100) (HEGDE; GREENLIEF; WHITE, 1985), Mo(111) 

(SMENTKOWSKI; HAGANS; YATES, 1988), Pt(111) (HENDERSON; WHITE, 1988), 

Ni(111) (GUO; YOSHINOBU; YATES, 1990), Pd(111) (GUO; YOSHINOBU; YATES, 

1990), Al2O3 (BERMUDEZ, 2007b, 2009; TEMPLETON; WEINBERG, 1985; VERMA et al., 

2013; WAGNER et al., 2001), Fe2O3 (HENDERSON; JIN; WHITE, 1986), La2O3 and Y2O3 

(GORDON; TISSUE; MORRIS, 2007). Henderson et al. (HENDERSON; WHITE, 1988) 

studied the adsorption as well as the decomposition of DMMP on Pt(111) surface using various 

spectroscopic techniques. The catalyzed hydrolysis of soman was studied by Ward et al. 

(WARD et al., 1988), where the nucleophilic substitution of F– by OH– reveals the way of 

deactivation of this acetylcholinesterase inhibitor. Vaiss et al. (VAISS; BORGES; LEITÃO, 

2011) investigated the hydrolysis of sarin on the layered hydroxide brucite (Mg(OH)2) through 

dissociative chemisorptions using density functional theory (DFT). Templeton et al. 

(BERMUDEZ, 2009) examined the adsorption and decomposition of DMMP, diisopropyl 

methylphosphonate (DIMP) and diphenyl methylphosphonate (DPMP) on an aluminum oxide 

surface via tunneling spectroscopy. Šečkutė et al. (ŠEČKUTE et al., 2005) studied the potential 

energy diagram for the alkaline hydrolysis of sarin and O,S-dimethyl methylphosphonothioate 

(DMPT) using ab initio and DFT methods. 

Following the initial studies into the chemistry of CWAs on the surfaces, extensive 

research has been dedicated toward developing an understanding of the CWAs and their 

simulants on various heterogeneous materials such as zeolites (KNAGGE et al., 2006), 

metalloporphyrin dimers (TOTTEN et al., 2012, 2013a), porous organic polymers (TOTTEN 

et al., 2013b), surfactants/metallosurfactants (HAFIZ, 2005; HAFIZ et al., 2005) and others. 
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A handful of metal oxides such as MgO, CaO and Al2O3 show reactivity towards nerve 

agents however they suffer from stability issues under humidity as well as poisoning due to the 

hydrolysis product inhibition, which reduces their activity over time (WAGNER et al., 2001, 

1999, 2000). Various nanomaterials based on TiO2 have also been studied and these materials 

are effective for hydrolysis due to their high surface areas and abundance of surface hydroxyl 

groups (WAGNER; CHEN; WU, 2008; WAGNER; PETERSON; MAHLE, 2012). Owing to 

their high surface areas and abundance of surface hydroxyls, nanotubular titania and 

nanocrystalline titania were found to be particularly effective, with the latter exhibiting 

extremely short half-lives for adsorbed VX (WAGNER; PETERSON; MAHLE, 2012). Related 

to the TiO2-based systems, zirconium hydroxide and polymorphic zirconia have also been 

investigated. For example, an amorphous Zr(OH)4 presented unprecedented hydrolysis rates 

toward VX and besides proved effective for degradation of GD (BANDOSZ et al., 2012). 

Although these existing adsorbents exhibit many desirable characteristics for the 

capture and the destruction of CWAs, they show relatively low adsorption capacities, rapid 

deactivation of their active sites and/or lack of tailorability. This leaves significant room to 

identify other porous materials with improved performances for such application. 

The current trend is to develop new protections materials with a smaller volume to 

reduce the burden to the user, highly efficient adsorbents targeting one CWA class or adsorbents 

possessing the ability to remove a broad range of chemical threats, since the chemical threat is 

typically unknown before an event occurs (DECOSTE; PETERSON, 2014). In this concern, 

many efforts have been deployed to discover and implement novel materials and methods for 

identification, adsorption and/or degradation of CWAs. 

 

2.2.2 MOFs for the capture and degradation of CWAs 

 

In this context, Metal-Organic Frameworks (MOFs) have been envisaged as promising 

candidates for the identification, adsorption and/or catalytic degradation of CWAs (BOBBITT 

et al., 2017). This family of materials is especially of interest due to the wide range of 

frameworks that can be prepared and their attractive properties in societally relevant domains 

such as gas storage, molecular separation, biomedicine, energy conversion and storage 

including the capture and/or decomposition of harmful volatile chemicals (BOBBITT et al., 

2017; CHEN; WU, 2018; EVANS; LUEBKE; PETIT, 2018; FÉREY et al., 2011; PETIT, 2018; 

SILVA et al., 2015; WANG; LUSTIG; LI, 2018). 
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In the targeted field, the attractiveness of MOFs prevails in the possibility to identify 

porous solids able to capture high quantities of CWA per volume for a broad range of highly 

toxic molecules. This would lead to a decrease in size and weight of any personal protective 

device. The high tunability of MOFs allows an oriented control and design of structural features 

such as pore size and geometry, high surface areas and the ability to tailor the chemical 

functionality in a controlled manner within the MOF. This combination of properties cannot be 

achieved for other porous sorbents, such as zeolites or activated carbons (BOBBITT et al., 

2017; DECOSTE; PETERSON, 2014). 

Another distinctive opportunity compared to the benchmark active carbons is to select 

MOFs containing well-dispersed diverse adsorption sites and/or bimodal pores, that will 

potentially be able to respond to a range of CWA molecules with different properties, for 

example acidity or basicity. This tailoring of the MOF chemistry will help to avoid the 

competition of molecules for one given adsorption site. Besides, the possible use of a mixture 

of MOFs allows a single efficient cartridge to be used even if the menace is unknown. However, 

in some previous studies of these materials, two drawbacks have been mentioned. The first is 

the cost, the second drawback is related to their stability to humidity (LÓPEZ-MAYA et al., 

2015; ROY et al., 2013). Indeed, in any gas mask type application, there will be expected to be 

humidity in the air and more importantly in the breath. 

 

2.2.2.1 MOFs for the capture of CWAs – experimental approach 

 

Among several methods to capture toxic chemicals, the adsorption process is the most 

attractive. In this regard, the selective and effective capture of CWAs into the porous of MOFs 

is of clear interest to establish the potential of this class of materials for sensing, capturing, or 

decomposing these agents. Besides, the adsorption process of CWAs was identified to be rate 

limiting (MOMENI; CRAMER, 2018a, 2018b), and therefore it remains a critical first step for 

the degradation of these chemicals. 

Only a few studies have been reported so far on the MOF/CWA capture topic, all of 

them being reported in the last 3 years. We can cite the experimental work on the adsorption of 

blister agent chlorine in IRMOF-3(Zn), IRMOF-62(Zn), MOF-177(Zn) and Cu-BTC (BRITT; 

TRANCHEMONTAGNE; YAGHI, 2008), UiO-66(Zr), UiO-66-OH(Zr), UiO-66-NH2(Zr), 

MIL-53(Al), MIL-53-NH2(Al), Cu-BTC and ZIF-8(Zn) (DECOSTE et al., 2015), blood agent 

arsine in Cu-BTC (PETERSON et al., 2015), cyanogen chloride in MOF-74(M) analogues (M 

= Zn, Co, Ni and Mg) (GRANT GLOVER et al., 2011), tabun and O-ethyl-S-
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2[2(diethylamino)ethyl]methylphosphonothiate in several IRMOFs, MIL-53lp(Cr), and Cu-

BTC (LEE et al., 2010) and dimethyl methylphosphonate in MOF-5(Zn) (NI et al., 2007) and 

NENU-11(Cu) (MA et al., 2011b), methylphosphonic acid in [Zn2Ca(BTC)2(H2O)2](DMF)2 

(ZOU et al., 2010), as well as diisopropyl fluorophosphate in lithium alkoxide doped UiO-

66(Zr) (LÓPEZ-MAYA et al., 2015) and diethyl sulfide in [Zn4O(3,5-dimethyl-4-carboxy-

pyrazolato)3] (MA et al., 2011a). 

The removal of DMMP, a simulant of sarin, was reported by Ni et al. (NI et al., 2007) 

using the MOF-5(Zn) as an adsorbent. Indeed, this MOF was shown to outperform other 

materials such as pitch-based P7 Activated Carbon Fiber and the commercialized Norit 

activated carbons (KOWALCZYK et al., 2013) with 7.3 mmol g-1, 0.806 mmol g-1 and 0.161 

mmol g-1 of DMMP, respectively. However, it should be noted that the practical application of 

MOF-5(Zn) is limited due to its poor water/air stability. [Zn2Ca(BTC)2(H2O)2](DMF)2 was the 

first MOF shown to be effective for the capture of a nerve agent simulant, methylphosphonic 

acid (ZOU et al., 2010). This material demonstrated a high capacity to capture MPA, 3.42 

mmol/g, while other studies on goethite particles reported a very low loading of 0.08 mmol g-

1. In complement to this experimental study, periodic DFT calculations suggested that the 

interaction between the guest and host takes places through the coordinatively unsaturated Zn 

centers (ZOU et al., 2010). Shortly after, a MOF-5 analogue named Zn-DMCP [Zn4O(3,5-

dimethyl-4-carboxy-pyrazolato)3] was shown to adsorb DIFP and DES (Diethyl sulfide) 

(MONTORO et al., 2011). However, the performance of Zn-DMCP approached that of the 

activated carbon material Carboxen®, suggesting a similar adsorption process addressed by the 

small size and hydrophobic nature of the pores.  

Padial et al. designed an isoreticular series of MOFs, [Ni8(OH)4(H2O)2(L)6]n (shortened as 

[Ni8(L)6]), to performed  DES capture study. The pore size and polarity of these materials were 

controlled by connecting bi-pyrazolate and mixed pyrazolate–carboxylate linkers of different lengths 

to 12-connected NiII hydroxo clusters. In a dry environment, the kinetics of DES uptake proved to 

be relatively independent of the MOFs, where the best performing system was [Ni8(L4)6]. For the 

case of an 80% relative-humidity atmosphere, however, only [Ni8(L5-CF3)6] was found to efficiently 

capture DES, indicating an insensitivity to humidity upon fluorine functionalization (PADIAL et al., 

2013). The comparison with the species employed in Saratoga® filtering systems (activated 

carbon Blücher-101408, provided by Blücher GmbH) shows that both materials ([Ni8(L5-CF3)6] 

and [Ni8(L5-CH3)6]) are able to efficiently capture DES under extreme humidity conditions and 

that the maximum amount of adsorbed water is in line with the pore size and cell volume. This 
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work brings to light that the rational design of MOFs may be useful in the development of 

advance protection systems. 

We can also find studies which investigate further insights into the adsorption of CWAs. 

Mandal et al. (ASHA; SINHA; MANDAL, 2017) choose NU-1000(Zr) and UiO-67(Zr) to 

studied the adsorption kinects of an analog of sulfur mustard (CEES) and DMMP using 

Inductively Coupled Plasma - Atomic Emission Spectrometry (ICP-AES) data. They showed 

that it processes follow the pseudo-order model and the interactions adsorbates/adsorbents are 

chemical due to the presence of hydrogen bonds between Zr-OH moiety and the thioether and 

chloro groups of CEES and with the phosphate in DMMP. NU-100 exhibited outstanding 

performances with adsorptive capacities of 4.19 and 1.70 mmol g-1 for CEES and DMMP, 

respectively; while UiO-67(Zr) adsorbed 4.0 and 0.90 mmol g-1. Stassen and colleagues 

(STASSEN et al., 2016) achieved a highly sensitive gas detection approach by monitoring the 

work function shift of UiO-66-NH2(Zr), which has a missing linker defect site, coated 

electrodes upon exposure to ppb-level concentrations of DMMP. Lastly, Harvey et al. 

(HARVEY et al., 2019) combing modelling and experimental spectroscopic techniques to 

identify binding sites of sarin in UiO-66(Zr) using P=O stretch frequency as a probe. As 

previously hypothesized, the undercoordinated Lewis acid metal site is the most favorable 

binding site. Although multiple sites contribute to the adsorption process, e.g. sarin form 

hydrogen bonds with the Zr-chelated hydroxyl groups and weakly interacts with fully 

coordinated metals. 

 

2.2.2.2 MOFs for the capture of CWAs – computational approach 

 

Molecular simulations have been also considered to explore the adsorption 

performances of MOFs providing interesting data that might minimize cost and laboratory 

hours besides maximize the security. In this respect, Grand canonical Monte Carlo (GCMC) 

simulations were performed by Greathouse et al. (GREATHOUSE et al., 2010) in order to 

identify trends in low-pressure adsorption of tabun and O-ethyl-S-[2-(diethylamino) ethyl] 

methylphosphonothioate by Zn-IRMOFs (IRMOFs 1, 2, 3, 7 and 8), MIL-53lp(Cr), and Cu-

BTC(Cu). These calculations suggested that with the exception of tabun in IRMOF-2, both toxic 

agents did not interact significantly with any of the MOFs studied. Inanc and Yazaydin 

(INANC; YAZAYDIN, 2015) calculated the Henry’s coefficients of sarin, sulfur mustard, 

phosgene and water in ten selected zeolitic imidazolate frameworks (ZIFs). All the predicted 

Henry’s coefficients of sarin were lower than water, which means that none of the selected 
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matrices will adsorb sarin preferentially under humid conditions. In contrast, the predicted 

Henry’s coefficients of phosgene were many orders of magnitude higher than water in all 

selected ZIFs and for sulfur mustard were higher in ZIF-68 and ZIF-70. Most recently studies 

reported the use of molecular simulations as a predictive tool to anticipate the capture 

performance of a series of MOFs for diverse CWAs (AGRAWAL et al., 2018; MATITO-

MARTOS et al., 2018). Matito-Martos et al. (MATITO-MARTOS et al., 2018) designed a 

high-throughput screening strategy to identify MOFs able to capture sarin, soman and sulfur 

mustard and their non-toxic simulants in humid environments. They collected 2932 MOFs from 

the CoRE database with point charges assigned (NAZARIAN; CAMP; SHOLL, 2016) to 

account for CWA-MOF electrostatic interactions during the simulations. Firstly, 1275 MOFs 

were discarded because the pore limiting diameters were too narrow to accommodate CWA 

molecules, lower than 3.72 Å. Secondly, they simulated adsorption of the CWAs and their 

simulants at dilute conditions, computing their Henry coefficients and isosteric heats of 

adsorption via Widom insertions. The heats of adsorption of the real CWAs and its simulants 

were reasonably correlated for sulfur mustard/diethylsulfide, but less so for sarin and 

soman/dimethyl methylphosphonate and diisopropylfluorophosphate. The highest Henry 

coefficients of CWAs are referred to the MOFs with cavities of around 5 Å. In order to account 

for competitive adsorption of water from the environment they computed the Henry coefficients 

of water in each MOF, then 156 hydrophobic structures were selected by comparison with well-

known hydrophobic ZIF-8, and the hydrophilic Cu-BTC, as illustrated in Figure 2.12 (KÜSGENS 

et al., 2009). Then the authors ran GCMC simulations of blister agent (sulfur mustard) and nerve 

agents (sarin and soman) at 13.8 and 0.6 Pa, respectively, an estimate of the lethal 

concentrations. Of eight MOFs predicted to exhibit the largest sarin, soman, and sulfur mustard 

gas uptakes, where the three were strongly correlated. Then, they selected Ni33(BTP)22 for 

experimental synthesis and column breakthrough experiments on the basis of its reported 

thermal and chemical stability (COLOMBO et al., 2011). The authors showed that 

Ni33(BTP)22 readily captured DES for more than 7 hours, at which point the MOF became 

saturated. Finally, the thermogravimetric analysis and temperature programmed desorption 

indicated water was desorbed at a lower temperature than for DES, proving that the framework 

is selective for this molecule over water. 
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Figure 2.12 - Henry’s constants for water as a function of the largest cavity diameter (LCD) in 

MOF structures at 298 K. Purple and blue dashed lines depict water KH in ZIF-8 and 

HKUST-1, respectively. Color code represents isosteric heat of adsorption (Qst) for water. 

 

Source: Adapted from (MATITO-MARTOS et al., 2018). 

 

Agrawal et al. (AGRAWAL et al., 2018) also perform molecular simulation at dilute 

conditions in the CoRE MOFs aiming ascertain how effectively CWA simulants mimic the 

adsorption properties of Sarin and Soman. A set of 2969 MOFs were examined with two 

independent force fields. Judging from the correlation between the simulated heats of 

adsorption for the real nerve agents and the simulants, DCP and DMMP were found to mimic 

reasonably sarin while soman is better described by DMNP Figure 2.13 illustrates the predictive 

quality of these simulants, showing the connection between rankings of MOFs using their heat 

of adsorption and the numerical value of the heat of adsorption. However, there is still effort to 

be deployed to search for an alternative simulant that can mimic more accurately this series of 

nerve agents. Consistent with the conclusions drawn by Matito-Martos et al. (MATITO-

MARTOS et al., 2018) MOFs with the highest affinity for Sarin were found to show pore 

diameters in the range of 6-8 Å. This observation was shown not to be depend on the force field. 

However, one can notice that a range of additional physical properties may be relevant to 

analyze the performance of MOFs in applications involving CWAs. 
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Figure 2.13 - MOF rankings of 1544 MOFs for: DMMP (blue) and Sarin (green) (on the left) 

and DMNP (blue) and Soman (green) (on the right) when ordered by the heat of adsorption of 

(a) Sarin and (b) Soman , respectively. 

 

Source: Adapted from (AGRAWAL et al., 2018). 

 

Ruffley et al. (RUFFLEY et al., 2019) proposed that different functional groups 

incorporated into MOF linkers can be used to tune the adsorption strength of CWAs. At the 

outset, they assumed that in relatively defect-free MOFs the adsorbent/adsorbate interactions 

can be tuned by introducing functional groups on the linker. These results demonstrated that 

functionalized MOF domains with a differential affinity for CWAs can be fabricated, providing 

a foundation on which stratified MOFs for CWA capture may be based. A joint of experimental 

and computational methods predicted that a stratified MOF consisting of UiO-67-

NH2 (strongest) < UiO-67-CH3 (intermediate) < UiO-67 (weakest) will show an equilibrium 

concentration gradient of DMMP induced by the differential binding energies of this simulant. 

Summarizing, the variability in terms of chemical features, nature of metal-active sites 

and organic linkers, as well as shape/size of porosity of MOFs is expected to allow an effective 

adsorption of CWAs, which makes this class of materials attractive for protection and sensing. 

 

2.2.2.3 MOFs for the degradation of CWAs – experimental approach 

 

Developments based on the catalytic degradation of CWAs into nontoxic products need 

to be considered as the next step after the capture of these molecules. Very recent studies 

revealed progress toward developing MOFs capable of destroying CWAs. The first material 

investigated was NENU-11(Cu) by Su, Liu, and colleagues (MA et al., 2011b). This material 

exhibits a good storage capacity of 15.5 molecules/formula unit, and the incorporation of acid 
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polyoxometalates in its pore structure improved the catalytic activity, so the DMMP simulant 

was easily decomposed by a hydrolysis reaction. Roy and co-workers (ROY et al., 2012) 

reported the hydrolysis for sarin and sulfur mustard simulants CEPS (chloroethyl phenyl 

sulfide), CEES, DCP and DCNP. They found that the moisture increase content enhanced the 

hydrolysis rates, leading to a more efficient conversion for nerve agent CEPS simulants on Cu-

BTC. However, the high moisture in MOF worked as a barrier for the adsorption of lipophilic 

blister agents causing their slower degradation. The same material was investigated by Peterson 

and Wagner (PETERSON; WAGNER, 2014) for the removal of soman, sulfur mustard and 

VX. The reactions were monitored in situ via gas chromatography and nuclear magnetic 

resonance. The Lewis acid nature of the Cu open metal sites seemed to favor the hydrolysis of 

these molecules, although a slow degradation was observed with a reaction half-life of 13 hours 

for sulfur mustard, 29 hours for VX and 2 days for soman. Although Cu-BTC showed good 

performances for CWA degradation one can notice that the practical application of Cu-BTC 

based materials is limited due to its poor water stability. 

The materials MIL-101(Al)-NH2 and MIL-53(Al)-NH2 were reported as components of 

self-detoxifying surfaces. The pristine structures did not react with DIFP, then the incorporation 

4-methylaminopyridine into the pores of both materials dramatically increased the reactivity. 

Combining the MOFs with the film resulted in even longer half-lives, but still proved to be 

quite reactive over time (55% conversion after 24 hours). Nevertheless, this study showed the 

ability of MOFs to break the neurotoxic bond, and it also exhibited the possibility to engineer 

reactive adhesives, which themselves can be deposited onto a variety of surfaces (BROMBERG 

et al., 2012). However, the catalytic activity of Al-MOFs is low when compared with Cu-BTC. 

It can be assigned to the poor substitutional lability of oxygen-bound ligands of Al3+. Shortly 

after, Wang et al. (WANG et al., 2013) showed that a nerve agent simulant methyl paraoxon 

hydrolysis is not catalyzed by the chromium ions of MIL-101(Cr), but instead by the tethered 

Brønsted-basic amine. Thus, we might expect metal-oxy/hydroxy species based on trivalent 

cations to be similarly poorly catalytic, despite their appreciable Lewis acidities. 

Recently, researchers have explored Zr-MOFs, which are characterized by exceptional 

thermal and chemical stability, as active catalysts for the rapid hydrolysis of CWAs. They 

showed that the hexa-zirconium (IV) building block results in an even higher density of 

accessible strong Lewis acidic sites in this type of MOF compared to others. Besides some of 

the most thermal and chemically stable MOFs are constructed from Zr6-based nodes linked to 

carboxylates ligands. These features make Zr-MOFs very promising catalysts in CWAs 
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adsorption and catalytic detoxification (KATZ et al., 2014, 2015b; MONDLOCH et al., 2013, 

2015).  

With the aim of further exploring this field, Farha and collaborators (KATZ et al., 2014) 

reported that a UiO-66(Zr) adequately hydrolyzed DMNP, benefiting from the strong Lewis 

acidic Zr (IV) and bridging hydroxide anions on its pore surface. However, it still had a slow 

half-life (45 minutes) at room temperature. In order to explore the degree of connectivity as 

well as the ligand length of Zr-MOFs, Hupp, Farha, and colleagues (KATZ et al., 2015b) 

studied the degradation of DMNP by UiO-67(Zr), an analogue of UiO-66(Zr) constructed by 

longer spacers (Figure 2.14). A faster catalytic degradation of DMNP (4.5 minutes) by UiO-

67(Zr) was attributed to the longer distance between nodes that prevents steric crowding around 

neighboring nodes, allowing for a faster accessibility of the molecule to the reactive sites. 

Furthermore, they showed that the amine functionalized UiO-66(Zr) and 67 derivatives exhibit 

significantly enhanced hydrolysis activity, where UiO-66-NH2(Zr) presented a 20-fold increase 

in hydrolysis rate (t1/2 of 1 min) over the pristine UiO-66(Zr). However, under the same 

conditions, UiO-66-NO2 and UiO-66-(OH)2 presented no significant difference in hydrolysis 

rate when compared with UiO-66(Zr), while UiO-67-NH2 and UiO-67-NMe2 show faster 

degradation than UiO-67(Zr) (Figure 2.14), suggesting that amino group acts as a Bronsted acid 

during the reaction (KATZ et al., 2015b). 

Considering the aforementioned UiO-66(Zr) and UiO-67(Zr) series had been active for 

the catalytic hydrolysis of phosphoester bond, researchers (LI et al., 2015; MONDLOCH et al., 

2015; MOON et al., 2015) investigated MOFs with more easily accessible Zr active sites. 

Mondloch et al. (MONDLOCH et al., 2015) were among the first to demonstrate the efficiency 

of an 8-connected Zr6-MOF NU-1000 for the degradation of soman and the simulant DMNP. 

The structure shows four non-bridging Zr-OH and four Zr-H2O sites per node and large 

mesopores of 31 Å. The NU-1000 is shown to be 3 to 30 times faster than UiO-66(Zr) (KATZ 

et al., 2014) in hydrolyzing the phosphoester bonds. Soman and its simulant DMNP  were 

hydrolyzed by NU-1000 at a rate 200 and 1500 times faster than by using Cr based MOF MIL-

101 (WANG et al., 2013) and HKUST-1(Cu) (PETERSON; WAGNER, 2014) respectively. 

The dehydrated form of NU-1000 reduces the half-life for DMNP hydrolysis to 1.5 minutes, 

compared to 15 minutes for the fully hydrated MOF. However, the dehydrated NU-1000 and 

UiO-66–NH2 (MONDLOCH et al., 2013) both demonstrate comparable t1/2 even when the latter 

exhibited only surface catalysis. The computational and experimental analysis suggests that the 

extraordinary activity of the NU-1000 is attributed to unique eight cornered Zr6 node, weak 

intermolecular interaction that direct orientations between molecule and catalyst linker 
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components, favorable energetics and mesoporous channels that allow bulky phosphate ester 

molecules to permeate the entire framework and access to highly acidic metal sites. 

 

Figure 2.14 - (a) Connectivity of the octahedral pore in UiO-66. X1=X2=H for UiO-66, 

X1=NO2 and X2=H for UiO-66-NO2, X1=X2=OH for UiO-66-(OH)2, and X1=NH2 and X2=H 

for UiO-66-NH2. (b) Connectivity of the octahedral pore in UiO-67(Zr). X=H for UiO-67, 

X=NH2 for UiO-67-NH2, and X=N(CH3)2 for UiO-67-NMe2.(c) Hydrolysis rate of UiO-66 

(blue), UiO-66-NO2 (red), UiO-66-(OH)2 (green), and UiO-66-NH2 (pink). (d) Hydrolysis 

rate of UiO-67 (blue), UiO-67-NH2 (red) and UiO-67-NMe2 (green). 

 

Source: Adapted from (STASSEN et al., 2016). 

 

Subsequently, Moon et al. (MOON et al., 2015) introduced MOF-808, another Zr-MOF 

with even lower node connectivity, as the catalyst for the hydrolysis reaction of DMNP. The 

six connected MOF-808 comprised of tritopic carboxylate linkers has six aqua and hydroxo 

groups per node. They have noted an extraordinary activity for this hydrolysis (t1/2 of < 30s) 

when compared with previous studies involving the materials, UiO-66(Zr) (KATZ et al., 2014), 

UiO-66-NH2 (KATZ et al., 2015b), NU-1000 and its dehydrated form (LI et al., 2015; 

MONDLOCH et al., 2015). The elevated activity of MOF-808 can be attributed to its 

architectural construction where the low node connectivity and sizeable apertures give 

accessibility of Zr-based active sites and facilitate diffusion. Thus, one can notice that important 

factors contribute to the observed differences in modulating the catalytic rate, such as: the 

a)

c) d)

b)
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number of water molecules ligated to the zirconium, the relative accessibility of nodes to 

reactant molecules, ligand acidity and rates of aqua ligand exchange with the solvent. 

Later, Plonka et al. (PLONKA et al., 2017) and Wang et al. (WANG et al., 2017) 

revealed that the catalytic conversion of DMMP is inhibited due to the strong bonds formed 

between the degraded products and the MOF frameworks. This observation motivated further 

investigations with the consideration of refined MOFs containing either functionalized linkers 

(ISLAMOGLU et al., 2018; KALAJ et al., 2019; PLONKA et al., 2017; RUFFLEY et al., 2019) 

or based on different metal centers (rare earth, Ce) (ISLAMOGLU et al., 2017; MOMENI; 

CRAMER, 2019; SAVA GALLIS et al., 2018) for the degradation of various nerve agents 

including soman, sarin and the analogues methyl paraxon, diisopropyl fluorophosphate, and 

diethyl chlorophosphate. 

 

2.2.2.4 MOFs for the degradation of CWAs – computational approach 

 

The literature is much less exhaustive in terms of computational studies related to the 

catalytic degradation of CWAs and their simulants using MOFs. Typically, Troya et al. 

(TROYA, 2016) carried out DFT calculations at the cluster level using localized basis sets to 

explore three hydrolysis degradation mechanism of sarin by UiO-66(Zr) and MOF-808(Zr) in 

a dry and hydrated conditions. Figure 2.15 summarized the central steps of the most stable 

reaction energy profile for MOF-808(Zr) in comparison with those on UiO-66(Zr). Thus, from 

an electronic structure perspective, the reactivity of UiO-66(Zr) and MOF-808(Zr) should be 

similar, and therefore, the changes to the rate measured probably are dominated by the 

accessibility of the nerve agent to the SBUs. One can notice that the decomposition products 

formed during the elimination step are bound to the catalyst and require desorption for a fully 

catalytic process. 
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Figure 2.15 - (a) Essential Steps in the Reaction Mechanism for Degradation of GB on Dry 

Zr-Based MOFs. (b) Potential energy diagram for the central steps of the reaction mechanism 

of GB hydrolysis with the SBUs of dry UiO-66(Zr) (black trace) and MOF-808 (red). Atom 

colors are Zr: teal, O: red, C: brown, H: white, F: green and P: yellow. 

 

Source: Adapted from (TROYA, 2016). 

 

Wang et al. (WANG et al., 2017) and Chen et al. (CHEN et al., 2018) followed the same 

computational strategy to investigate the decomposition of DMMP and DMNP by UiO-67(Zr) 

and NU-1000, respectively. Extended clusters were considered by Momeni et al. (MOMENI; 

CRAMER, 2018a) to model the hydrolysis of sarin by Zr-based MOFs, MOF-808, NU- 1000, 

and defective UiO-66(Zr). Extended and truncated cluster models to represent the Zr-defective 

structure of [Zr12(μ3-O)8(μ3-OH)8(μ2-OH)6(TPDC)18] were further used by Momeni et al. 

(MOMENI; CRAMER, 2018a) to model the hydrolysis of sarin in aqueous solution. They 

showed that the double-node MOF had superior reactivity than various Zr6 single-node analogs 

tested for this reaction to date (Figure 2.16) (ISLAMOGLU et al., 2017; KATZ et al., 2014, 

2015a, 2015b; LÓPEZ-MAYA et al., 2015; MONDAL; HOLDT, 2016; MONDLOCH et al., 

2015; MOON et al., 2015; PETERSON et al., 2015; PLONKA et al., 2017). 

 

b)

a)
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Figure 2.16 - M06-2X/Def2-TZVP//M06-L/Def2-SVP 298 K free energies and enthalpies for 

hydrolysis of sarin along different cluster-model benzoate-capped reaction coordinates 

relative to separated reactants. 

 

Source: Adapted from (TROYA, 2016). 

 

More recently, Harvey et al. (HARVEY; GREATHOUSE; SAVA GALLIS, 2018) 

emphasized the importance of using periodic DFT calculations to more accurately capture the 

reactivity of organophosphorus compounds confined in the pores of MOFs. Typically, these 

authors mentioned that the consideration of a Zr formate cluster leads to an overestimation of 

the binding energy for DIFP and sarin compared to the scenario encountered with the use of a 

periodic system. This trend was explained by the lowering of the strength of interactions 

between the bulky isopropyl groups of the CWA and the active sites at the periodic level due 

to the steric hindrance induced by the MOF framework. 

For the degradation of sulfur mustard agents and their simulants using MOFs its 

necessary taken into account that the dehydrohalogenation pathway is too slow to be effective 

for decontamination application (SMITH, 2008; WAGNER et al., 2001, 1999, 2000; 

WAGNER; CHEN; WU, 2008) and hydrolysis is hindered by the immiscibility of sulfur 

mustard in water as well as the formation of intermediate products that slow down the reaction 

(MUNRO et al., 1999b). Another detoxification method is partial oxidation to its sulfoxide 

product. However, this reaction requires the use of a selective oxidant to control product 

formation because over-oxidation can lead to its sulfone product that is nearly as toxic as HD 

itself. In this context, López-Maya et al. (LÓPEZ-MAYA et al., 2015) reported that the 
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introduction of lithium alkoxide into the UiO-66(Zr) framework not only is able to hydrolyze 

P─F bond in DIPF and P─O bond in DMMP but also the degradation of CEES, an analogue of 

the vesicant mustard gas. They concluded that the insertion of lithium alkoxides in the 

zirconium oxide clusters gives rise to a boosting of the phosphotriesterase catalytic activity for 

the hydrolysis of toxic bonds. Hupp, Farha, and colleagues (LIU et al., 2015) investigated an 

endowed MOF (PCN-222/MOF-545) in order to generate dual detoxification material. The 

porphyrin linkers when irradiated can sensitize the photochemical conversion of triplet 

dioxygen to its much more reactive singlet, which selectively oxidizes CEES to an innocuous 

sulfoxide, and 8-connected Zr6 nodes, which could hydrolyze the phosphonic acids. This 

material simultaneously degraded methyl paraoxon and CEES with half-lives of 8 and 12 min 

see Figure 2.17, respectively and it is the only reported example to date capable of 

simultaneously detoxifying blistering CWAs. 

 

Figure 2.17 - (a) Dual-reaction setup to transform toxic CWA simulants CEES and DMNP to 

nontoxic oxidative and hydrolytic products, respectively. (b) Kinetic profiles for hydrolysis of 

DMNP and oxidation of CEES. (c) Kinetic profiles for the destruction of a second injection of 

DMNP and CEES into the “MOF-catalyzed dual-reaction”. 

 

Source: Adapted from (LIU et al., 2015). 

 

The number of MOFs studied so far with CWAs is a minute percentage with respect to 

the large collection of hybrid porous solids discovered to date. Moreover, some of the tested 

MOFs were revealed to be unstable in the presence of humidity which hampers their use for 

a)

c)b)
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2.3 CONCLUSION 

 

Unfortunately, the world has not been able to be safe from terrorist attacks such as that 

previously reported in the Middle East. This scenario emphasizes the global requirement for 

efficient systems to neutralize and destroy CWAs, provide protection devices and eliminate 

chemical stockpiles. Consequently, the applicability of novel porous materials such as Metal-

Organic Frameworks should be advantageous. 

Thus, we can conclude that the use of MOFs with adequate pore size/shape is not 

enough, thus other factors including adsorption kinetics and specific interactions between the 

toxic adsorbates and the adsorbents should be taken into account. For example, the presence of 

open metal sites or certain functionalizations on the pore surface may enhance the adsorption 

selectivity/efficiency of MOFs toward specific toxic compounds via coordination bonds, acid–

base electrostatic interactions, Π-complex, H-bonding formation, and so on. On the other hand, 

the node connectivity, sizeable apertures, the number of water molecules coordinated to the 

metal, ligand acidity and rates of aqua ligand exchange with the solvent are extremely important 

factors to the degradation of CWAs into nontoxic products. In this context, computational and 

experimental works have mainly focused on Zr-MOFs, which are characterized by exceptional 

thermal and chemical stability. However, although MOFs containing high-valent cations, e.g. 

Ti4+, might be also of interest for the catalytic degradation of CWAs. Besides, a special attention 

needs to be paid when one selects reasonably substitute for the target agent in the specific 

reaction pathway or reaction conditions under investigation. Finally, computational simulations 

are valuable tool to the investigate the adsorption and degration process anticipating the 

peformances of the related materials, which might minimize cost, laboratory hours and 

maximize the security. 
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3 QUANTUM AND FORCE-FIELD BASED MOLECULAR SIMULATIONS 

 

This chapter presents the molecular simulation techniques that have been employed 

throughout my PhD to model the adsorption and degradation of chemical warfare agents by 

MOFs as well as the water stability of these hybrid porous materials. The main aspects of the 

quantum calculations applied to periodic systems using the Density Functional Theory are first 

detailed. The second section dedicated to force-field based approaches, presents the basic 

principles of Monte Carlo techniques and further presents the microscopic models and 

forcefields (also called interatomic potentials along the manuscript) used to represent the MOF 

frameworks and the CWAs molecules as well as to describe their interactions. 

 

3.1 THE MANY-BODY PROBLEM AND THE BORN-OPPENHEIMER 

APPROXIMATION 

 

In quantum mechanics the microscopic properties of a system formed by interacting 

particles, as atoms, molecules and solids, can be determine through the resolution of the time-

independent Schrödinger equation (SHOLL, DAVID; STECKEL, 2011). 

 �̂�|𝜓(�⃗� 𝜇, 𝑟 𝑖)⟩ = 𝐸|𝜓(�⃗� 𝜇, 𝑟 𝑖)⟩ (equation 3.1) 

 

where, �̂� is the Hamiltonian operator, 𝐸 is the eigenvalue and |𝜓(�⃗� 𝜇, 𝑟 𝑖)⟩ is the state function 

of the system. 𝜇 and i are the indexes of the nucleus and electrons, while �⃗�  and 𝑟  are the 

coordinate vectors of electrons and nucleus, respectively. 

The Hamiltonian of this system can be written as follows: 

�̂� = �̂�𝑛 + �̂�𝑒 + �̂�𝑛−𝑛 + �̂�𝑛−𝑒 + �̂�𝑒−𝑒 (equation 3.2) 

 

This equation can be developed and rewritten as follows:  

�̂� =  − ∑μ=1𝑀 ħ22M𝜇 ∇�⃗� 𝜇2 − ∑𝑖=1𝑁 ħ22m𝑖 ∇𝒓𝑖2 + 14𝜋𝜖0   ∑𝜇=1  𝑀 ∑  𝐽= 𝜇 +1 𝑀 𝑒2𝑍𝜇𝑍𝐽|�⃗� 𝜇 − �⃗� 𝐽| 
(equation 3.3) 
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− 14𝜋𝜖0   ∑𝜇=1  𝑀 ∑  𝑖=1 𝑁 𝑒2𝑍𝜇|�⃗� 𝜇 − �⃗� 𝑖|  +  14𝜋𝜖0   ∑𝑖=1  𝑁 ∑  𝑗= 𝑖 +1 𝑁 𝑒2|�⃗� 𝑖 − �⃗� 𝐽| 
 

where, ħ is the Plank constant h divided by 2π, m𝑖 and e are the mass and the charge of electron, M𝜇 and Z are the mass and the atomic number of the nuclei. 

The Schrödinger equation for systems with more than one electron cannot be solved 

exactly because (i) the motion of electrons is coupled with the motion of the nuclei and (ii) there 

are repulsion interactions between electrons. 

The Born-Oppenheimer approximation (BORN, M., & OPPENHEIMER, 1927) is used 

to simplify the many body Schrödinger equation. Considering the large difference in mass and 

mobility between the nuclei and electrons, it is assumed the atom cores are stationary whilst the 

electrons are mobile. This eliminates the kinetic energy term for nuclei and reduces the potential 

energy due to the nucleus-nucleus repulsion to a constant which can simply be added to the 

electronic energy determined by the Schrödinger equation. Therefore, the terms of �̂� that need 

to be computed for the exact description of the electronic structure are the following: 

 �̂� =  �̂�𝑒 + �̂�𝑛−𝑛 + �̂�𝑛−𝑒 + �̂�𝑒−𝑒 (equation 3.4) 

 

where  �̂�𝑛 is zero and �̂�𝑛−𝑛 is a constant. 

The term in the Hamiltonian defining electron–electron interactions is the most critical one from 

the point of view of solving the Schrödinger equation. The form of this contribution means that 

the individual electron wave cannot be found without simultaneously considering the individual 

electron wave functions associated with all the other electrons. In other words, in an N-electron 

system there are N wavefunctions, one for each electron, so the Hamiltonian contains N 

equations (CAPELLE, 2006). Therefore reasonable approximations must be employed to treat 

the electronic interactions (FIOLHAIS, CARLOS, FERNANDO NOGUEIRA, 2003). 

 

3.1.1 Density functional theory 

 

DFT provides a way to systematically map the many-body problem, onto a single-body 

problem. This is achieved by describing the total energy and all other observables as a 

functional of the electron density 𝜌(𝑟 ). Note that the electron density is a function only of one 

vectorial variable (𝑟 ). 
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𝜌(𝑟 ) = 𝑁 ∫𝑑3𝑟 2 ∫𝑑3𝑟 3 …∫𝑑3𝑟 𝑁 |𝜓(𝑟 , 𝑟 2, … , 𝑟 𝑁)|2 (equation 3.5) 

 

where 𝜌(𝑟 ) determines the probability of finding any of the N electrons within the volume 

element 𝑑3𝑟 1 but with arbitrary spin while the other N-1 electrons have arbitrary positions and 

spins in the state represented by 𝜓. It is to be noted that the multiple integral 

as such represents the probability that one particular electron is within the volume element 𝑑3𝑟 1. However, since electrons are indistinguishable the probability of finding any electron 

at this position is just N times the probability for one particular electron. Clearly, 𝜌(𝑟 ) is a 

non-negative function of only the three spatial variables which vanishes at infinity and 

integrates to the total number of electrons: 

 ∫𝜌(𝑟 )𝑑3𝑟 1 = 𝑁 (equation 3.6) 

 

The theorems put forward and proven by Hohenberg and Kohn in 1964 are the main 

principles in DFT (RAJAGOPAL; CALLAWAY, 1973). The first theorem states that: “The 

ground-state energy from Schrödinger equation is a unique functional of the electron density.” 

This can be reformulated by stating that the ground-state electron density is a fundamental 

function from which the other observables of a system may be derived. Consequently, this 

uniquely determines all properties, including the energy and wave function, of the ground state. 

The main consequence from this theorem is that this reduces the problem from requiring many 

wave functions, each based on the motion of individual electrons, to one wave function based 

on the electron density, and hence on three spatial variables, r = x, y, z. 

The second Hohenberg–Kohn theorem defines an important property of the functional: 

“The electron density that minimizes the energy of the overall functional is the true electron 

density corresponding to the full solution of the Schrödinger equation.” Therefore, if the “true” 

functional form would be known, the electron density could be varied until the energy from the 

functional is minimized. Thus, for the energy to be minimized, it must satisfy the following 

variational equation: 

  δ𝐸(𝜌(𝑟 ))δ𝜌(𝑟 ) = 0 
(equation 3.7) 
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Then one may write the energy as a functional of the density: 

 E[𝜌(𝑟 )] = 𝑇𝑒[𝜌(𝑟 )] + 𝑉𝑒−𝑒[𝜌(𝑟 )] + ∫𝜌(𝑟 )𝑉𝑒𝑥𝑡(𝑟 )𝑑3𝑟  (equation 3.8) 

 

where the first and the second terms are universal in the sense that the treatment of the kinetic 

and internal potential energies are the same for all systems and the last term is the external 

potential due to the nuclei. 

 

3.1.2 The Kohn-Sham equations 

 

One can note that finding explicit expressions for the functional represents the major 

challenge in DFT. In this context, Kohn and Sham (KS) (KOHN et al., 1965) introduced the 

concept of a non-interacting reference system built from a set of orbitals such that the major 

part of the kinetic energy can be computed to good accuracy. By this method, as much 

information as possible is computed exactly, leaving only a small part of the total energy to be 

determined by an approximate functional. 

In the Kohn-Sham approach, the kinetic term 𝑇[𝜌(𝑟 )] is divided into non-interacting 𝑇𝑠[𝜌(𝑟 )] and correlation 𝑇𝑐[𝜌(𝑟 )] terms while the internal electrostatic potential 𝑉𝑒−𝑒[𝜌(𝑟 )] can 

be separated in three terms, a Hartree interaction term 𝑉𝐻[𝜌(𝑟 )], an exchange term 𝑉𝑥[𝜌(𝑟 )] 
and a correlation term 𝑉𝑐[𝜌(𝑟 )]. Thus, Equation 3.7 can be rewritten as: 

 𝐸[𝜌(𝑟 )] = 𝑇𝑠[𝜌(𝑟 )] + 𝑇𝑐[𝜌(𝑟 )]  +  𝑉𝐻[𝜌(𝑟 )] + 𝑉𝑥[𝜌(𝑟 )] + 𝑉𝑐[𝜌(𝑟 )] + ∫𝜌(𝑟 )𝑉𝑒𝑥𝑡(𝑟 )𝑑3𝑟  (equation 3.9) 

 

The terms 𝑇𝑐[𝜌(𝑟 )], 𝑉𝑥[𝜌(𝑟 )] and 𝑉𝑐[𝜌(𝑟 )] , which include all the quantum mechanical 

effects, can be grouped in a single term called exchange-correlation potential 𝑉𝑥𝑐[𝜌(𝑟 )]. 
 𝐸[𝜌(𝑟 )] = 𝑇𝑠[𝜌(𝑟 )] + 𝑉𝐻[𝜌(𝑟 )] + 𝑉𝑥𝑐[𝜌(𝑟 )] + ∫𝜌(𝑟 )𝑉𝑒𝑥𝑡(𝑟 )𝑑3𝑟  (equation 3.10) 

 

It is important to note that the non-interacting kinetic energy (𝑇𝑠[𝜌(𝑟 )]) can be 

calculated in terms of single-particle orbitals, the Kohn-Sham orbitals [𝜙𝑖𝐾𝑆(𝑟 )], as 

demonstrated in Equation 3.11. 
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𝑇𝑠[𝜌(𝑟 )] = − ℏ22𝑚 ∑∫𝜙𝑖∗𝐾𝑆(𝑟 )𝛻2𝜙𝑖𝐾𝑆(𝑟 ) 𝑑3𝑟 𝑁
𝑖=1  

(equation 3.11) 

 

Since, the 𝑇𝑠[𝜌(𝑟 )] is explicitly a functional of the Kohn-Sham orbitals and implicitly a 

functional of the electronic density, the electronic density must itself be defined by the 

summation of these orbitals, as stated below: 

 

𝜌(𝑟 ) = ∑𝑓𝑖  |𝜙𝑖𝐾𝑆|𝑁
𝑖=1  

(equation 3.12) 

 

where 𝑓𝑖  is the occupation of the i band state according to the Fermi-Dirac distribution. 

The minimization of the energy leads to the following expression: 

 0 =  δ𝐸[𝜌(𝑟 )]δ𝜌(𝑟 ) = δ𝑇𝑆[𝜌(𝑟 )]δ𝜌(𝑟 ) + δ𝑉𝐻[𝜌(𝑟 )]δ𝜌(𝑟 ) + δ𝑉𝑋𝐶[𝜌(𝑟 )]δ𝜌(𝑟 ) + δ𝑉𝑒𝑥𝑡[𝜌(𝑟 )]δ𝜌(𝑟 )  

 

(equation 3.13) 

= δ𝑇𝑆[𝜌(𝑟 )]∂𝜌(𝑟 ) + 𝑣𝐻(𝑟 ) + 𝑣𝑋𝐶(𝑟 ) + 𝑣𝑒𝑥𝑡(𝑟 ) = 0 
 

 

Considering the fictitious system of N non-interacting electrons moving in the effective 

potential (Vef) the Equation 3.13 can be rewritten as: 

 δ𝑇𝑆[𝜌(𝑟 )]δ𝜌(𝑟 ) + 𝑣𝑒𝑓𝐾𝑆[𝜌(𝑟 )] = 0 
(equation 3.14) 

 

Thus, the form of the Schrödinger equation for the ground state energy, called the Kohn-

Sham equations, can be represented as: [− ℏ2∇22𝑚 + 𝑣𝑒𝑓𝐾𝑆[𝜌(𝑟 )]]𝜙𝑖𝐾𝑆(𝑟 ) = 𝜀𝑖𝜙𝑖𝐾𝑆(𝑟 ) (equation 3.15) 

 

The basic idea is to replace the Schrödinger equation for the interacting electronic 

system with a set of single-particle equations with the same density as the original system. 

Provided that the explicit forms of all these potentials are known, we can determine 𝑣𝑒𝑓𝐾𝑆 and by 

solving the Kohn–Sham equations, which is initially defined using the trial electron density, we 
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can define the single-particle wave functions. Then a new electronic density is calculated and 

this process continues until a given convergence criteria is attained. 

Since we do not know the potential (𝑉𝑋𝐶[𝜌(𝑟 )]) due to the exchange-correlation energy 

it is necessary to introduce an approximation for this potential. Thus, the Kohn-Sham approach 

is in principle exact, where the approximation only enters when we have to decide on an explicit 

form of the unknown functional for the exchange-correlation energy and the corresponding 

potential. In this concern, approaches such as the Local Density Approximation (LDA) 

(PERDEW; ZUNGER, 1981; PERDEW; WANG, 1992) and the Generalized Gradient 

Approximation (GGA) (PERDEW; BURKE; ERNZERHOF, 1996) have been applied in this 

field. 

 

3.1.3 The exchange-correlation functional 

 

The exchange-correlation energy term in the LDA approach depends on the electron 

density of a homogeneous electron gas (MAHAN, 2000). It is supposed that the electronic 

density is constant at all points around (�⃗� ). The analytical expression for the LDA to the 

exchange-correlation energy is the following: 

 𝐸𝑥𝑐𝐿𝐷𝐴[𝜌(𝑟 )] = ∫𝜌(𝑟 ) 𝜖𝑥𝑐𝐿𝐷𝐴[𝜌(𝑟 )] 𝑑3𝑟  (equation 3.16) 

 

where, 𝜖𝑥𝑐𝐿𝐷𝐴 is the exchange-correlation energy per electron as a function of a homogeneous 

electron gas density.  

The exchange term used is explicit: 

 𝜖𝑥𝐿𝐷𝐴[𝜌(𝑟 )] = − 𝑒24𝜋𝜖0 34 (3𝜋)1/3 𝜌(𝑟 )1/3 
(equation 3.17) 

 

There is no explicit expression for determining  𝜖𝑐, but it is usually derived through 

empirical fitting or derived analytically. The most commonly used representations for 𝜖𝑐 are 

those developed by Perdew and Zunger (PZ) (PERDEW; ZUNGER, 1981), Perdew and Wang 

(PW) (PERDEW; WANG, 1992) and Vosko-Wilk-Nusair (VWN) (VOSKO; WILK; NUSAIR, 

1980). 

The LDA assumes that the electron density is constant, and the interactions are local, 

while in reality this is not the case. This approach provides bond lengths and thus the geometries 
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of molecules and solids usually with an astonishing accuracy of 1%. However, it gives 

ionization energies of atoms, dissociation energies of molecules and cohesive energies with fair 

accuracy of typically 10–20% (KOHN, 1999). 

The generalized gradient approximation (GGA) (PERDEW; WANG, 1992), which 

includes the information about the gradient of the charge density ∇𝜌(�⃗� ), has been successfully 

applied to solid state chemistry. Thus, the gradient expansion to the LDA to the exchange-

correlation energy is as follows: 

 𝐸𝑥𝑐𝐺𝐺𝐴[𝜌(𝑟 )] = ∫𝜌(𝑟 )𝜖𝑥𝑐 (𝜌(𝑟 ))  𝐹𝑥𝑐[𝜌(𝑟 ), |∇𝜌(𝑟 )|] 𝑑3𝑟  (equation 3.18) 

  

where, 𝐹𝑥𝑐[𝜌(𝑟 ), |∇𝜌(𝑟 )|] modifies the LDA expression according to the density variation in 

the vicinity of a given point (𝑟 ). 

The different ways of including the density gradient through the GGA approximation 

generates the different exchange and correlation functions. Several suggestions for the 

functional F exist, including semiempirical functionals which contain parameters that are 

calibrated against reference values rather than being derived from first principles. Currently, 

Perdew and Wang (PW91) and Perdew Burke Ernzerhof (PBE) functionals are the most popular 

and most reliable GGAs employed in the literature (PERDEW; BURKE; ERNZERHOF, 1996; 

PERDEW; WANG, 1992). 

In 1996, Perdew, Burke and Ernzerhof (TAVERNELLI; LIN; ROTHLISBERGER, 

2009; VON LILIENFELD et al., 2004) showed how to construct a much simpler form of the 

PW91 GGA and with a much easier derivation way. A GGA exchange energy typically is 

written in terms of an enhancement factor, 𝐹𝑥, with respect to local exchange as follows: 

 𝐸𝑥[𝜌(𝑟 )] = ∫𝜌(𝑟 ) 𝜖𝑥𝐿𝐷𝐴  [𝜌(𝑟 )] 𝐹𝑥(𝑠) 𝑑3𝑟  (equation 3.19) 

 

where the dimensionless gradient s is given by the equation: 

 𝑠 (𝑟 ) = |∇ [𝑝(𝑟 )]|2𝜅𝐹[𝑝(𝑟 )] (equation 3.20) 
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As mentioned above, PBE was introduced with the intention of simplifying the 

complicated PW91 form while keeping its predictive capabilities. The much simpler PBE 

enhancement factor is expressed as follows: 

 𝐹𝑥𝑃𝐵𝐸(𝑠) = 1 +  𝜅 − 𝜅1 + 𝜇𝑠2𝜅       ,       𝜇 =  𝛽𝜋23  
(equation 3.21) 

 

where, 𝜇 and 𝜅 are non-empirical parameters. 

The PBE correlation energy is given by the following equation: 

 𝐸𝑐𝑃𝐵𝐸[𝜌(𝑟 )] = ∫𝜌(𝑟 ) 𝜖𝑐 [𝜌(𝑟 )]𝐻𝑃𝐵𝐸(𝑟𝑠, 𝑡) 𝑑3𝑟  (equation 3.22) 

 

where t is a dimensionless density gradient and 𝑟𝑠 is the dimensionless Seitz radius. 

 

3.1.3.1 Dispersion forces in DFT 

 
The accurate description of weak nonbonding interactions is one of the challenges for 

DFT. Indeed, it is well-established that popular GGA functional is inadequate for the 

description of the long-range electron correlations. The fundamental reason for this failure of 

standard DFT functionals is their inability to account for a nonlocal electron correlation effect. 

Several approaches have been developed that allow dispersion to be accounted for. This 

includes the DFT-D2 and DFT-D3 methods of Grimme and co-workers (GRIMME, 2004, 

2006; GRIMME et al., 2010),  van der Waals density functionals (vdW-DF) of Lundqvist, 

Langreth, and co-workers (ANDERSSON; LANGRETH; LUNDQVIST, 1996; DION et al., 

2004; LEE et al., 2010), the dispersion-corrected atom-centered pseudopotential method of 

Roethlisberger and co-workers (TAVERNELLI; LIN; ROTHLISBERGER, 2009; VON 

LILIENFELD et al., 2004), and the vdW-TS method of Tkatchenko and Scheffler 

(TKATCHENKO; SCHEFFLER, 2009). 

One conceptually simple correction for the shortcomings of DFT regarding dispersion 

forces is to simply add a dispersion-like contribution to the total energy between each pair of 

atoms in a material. This idea was developed by Grimme, so in DFT-D calculations, the total 

energy is augmented as follows: 

 𝐸𝐷𝐹𝑇−𝐷 = 𝐸𝐷𝐹𝑇−𝐺𝐺𝐴 + 𝐸𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛  (equation 3.23) 
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The dispersion correction is given by an attractive semi-empirical pair potential defined 

below: 

 

𝐸𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 = −𝑠6 ∑ ∑ 𝐶6𝑖𝑗𝑅𝑖𝑗6
𝑁𝑎𝑡

𝑗=𝑖+1
𝑁𝑎𝑡−1
𝑖=1 𝑓𝑑𝑚𝑝(𝑅𝑖𝑗) 

(equation 3.24) 

 

In this equation, 𝑁𝑎𝑡 is a number of atoms in the system, 𝑅𝑖𝑗 is the distance between 

atoms i and j, 𝐶6𝑖𝑗 is a dispersion coefficient for atoms i and j. The only empirical parameter in 

this expression is 𝑠6, a scaling factor that is applied uniformly to all pairs of atoms, which is 

specific for each exchange-correlation functional (e.g. 𝑠6−𝑃𝐵𝐸 = 0.75 and 𝑠6−𝑃𝑤91 = 0.7).  

To avoid near-singularities for small R, a damping function 𝑓𝑑𝑚𝑝 must be used which 

is given by: 

 𝑓𝑑𝑚𝑝(𝑅𝑖𝑗) =  11 + 𝑒−𝛼(𝑅/𝑅0−1) (equation 3.25) 

 

where, 𝑅0is the sum of atomic van der Waals radii. 

 

3.1.4 Periodic Systems 

 

The coordinates of the atoms in a crystalline solid may be described by the Bravais 

lattice, which consists of all points with position vector R⃗⃗  of the form: 

 R⃗⃗ = 𝑛1𝑎1⃗⃗⃗⃗ + 𝑛2𝑎2⃗⃗⃗⃗ + 𝑛3𝑎3⃗⃗⃗⃗  (equation 3.26) 

 

where, 𝑎1⃗⃗⃗⃗  , 𝑎2⃗⃗⃗⃗  and 𝑎3⃗⃗⃗⃗  are any three vectors not all in the same plane, known as primitive vectors 

and responsible to generate the lattice, and 𝑛1, 𝑛2 and 𝑛3 range through all integral values. 

Solid state materials generally contain large numbers of electrons, and a direct 

simulation of such systems would not be possible. Fortunately, many solids possess symmetries 

at the atomistic level and, therefore it is sufficient to consider only the unit cell of material 

subject to periodic boundary conditions, see Figure 3.1. This typically reduces the number of 

atoms and hence the number of electrons that must be considered in the simulations. 
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by functions of Gaussian- and Slater-type. These basis sets may be composed by one basis 

function, minimal basis set or multiples basis functions (double-zeta, triple-zeta and etc.) per 

orbital. The other approach to describe the electronic wave function is to consider plane waves. 

Plane-waves are chosen as basis sets in the solid state because Bloch’s theorem 

(ASHCROFT, NEIL W., 1976) allows the electronic wavefunctions to be expanded in terms of 

a discrete set of plane-waves.  

The eigenstates 𝜓 of the one-electron Hamiltonian 𝐻 = −ℏ2∇2/2𝑚 + 𝑉𝑒𝑓(𝑟 ), where 𝑉𝑒𝑓(𝑟 ) = 𝑉𝑒𝑓(𝑟 + �⃗� ) is periodic with respect to the real lattice vector R⃗⃗  for all Bravais lattice 

translation vectors, can be chosen to be a plane wave times a function with the periodicity of 

the Bravais lattice. 

 𝜓𝑛�⃗� (𝑟 ) = 𝑒𝑖 �⃗�  𝑟 𝑢𝑛�⃗� (𝑟 ) (equation 3.28) 

 

where, �⃗�   is a wave vector confined to the first Brillouin zone of the reciprocal lattice and the 

subscript n indicates a band index; 𝑟  is the position vector in the real space. 𝑢𝑛�⃗�  is the cell-

periodic part and can be written as follows: 

 𝑢𝑛�⃗� (r ) =  𝑢𝑛�⃗�  (𝑟 + �⃗� ) (equation 3.29) 

 

Note that the Equations 3.28 and 3.29 implies that: 

 𝜓𝑛�⃗� (𝑟 + �⃗� ) = 𝑒𝑖 �⃗�  �⃗�  𝜓𝑛�⃗� (𝑟 ) (equation 3.30) 

 

This relation is known as in the Bloch’s theorem. 

The cell-periodic part can be represented as a Fourier series expansion of plane wave 

functions (PAYNE et al., 1992): 

 𝑢𝑛�⃗� (r ) = ∑𝐶𝑛,𝐺𝐺 𝑒𝑖 𝐺  𝑟  (equation 3.31) 

 

where 𝐺  is a wave vector that represents the reciprocal lattice vectors of the crystal and 𝐶𝑛,𝐺 are 

plane-wave coefficients. 

Note that the wave vector k can always be confined to the first Brillouin zone, where 

any k’ not in the first Brillouin zone can be written as: �⃗� ′ = �⃗� + 𝐺 . Thus, the set of one-electron 
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wave functions can then be expressed in terms of a linear combination of plane-waves (PAYNE 

et al., 1992): 

 𝜓𝑛�⃗� (𝑟 ) = ∑ 𝐶𝑛,(𝑘+𝐺)�⃗� 𝑒𝑖(�⃗� +�⃗� )𝑟  (equation 3.32) 

 

Therefore, when plane waves are used as a basis set, the Kohn-Sham equations assume 

a particularly simple form: 

 ∑[ ℏ22𝑚 |�⃗� + 𝐺 |2𝛿𝐺 𝐺 ′ + 𝑉𝑒𝑓(𝐺 − 𝐺 ′ )]𝐺 (𝐶𝑛,(𝑘+𝐺′)) = 𝜀𝑖𝐶𝑛,(𝑘+𝐺) (equation 3.33) 

 

which is obtained by a substitution of Equation 3.31 into Equation 3.15. 

Since there are n wave functions for each �⃗� -point in a periodic solid, the electronic band 

index n is introduced as an additional quantum number. Each �⃗�  represents a quantum number 

that indexes the wave vectors of a free electron that is always confined to the first Brillouin 

zone of the reciprocal lattice. Both n and �⃗�  can now identify the electronic state in a system 

completely. Note that n is discrete and �⃗�  is continuous, although we treat it point by point by 

sampling. Here, 𝐺  and 𝐺 ′ represent different vectors for plane waves and provide the indexes 

for the row and column elements in Hamiltonian matrix. In this form, the kinetic energy is 

diagonal, and the various potentials are described in terms of their Fourier transforms. The 

solution of Equation 3.33 proceeds by diagonalization of a Hamiltonian matrix, whose matrix 

elements are given by the terms in the brackets. The size of this matrix is determined by the 

choice of cutoff energy, given by: [(ℏ2/2𝑚)|�⃗� + 𝐺 |2] . 
 

3.1.5 Pseudopotential approximation 

 

It is well known that core electrons are not especially important in defining chemical 

bonding and other physical characteristics of solids since these properties depend on the valence 

electrons. Therefore, the key point is effectively freezing the nucleus and the core electrons, 

reducing the atom to an ionic core that interacts with the valence electrons. The use of an 

effective interaction, a pseudopotential, that approximates the potential felt by the valence 

electrons, leads to a significant reduction in the number of electrons in a system to be calculated 
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and to a much easier description and computation of the valence wave functions. Figure 3.2 

illustrates that the pseudopotential and pseudo-wavefunction replace the all-electron 

counterparts of the core up to the certain cut-off radius (rc) and mimic the valence region 

exactly. 

 

Figure 3.2 - Illustration of the pseudo-wave function and the potential (red solid line) 

compared to the all-electron wave function and electronic potential (blue dashed line) plotted 

against the distance from the nucleus. The cut-off radius denotes the radius at which the 

electron and pseudo-electron values are identical. 

 

Source: Adapted from (PAYNE et al., 1992). 

 

One can notice that when the valence wave function passes by the region occupied by 

the core electrons it oscillates rapidly due to the strong ionic potential in this region. These 

oscillations maintain the orthogonality between the core wave functions and the valence wave 

functions. The orthogonal criterion guarantees each wave function to be unique and 

independent and thus to obey the Pauli exclusion principle. 

Pseudopotentials are currently generated from all -electron atomic calculations and this 

pseudopotential can be then used reliably for calculations that place this atom in any chemical 

environment. Current DFT codes typically provide a library of pseudopotentials that includes 

an entry for all elements of the periodic table. The most widely used method of defining 

pseudopotentials is based on work by Vanderbilt, known as ultrasoft pseudopotentials 

(VANDERBILT, 1990). 
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3.1.6 Nudged Elastic Band Method 

 

In a chemical reaction the rearrangement of the atoms follows a trajectory on the 

potential energy surface from the reactant to the product. A path connecting the initial and final 

states that typically corresponds to the highest statistical weight is the minimum energy path 

(MEP) (HENKELMAN; JÓHANNESSON; JÓNSSON, 2002). 

The MEP is found by constructing a set of images of the system to connect the initial 

and final states passing from one minimum to another and overcoming the saddle point. Each 

point (�⃗� ) along the MEP correspond to a nuclear configuration of all the atoms in the system, 

where the relative distances between them define a reaction coordinate (HENKELMAN; 

JÓNSSON, 2000). 

The nudged elastic band (NEB) is an efficient method to find the MEP between initial 

and final states of a reaction and to assess the resulting energy barrier (CASPERSEN; 

CARTER, 2005; HENKELMAN; JÓNSSON, 2000). In this approach, a sequence of images is 

created and each of them is connected to neighbors by a virtual spring associated with a constant 

k used to represent the path from reagent (R) to product (P). Initially, the images are generated 

along a straight line by linear interpolation as represented by Equation 3.34: 

 𝑅𝑖 = 𝑅0 + 𝑖𝑁 (𝑅𝑖 − 𝑅0) 
(equation 3.34) 

 

Thus, the MEP is found by constructing a set of images with N+1 images between R 

and P, typically on the order of 4–20. These images can be denoted by (R0, R1, R2,...,RN), 

where Ri defines the coordinates of the images. An optimization algorithm is then applied to 

relax the images down towards the MEP. 

The total forces acting on an image is the sum of the spring force (𝐹𝑖𝑆) and the true force 

(𝐹𝑖𝑇), those resulting from the potential energy. 

 𝐹𝑖𝑆 = −∂𝐸𝑖𝑆∂𝑅𝑖    ;    𝐹𝑖𝑇 = −∂𝐸𝑖𝑇∂𝑅𝑖 = −∇𝐸 (𝑅𝑖) 
(equation 3.35) 

 

where, ∇𝐸 (𝑅𝑖) is the gradient of the energy with respect to the atomic coordinates in the system 

at image i, and 𝐸𝑖𝑆 = ∑ 𝑘𝑆 (𝑅(𝑖+1)−𝑅𝑖)2𝒊  (𝑘𝑆 is the spring constant). The spring forces to ensure 

equal spacing along the reaction path. 
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Given an estimate of the unit tangent to the path at each image (described below), 𝜏�̂�, 
the force on each image should only contain the parallel component of the spring force, and 

perpendicular component of the true force in order to avoid the corner-cutting and the sliding-

down problems (CASPERSEN; CARTER, 2005). 

 

                         𝐹𝑖 = 𝐹𝑖𝑇⊥ + 𝐹𝑖𝑆∥ = −∇𝐸 (𝑅𝑖)⊥ + 𝐹𝑖𝑆∥ 
 

(equation 3.36) 𝐹𝑖 = −[∇𝐸 (𝑅𝑖)𝑡 − ∇𝐸 (𝑅𝑖)𝑡∥. 𝜏�̂� ] + 𝑘𝑆 (|𝑅(𝑖+1)−𝑅𝑖| − |𝑅𝑖−𝑅(𝑖−1)|). 𝜏�̂� 
 

This is what is referred to as ‘nudging’ and ensures that the spring forces  

The tangent of the path at an image i is defined by the vector between the image and the 

neighboring image with higher energy. That is: 

 𝜏𝑖 = {  𝜏𝑖+     if  𝐸𝑖+1 > 𝐸𝑖 > 𝐸𝑖−1𝜏𝑖−    if  𝐸𝑖+1 < 𝐸𝑖 < 𝐸𝑖−1  
(equation 3.37) 

where: 𝜏𝑖+ = �⃗� 𝑖+1 − �⃗� 𝑖    and     𝜏𝑖− = �⃗� 𝑖 − �⃗� 𝑖−1 (equation 3.38) 

  

If both adjacent images are either lower in energy, or both are higher in energy than 

image i, the tangent is taken to be a weighted average of the vectors to the two neighboring 

images. If image i is at a minimum (𝐸𝑖+1 > 𝐸𝑖 < 𝐸𝑖−1) or at a maximum (𝐸𝑖+1 < 𝐸𝑖 > 𝐸𝑖−1), 

the tangent estimate becomes: 

 𝜏𝑖 = {  𝜏𝑖+ Δ𝐸𝑖𝑚𝑎𝑥 + 𝜏𝑖− Δ𝐸𝑖𝑚𝑖𝑛  if  𝐸𝑖+1 > 𝐸𝑖−1𝜏𝑖+ Δ𝐸𝑖𝑚𝑖𝑛 + 𝜏𝑖− Δ𝐸𝑖𝑚𝑎𝑥  if  𝐸𝑖+1 < 𝐸𝑖−1 
(equation 3.39) 

 

where: Δ𝐸𝑖𝑚𝑎𝑥 = max(|𝐸𝑖+1 − 𝐸𝑖|, |𝐸𝑖−1 − 𝐸𝑖|) Δ𝐸𝑖𝑚𝑖𝑛 = min(|𝐸𝑖+1 − 𝐸𝑖|, |𝐸𝑖−1 − 𝐸𝑖|) (equation 3.40) 

 

A modification of the NEB method, known as the Climbing Image NEB (CI-NEB) 

(HENKELMAN; UBERUAGA; JÓNSSON, 2000), provides a precise estimation of the saddle 

point when compared with NEB. In the CI-NEB, after a few relaxation steps, the highest energy 

image feels no spring forces and climbs to the saddle via a reflection in the force along the 

tangent. 
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𝐹𝑖 =  −∇𝐸 (𝑅𝑖)𝑡 + 2 ∇𝐸 (𝑅𝑖)𝑡∥. 𝜏�̂� 𝜏�̂� (equation 3.41) 

 

Thus, as long as the CI-NEB converges, a crude representation of the MEP is obtained 

and one of the images is sitting at the saddle point. It is important to highlight that there is no 

extra cost of turning one of the images into a climbing image since all the images are being 

relaxed simultaneously (HENKELMAN; UBERUAGA; JÓNSSON, 2000). 

 

3.2 STATISTICAL MECHANICS-ENSEMBLES 

 

Statistical mechanics attempts to describe a macroscopic system from a molecular point 

of view. For this, it is assumed that the macroscopic quantities can be obtained as averages over 

a myriad of microstates (ensemble), in a way compatible with macroscopic constraints. 

The ensemble is a conceptual collection of systems described by the same set of 

microscopic interactions and sharing a common set of macroscopic properties, e.g. the same 

total energy, volume, and number of moles. Once an ensemble is defined, macroscopic 

observables can be calculated by performing averages over the systems in the ensemble. The 

main characteristics of the three most common ensembles, the microcanonical, canonical and 

grand canonical ensembles are described as follow (MCQUARRIE, DONALD ALLAN AND 

SIMON, 1997). 

The most fundamental ensemble, called as microcanonical ensemble, represents an 

ideally isolated system that cannot exchange particles or energy with its surrounding, and whose 

volume is constant. 

Typically, we consider an ensemble of A isolated systems, each with energy E, volume 

V, and numbers of particles N. Although all the systems have the same energy, they may be in 

different states because of degeneracy. Let the degeneracy associate with the energy E be Ω(𝐸) 

for each state j. Now, let 𝑎𝑗 be the number of systems in the ensemble that are in the state j. 

Because the A systems of the ensemble are distinguishable, the number of ways of having 𝑎1 

systems in state 1, 𝑎2 systens in state 2, etc. is given by: 

 𝑊 ( 𝑎1, 𝑎2, 𝑎3, … ) =  𝐴! 𝑎1!  𝑎2!  𝑎3!  … =  𝐴! ∏ 𝑎𝑗!𝑖  
(equation 3.42) 

 

with: ∑ 𝑎𝑗𝑗 = 𝐴 
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If all A systems are in one particular state, then 𝑎1 = 𝐴, 𝑎2 = 𝑎3 = 0 and 𝑊 = 1, which 

is the smallest value W can adopt. On the other hand, when all the 𝑎𝑗 are equal, W takes on its 

largest value. Therefore, W can be taken to be a quantitative measure of the disorder of a system 

and the entropy is proportional to ln W according to: 

 𝑆 =  𝑘𝐵 ln𝑊 (equation 3.43) 
 

where kB is the Boltzmann’s constant. This relation also shows the role of the Boltzmann 

constant, which is to establish a connection between a macroscopic quantity and a quantity of 

microscopic origin. 

Equation 3.43 can be used to derive an expression for the entropy in terms of the system 

partition function Q(N,V,). The energy and the pressure can be expressed in terms of Q: 

 𝑈 =  𝑘𝐵𝑇2 (∂𝑙𝑛𝑄∂T )𝑁,𝑉 = −(∂𝑙𝑛𝑄∂β )𝑁,𝑉  (equation 3.44) 

and, 

𝑃 =  𝑘𝐵𝑇 (∂𝑙𝑛𝑄∂V )𝑁,𝑇   
(equation 3.45) 

 

The substitution of Equation 3.42 into Equation 3.43 and the use of Stirling’s 

approximation lead to the following equation: 

 𝑆𝑒𝑛𝑠𝑒𝑚𝑏𝑙𝑒 = 𝑘𝐵𝐴 ln 𝐴 − 𝑘𝐵 ∑𝑎𝑗𝑗 ln 𝑎𝑗   (equation 3.46) 

 

Using the fact that the probability of finding system in the jth state is given by:  𝑝𝑗 = 𝑎𝑗/𝐴. The entropy of a typical system is given by: 

 𝑆𝑠𝑦𝑠𝑡𝑒𝑚 = 𝑆𝑒𝑛𝑠𝑒𝑚𝑏𝑙𝑒𝐴 = −𝑘𝐵 ∑𝑝𝑗𝑗 ln 𝑝𝑗   (equation 3.47) 

 

Thus, to derive an expression for S in terms of Q(N,V,T), Equation 3.48 should be 

substitute into Equation 3.47 resulting in the following equation: 
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𝑝𝑗(𝑁, 𝑉, 𝛽) =  𝑒−𝛽𝐸𝑗(𝑁,𝑉)∑ 𝑒−𝛽𝐸𝑖(𝑁,𝑉)𝑖  =  𝑒−𝛽𝐸𝑗(𝑁,𝑉)𝑄(𝑁, 𝑉, 𝛽)  (2.48) 

 

to further obtain: 𝑆 = 𝑈𝑇  + 𝑘𝐵 ln𝑄 
(2.49) 

 

The main disadvantage of the microcanonical ensemble is that condition of constant 

total energy is not those under which experiments are performed. In this sense, the canonical 

ensemble reflects more common experimental setups. In this ensemble, the volume, 

temperature and number of particles are maintained fixed, which characterize a system in 

thermal contact with an infinite heat source (MCQUARRIE, DONALD ALLAN AND SIMON, 

1997). 

Coupling the Helmholtz free energy (F) definition (F = U – TS) with Equation 3.44 and 

Equation 3.49, makes possible to get Equation 3.50 for a system at constant temperature. 

  𝐹 = −𝑘𝐵𝑇𝑙𝑛𝑄 (equation 3.50) 
 

The Helmholtz free energy is a characteristic state function of T, V and N. Therefore, 

the Helmholtz free energy and consequently the partition function is the starting point for the 

complete treatment of the system. 

The Grand Canonical ensemble refers to an expanded canonical system where not only 

the energy but also the number and nature of particles are allowed to be exchanged. In this case, 

the temperature T, the volume V and the chemical potential µ are fixed. 

By analogy with the canonical ensemble, which considers the Helmholtz free energy, 

the grand potential (ΦG) is the characteristic state function for the grand canonical ensemble, 

and it is defined as: 

 𝛷𝐺(T, V, µ) = −PV =  F(T, V, N)  −  µN (equation 3.51) 
 

 

In the grand canonical ensemble, we denote the partition function as Z(μ, V, T), and it 

is given by: 

 𝑍(𝜇, 𝑇, 𝑉) = ∑𝑒−𝛽(𝑁𝑖𝜇−𝐸𝑖)𝑖   (equation 3.52) 
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Thus, the fundamental relation of this grand canonical ensemble is given by: 

 𝛷𝐺 = −𝑘𝐵𝑇𝑙𝑛𝑍 (equation 3.53) 

 

Since each of the state functions (entropy, the Helmholtz free energy and the grand 

potential) are defined from a microscopic perspective by means of their respective partition 

functions, it is then possible to characterize the macroscopic properties of each system by 

averaging their microscopic properties (MCQUARRIE, DONALD ALLAN AND SIMON, 

1997). 

The thermodynamic observable 〈𝐴〉 can be then calculated in terms of the partition 
function: 

 〈𝐴〉 = ∑𝑝𝑗𝐴𝑖𝑗 =  ∑𝐴𝑖𝑒−𝛽𝐴𝑗𝑄𝑗  
(equation 3.54) 

 

The partition function of any ensemble can be expressed as an integral of the appropriate 

Hamiltonian of the ensemble over the coordinates (𝑟 𝑁) and momenta (𝑝 𝑁) of all N particles. 

 𝑄 =  1ℎ3𝑁𝑁!∫𝑑𝑝 𝑁𝑑𝑟 𝑁exp [− Ĥ (𝑟 𝑁 , 𝑝 𝑁)/𝑘𝑏𝑇] (equation 3.55) 

 

Thus, Equation 3.54 can be rewritten as follows: 

 〈𝐴〉 = ∫𝑑𝑝 𝑁𝑑𝑟 𝑁𝐴(𝑟 𝑁, 𝑝 𝑁)𝑒𝑥𝑝[ Ĥ (𝑟 𝑁, 𝑝 𝑁)/𝑘𝑏𝑇]∫ 𝑑𝑝 𝑁𝑑𝑟 𝑁𝑒𝑥𝑝[ Ĥ (𝑟 𝑁 , 𝑝 𝑁)/𝑘𝑏𝑇]  
(equation 3.56) 

 

The complexity relies on the computational calculation of the averages in the 

configurational space. Therefore, in the majority of cases, numeral techniques should be used. 

 

3.2.1 Monte Carlo Simulations 

 

One way around to compute an observable is to use a sampling scheme such as the 

Monte Carlo (MC) method. More specifically, the strategy adopted by Metropolis et al. 

(METROPOLIS et al., 1953) in 1953 selects a reasonable number of representative points to 
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ensure an optimal exploration of the system and thus allowing an accurate evaluation of the 

statistical average.  

In this technique, the configurations generated by the Metropolis method are described 

by a Maxwell Boltzmann distribution. Starting with an initial configuration randomly 

generated, the MC simulations consist of several millions of random moves that allow an 

efficient sampling of the selected ensemble. Then, during the simulations, the considered moves 

include translational and rotational displacements of the molecules, while attempts to insert and 

to remove molecules ensure a variation in their number. The corresponding random moves are 

accepted or rejected with appropriate criteria, based on the Metropolis algorithm (FRENKEL; 

SMIT; RATNER, 1997). 

Considering the initial configuration denoted by o (old) of the system 𝑟 𝑁 with a 

Boltzmann density probability of η(o) and π(o → n) the probability to switch from configuration 

o to the new one n (new), at equilibrium the average number of accepted moves from o to n 

must be exactly equal to the number of the reverse moves. 

 𝜂(𝑜) × 𝜋(𝑜 → 𝑛) = 𝜂(𝑛) × 𝜋(𝑛 → 𝑜) (equation 3.57) 
 

The probability [π(o → n)] can be expressed as the probability [α(o → n)] of selecting 

the new configuration n, multiplied by the probability [acc(o → n)] of accepting this trial move. 

 𝜋(𝑜 → 𝑛) = 𝛼(𝑜 → 𝑛) × 𝑎𝑐𝑐(𝑜 → 𝑛) (equation 3.58) 
 

Considering a symmetric probability [𝛼(𝑜 → 𝑛) =  𝛼(𝑛 → 𝑜)], of selection from o to n 

and vice-versa, Equation 3.57 turns to: 

 𝑎𝑐𝑐(𝑜 → 𝑛)𝑎𝑐𝑐(𝑛 → 𝑜) = 𝜂(𝑛)𝜂(𝑜) = 𝑒𝑥𝑝{−𝛽[𝑈(𝑛) − 𝑈(𝑜)]} (equation 3.59) 

 

where U(n) is the initial potential energy calculated, U(o) is the new potential energy calculated 

and =1/kT. 

Thus, according to the Metropolis algorithm the trial move (𝑜 → 𝑛) is accepted with a 

probability: 

 𝑎𝑐𝑐(𝑜 → 𝑛) = min(1, 𝜂(𝑛)𝜂(𝑜)) = min(1, 𝑒𝑥𝑝[−𝛽Δ𝑈]) (equation 3.60) 
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The attempt is thus accepted if the energy of the new configuration is lower than that of 

the old one. If this is not the case, the Boltzmann factor ( )exp( U−  is calculated and 

compared with a random number (Ranf), which is generated in the interval [0,1]. If Ranf is 

higher than )exp( U− , the new configuration is accepted, otherwise it is rejected. This 

process continues for the defined number of steps in order to generate an ensemble of 

configurations that obey to the Boltzmann statistical rule. In order to approach the equilibrium 

in a most efficient way, the acceptance rate is usually fixed to be about 40-50%. For accurate 

statistical results, it is a good practice to equilibrate the system first and then the averages of 

interest calculated over several millions of configurations. 

A typical Monte Carlo simulation consists of the following, randomly selected, trial 

moves. The most standard MC trials are thus the translation, rotation and insertion/deletion, 

partial/full regrow (FRENKEL; SMIT; RATNER, 1997; LEACH, 2001). 

In the translation move, the position of the center of mass of a randomly selected 

molecule i in the system is displaced by a random vector: 

 𝑟 (𝑛) = 𝑟 (𝑜) + 𝛥𝑟(𝑅𝑎𝑛𝑓 − 0.5) (equation 3.61) 

where 𝛥𝑟 is the maximum displacement and Ranf a uniformly distributed random number 

between 0 and 1. This parameter has to be chosen to have a reasonable fraction of accepted 

moves. For small displacements, the movement is more likely to be accepted however a larger 

number of steps is required for an efficient sampling of the phase space. In contrast if 𝛥𝑟 is very 

large, most of the trial moves will be rejected. Generally, the optimal value of 𝛥𝑟 is selected in 

such a way that approximately the 50% of the trial moves is accepted (FRENKEL; SMIT; 

RATNER, 1997) (acceptance probability given by Equation 3.60). 

The rotation move is considered for molecules with more than one interaction center 

(FRENKEL; SMIT; RATNER, 1997). It consists of assigning linear rotation transformations 

in the position vector where either the x, y or z axis of the coordinate system can be selected as 

a rotation axis. For example, a rotation along the x axis can be expressed as: 

 𝑟 (𝑛) = 𝑅𝑋 . 𝑟 (𝑜) =  [1 0 00 𝑐𝑜𝑠Δ𝜃 −𝑠𝑖𝑛Δ𝜃0 𝑠𝑖𝑛Δ𝜃 𝑐𝑜𝑠Δ𝜃 ] . 𝑟 (𝑜) 
(equation 3.62) 
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where 𝑟 (𝑜) and 𝑟 (𝑛) are the vectors that contain the coordinates of a molecule before and after 

the rotation, and ∆θ the rotated angle. The maximum rotation angle is chosen such that on 

average a 50% of rotations are accepted (according to Equation 3.60). 

In the grand-canonical ensemble, the number of guest molecules present in the system 

is not constant. Thus, the insertion of a molecule placed in a random position and orientation 

also follows a Metropolis scheme. The new configuration is accepted with the probability given 

by Equation 3.63: 

 𝑎𝑐𝑐(𝑜 → 𝑛) = min (1, 𝛽𝑓𝑉𝑁 + 1exp (−𝛽Δ𝑈)) 
(equation 3.63) 

 

where f is the fugacity of the molecule and V is the volume of the simulation box.   

For complex adsorbates, which have a high degree of flexibility or large size, various 

statistical bias techniques have been developed to increase the acceptance rate of some trial 

moves that speeds up the Monte Carlo simulation by allowing a more efficient sampling of the 

configurational space. As a typical illustration, the configurational bias technique (CBMC) 

based on a scheme derived by Rosenbluth (FRENKEL; SMIT; RATNER, 1997) consists of 

segment the molecule in pre-defined beads. The first bead is then randomly inserted according 

to the Metropolis acceptance rule for an insertion move and then the rest of molecule is 

constructed by insertion trial moves obeying pre-defined intramolecular interactions. Typically, 

in this thesis, the CBMC was considered for the adsorption of CWAs. 

Similarly, when a molecule is randomly removed, the new configuration is accepted 

with the probability given by Equation 3.64: 

 𝑎𝑐𝑐(𝑜 → 𝑛) = min (1, 𝑁𝛽𝑓𝑉 exp (−𝛽Δ𝑈)) 
(equation 3.64) 

 

The regrowth move trial is similar to the CBMC move. The molecules, which are 

discretized in bead, have their beads reorganized according to their intramolecular interactions. 

There are different possibilities for regrowing a molecule: removal of the molecule and their 

insertion back at a random position (full regrowth) or the partial removal of some of the beads 

followed by their regrowth (partial regrowth). 
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Another property of interest is the differential molar enthalpy of adsorption Hads 

which is commonly evaluated through the fluctuations over the number of molecules in the 

system N and the internal energy U. 

 ∆𝐻𝑎𝑑𝑠 = 𝑅𝑇 − 〈𝑈.𝑁〉 − 〈𝑈〉〈𝑁〉 〈𝑁2〉 − 〈𝑁〉2  
(equation 3.65) 

 

This method assumes an ideal behavior of the gas phase, where considerably large 

number of steps are needed to get a reasonable statistic for the averages in this equation, 

principally when applied in the limit of low coverage. Alternatively, the use of  a revised 

Widom’s test particle approach employed in the canonical ensemble provides a more accurate 

strategy to obtain the heat of adsorption (VLUGT et al., 2008). 

 

3.2.2 Interatomic potentials 

 

The energy of the global system is calculated by an expression which has four general 

terms: 

                     𝐸𝑡𝑜𝑡 = 𝐸𝑏𝑜𝑛𝑑 + 𝐸𝑎𝑛𝑔𝑙𝑒 + 𝐸𝑡𝑜𝑟𝑠𝑖𝑜𝑛 + 𝐸𝑛𝑏 (equation 3.66) 

𝐸𝑡𝑜𝑡 = ∑𝑘𝑖2 (𝑙𝑖 − 𝑙𝑖,0)2 + ∑𝑘𝑖2 (𝜃𝑖 − 𝜃𝑖,0)2 + ∑𝑉𝑛2 (1 + cos(𝑛𝜔)2) + 𝐸𝑛𝑏 

 

where, the first term (Ebond) accounts for the interaction between pairs of bounded atoms, 

modelled by a harmonic potential, where l is the bond length and the ki term is the force constant. 

The second term (Eangle) is a summation over all bond angles in the molecule. The third term 

(Etorsion) accounts for the energy changes as a bond rotates. The last term (Enb) corresponds to 

the non-bonded interactions. 

The non-bond terms are usually expressed in two terms, one comprising electrostatic 

interactions and the other van der Waals interactions. These interactions are modelled using a 

Coulomb potential term for electrostatic interactions and Lennard-Jones potential for van der 

Waals interactions (LEACH, 2001). The van der Waals interactions are composed by the 

attracting potential also called dispersive contribution and the repulsive contribution. 

Appropriate forms and parameters of a mathematical function need to be selected with 

the aim to reproduce as fairly as possible the potential energy of the adsorbate/adsorbent 
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interactions. It is customary to assume that the pairwise interactions are additive and that they 

can be modelled by: 

 𝐸 =   𝐸𝑃 + 𝐸𝐸 + 𝐸𝐷 + 𝐸𝑅 (2.67) 

where, the polarization (EP), the dispersion (ED) and the repulsion (ER) interactions are 

considered as non-specific interactions energy terms, while the electrostatic term (EE) is 

classified as a specific interaction energy term since it is involved in only certain 

adsorbate/adsorbent system. 

The polarization interactions arise as an effect of the proximity of the adsorbent electric 

field with the adsorbate. The resulting polarization energy is given by: 

 𝐸𝑃 = −12∑𝛼𝑖𝐸𝑖2𝑖  
(equation 3.68) 

 

where E is the electric field created by the adsorbent and  is the dipole polarizability of the 

adsorbate. 

The electrostatic interactions are often calculated using Coulomb’s law: 
 𝐸𝐸 = ∑ 14𝜋𝜀0 𝑞𝑖𝑞𝑗𝑟𝑖𝑗𝑖,𝑗  

(equation 3.69) 

where qi and qj are the charges carried by atoms of the adsorbate and the adsorbent, respectively, 

and 𝜀0 is the vacuum permeability (FRENKEL; SMIT; RATNER, 1997). The Ewald 

summation (EWALD, 1921) is the most used method to account the electrostatic interactions. 

Considering that only minor contributions of non-bonded interactions to the overall 

potential are obtained for large interatomic distances, it is usual to either truncate or shift the 

potential to a zero value after a cutoff distance (rcutoff). Different cutoff values should be tested 

and the shortest value from which no modification in the observables is noticed should be 

picked. However, the value of 12 Å is a default value normally employed in solid state. 

Another important point in MC simulation is the use of periodic conditions. 

Furthermore, in order to avoid the possibility of a particle to interact with their own mirror 

image, the shortest cell dimensions should be of at least double the size of the considered cutoff 

distance. 
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In most of the adsorbate/adsorbent interatomic potentials reported in the literature, the 

dispersion and repulsion terms are associated and converted to a Lennard–Jones (LJ) 12–6 

potential energy type function. 

 𝐸𝑅 = ∑∑4𝜀𝑖𝑗 [(𝜎𝑖𝑗𝑟𝑖𝑗)12 − (𝜎𝑖𝑗𝑟𝑖𝑗)6]𝑗>𝑖𝑖  
(equation 3.70) 

 

The LJ 12–6 potential contains just two adjustable parameters: the collision diameter 𝜎𝑖𝑗 (the separations for which the energy is zero) and the depth of the potential well (𝜀𝑖𝑗), 

illustrated in Figure 3.3. 

 

Figure 3.3 - Plot of the Lennard–Jones potential function. 

 

Source: Adapted from (LEACH, 2001). 

 

Note that in the LJ potentials the attractive part is modeled by functions (r-6) and the 

repulsive part by r-12. 

The cross-term parameters for the pairs ij are usually obtained using mixing rules 

considering the individual 𝜀𝑖𝑗  and 𝜎𝑖 parameters assigned to each atom, which are related to 

their polarizability and size respectively. In the case of the Lorentz-Berthelot mixing rule 

(LORENTZ, 1881) these parameters are obtained as follows: 

 𝜎𝑖𝑗 = 𝜎𝑖 + 𝜎𝑗2    ,    𝜀𝑖𝑗 = √𝜀𝑖𝜀𝑗 
(equation 3.71) 
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The LJ parameters for all atoms of the adsorbent are usually taken from generic force 

fields available in the literature, more particularly Universal Force Field (UFF) (RAPPÉ et al., 

1992) and DREIDING (MAYO et al., 1990). Such popular force fields that contain LJ 

parameters for the majority of the atoms of the periodic table are revealed to be surprisingly 

well transferable for treating the adsorption in a wide class of porous solids. Regarding the 

atoms of the adsorbate, the corresponding LJ parameters are usually obtained from a fit of the 

experimental vapour liquid equilibrium data as, for instance, in the well-known transferable 

potentials for phase equilibria (TraPPE) force field (MARTIN; SIEPMANN, 1998). In such 

force fields, the adsorbates can be further modelled as either rigid or flexible molecules. 

 

3.2.3 Microscopic description of the host Metal-Organic Frameworks 

 

In this work, the atomic positions of all MOF frameworks were taken from the crystal 

structures previously solved experimentally. All these structures were further geometry 

optimized at the DFT level (DELLEY, 2000) (see Chapter 4). Each atom of these materials was 

treated by a single charged LJ center as it is usually operated in the field of porous materials 

and modelled as rigid frameworks. The LJ parameters for the atoms of MOFs are usually taken 

from generic forcefields available in the literature, in particular the Universal (UFF) (RAPPÉ 

et al., 1992) and DREIDING (MAYO et al., 1990) force fields for the description of the 

inorganic and organic nodes respectively. Finally, the Mulliken (MULLIKEN, 1955) partial 

charges for all atoms of the MOF frameworks were further obtained using single point energy 

calculations (see the annex in Chapter 4). 

 

3.2.4 Microscopic description of the adsorbates 

 

The CWAs, Sarin, Soman and DMMP molecules were described by a united atom 

representation including LJ point charges with parameters taken from the TraPPE force field, 

reported by Sokkalingam et al. (SOKKALINGAM et al., 2009). Same united atom 

representations were considered for the simulants DIFP and pinacolyl methylphosphonate 

(PMP) molecules with parameters taken from the previous work reported by Vishnyakov et al. 

(VISHNYAKOV et al., 2011) and Sokkalingam et al. (SOKKALINGAM et al., 2009), 

respectively. These molecules were considered as a rigid body. The charges assigned to all 

atoms of these molecules are illustrated in Figure 3.4. 
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4 COMPUTATIONAL EVALUATION OF THE CWAS CAPTURE PERFORMANCES 

OF ROBUST MOFs 

 

This chapter exposes the computational evaluation of the CWA capture performances 

of a series of MOFs. Priority was given to explore MOFs based on Zr- and Ti-metal ions, 

showing different pore size/topology and incorporating diverse adsorption sites, that have been 

proved to be water stable. Tweety-five chemical stable MOFs were selected to get insight into 

the adsorption properties of the nerve agents sarin and soman as well as their most common 

simulants used in experiments, i.e. DMMP, DIFP and Pinacolyl methylphosphonate (PMP) in 

terms of uptake, enthalpy and preferential adsorption sites. The computational methodology 

was defined as follows: 

The structural models for all MOFs were taken from the literature and were further 

geometry optimized at the Density Functional Theory (DFT) level keeping the experimental 

unit cell parameters fixed. These calculations were performed using the PBE functional at 

generalized gradient approximation (PERDEW; BURKE; ERNZERHOF, 1996) combined with 

the Double Numeric basis set with Polarization functions (DNP) (HEHRE; DITCHFIELD; 

POPLE, 1972) on all atoms as implemented in DMol3 package (DELLEY, 2000). Using the 

same program, the Mulliken partial charges for all atoms of the MOF frameworks were further 

obtained using single point energy calculations (MULLIKEN, 1955). 

Grand Canonical Monte Carlo (GCMC) simulations were performed at 298 K for all 

MOFs and CWAs selected in this work for a series of fugacity for the CWAs up to 5000 kPa in 

order to estimate the saturation capacity for each molecule. The simulation box considered for 

all MOFs was defined in such a way that all a, b and c dimensions were longer than 24 Å. The 

LJ cross parameters corresponding to the interactions between the CWAs and the MOFs 

framework were obtained using the Lorentz-Berthelot mixing rules. Short-range dispersion 

forces described by LJ potentials were truncated at a cutoff radius of 12 Å, whereas long-range 

electrostatic interactions were handled using the Ewald summation technique. For each state 

point, 2 × 108 Monte Carlo steps have been used for both equilibration and production runs. 

The adsorption enthalpy at low coverage for each molecule was calculated using the revised 

Widom’s test particle insertion method (VLUGT et al., 2008). To gain insight into the 

arrangement of the CWAs in the pores of the MOFs, the CWA/CWA and CWA/MOF radial 

distribution functions (RDFs) were obtained by averaging over the whole configurations 

generated during the GCMC simulations. 
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Quantum calculations were performed using the codes available in the Quantum-

Espresso package, (GIANNOZZI et al., 2009) which implements the DFT (KOHN; SHAM, 

1965; RAJAGOPAL; CALLAWAY, 1973) at generalized gradient approximation (PERDEW; 

BURKE; ERNZERHOF, 1996) under periodic boundary conditions using plane wave functions 

as basis set (MAKOV; PAYNE, 1995). Vanderbilt (VANDERBILT, 1990) ultrasoft 

pseudopotentials were used to describe the ion cores of atoms. This methodology was applied 

to understand to in-depth characterize the nature of the CWA/MOF interactions. A Bader charge 

analysis was conducted on the MOF/CWA systems using a grid-based algorithm 

(HENKELMAN; ARNALDSSON; JÓNSSON, 2006) to analyze the potential charge transfer 

between the CWAs and the MOFs. The charge in all atoms of the system was defined as the 

difference between the valence charge and the Bader charge. 

As a first stage, pore diameter, free pore volume and the N2-accessible surface area were 

calculated from the crystal structure of all MOFs with the aim to use them to correlate with their 

CWA adsorption properties. 

Secondly, GCMC simulated saturation uptakes at 298 K for all MOFs with respect to 

sarin, soman, DMMP and DIFP were calculated using a pressure of 5000 kPa. These 

performances are futher correlated with the features of the MOFs. It was evidenced that the 

uptake of each CWA considered individually correlates rather well with the N2- accessible 

surface area calculated for the MOFs, but the correlation is even better using the free pore 

volume as a descriptor of the MOFs. For this reason, a new term which is given by a relation 

between the free pore volume of the MOFs and the volume of the bulkier CWA, i.e. soman, 

and the other molecules was introduced. As a further step, this computational database has been 

used to build model structure-adsorption performances in order to identify the key parameters 

of the MOFs that drive the CWA capture. 

Thirdly, the GCMC simulations were performed to evidence the preferential adsorption 

sites of CWAs and the nature of the CWA/MOF interactions by a careful analysis of the 

corresponding radial distribution functions averaged over all the MC configuration. This was 

completed by further DFT calculations to calculate the bader charges for the isolated and 

adsorbed CWAs in the structures. 

Finally, the choice of reliable simulants to accurately mimic the adsorption behavior of 

real toxic molecules in MOFs has been further discussed and in particular it has been established 

that soman is better described considering the pinacolyl methylphosphonate rather than the 

standard dimethyl-methyl-phosphonate and diisopropyl fluorophosphate simulants. 
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In the following sections, the main results obtained in these different steps are 

summarized. 

 

4.1 CWA UPTAKE AND ENERGETIC PERFORMANCES IN MOFs 

 

The Zr-MOFs selected in this study can be categorized into five types of materials based 

on the connectivity of the Zr6 nodes. The node connectivity ranges, which is the number of 

ligands coordinated to the secondary unit build, from nominally 12-connected [UiO-66-(Zr) 

(CAVKA et al., 2008), UiO-66-(Zr)-Cl, UiO-66-(Zr)-(OH)2, UiO-66-(Zr)-CO2H, UiO-66-(Zr)-

NO2, UiO-66-(Zr)-NH2 (YANG et al., 2011b), UiO-67-(Zr), UiO-68-(Zr) (CAVKA et al., 

2008), Zr6-AZO-BDC (SCHAATE et al., 2012) and MIL-200 (WANG et al., 2018)] in which, 

ideally, all the Zr atoms are fully coordinated to organic linkers, 11-connected [UiO-66-(Zr)-

defects3 (ROGGE et al., 2016)], 10-connected [UiO-66-(Zr)-NH2-defects6 (ROGGE et al., 

2016)], 8-connected [NU-1000 (MONDLOCH et al., 2013) and MIP-200-OH-H2O (WANG 

 et al., 2018b)] and 6-connected [MIL-140D (GUILLERM et al., 2012), MIL-140E and 

MIL-140G (SERRE, 2018; ZHANG et al., 2019), MOF-808-A, MOF-808-F, MOF-808-P and 

MOF-808-OH-H2O (LIANG et al., 2014)]. The Ti-MOFs, MIL-125-(Ti) and MIL-125-(Ti)-

NH2 (DAN-HARDI et al., 2009), MIP-177 (WANG et al., 2018b) are 12-connected and the 

activated structure MIP-177-OH-H2O (WANG et al., 2018b) 8-connected (see structures in the 

annex provided at the end of this chapter). The structures of MIP-177-OH-H2O, MIP-200-OH-

H2O, MOF-808-OH-H2O and defective UiO-66-(Zr) and UiO-66-(Zr)-NH2 were preliminary 

saturated by hydroxyl and water groups. These atoms were added to the metal atoms of the 

inorganic nodes. 

Table 4.1 reports calculated textural parameters for the MOFs mentioned above, as the 

pore diameter, free pore volume, the N2-accessible surface area as well as  corresponding to 

the ratio between the free pore volume and the bulk volume. 
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Table 4.1 - Calculated parameters for the MOFs used in this work. 

 

MOFa 

Pore 

Diameter 

(Å) 

Free 

Volume 

(cm3 g-1) 

N2-accessible 

Surface Area 

(m2 g-1) 

 

(vol free / 

bulk vol) 

MIL-125-Ti 11.825 0.832831 1177.726 0.6869 

MIL-125-Ti-NH2 10.575 0.766283 856.7341 0.6672 

MIL-140D 6.675 0.451392 842.6429 0.5563 

MIL-140E 6.575 0.526423 1012.35 0.5678 

MIL-140G 7.225 0.593178 1145.352 0.6016 

MIP-177 12.075 0.424009 665.6882 0.5307 

MIP-177-OH-H2O 12.775 0.419972 609.0819 0.5354 

MIP-200 13.125 0.58119 1271.794 0.6260 

MIP-200-OH-H2O 14.225 0.559583 1107.561 0.6349 

MOF-808-A 16.425 0.835779 1716.062 0.7263 

MOF-808-F 19.275 1.850036 3905.768 0.7586 

MOF-808-OH-H2O 18.425 0.996946 1639.882 0.7674 

MOF-808-P 13.525 0.74394 1437.384 0.6873 

NU-1000 28.375 1.660864 3063.163 0.8089 

UiO-66(Zr)Cl 7.425 0.405001 279.3534 0.5604 

UiO-66(Zr)NH2 6.825 0.231553 156.9568 0.5670 

UiO-66(Zr)NO2 5.725 0.374718 422.4698 0.5346 

UiO66(Zr)NH2-defects6 7.175 0.464642 727.0506 0.5810 

UiO-66(Zr) 7.875 0.465402 284.4096 0.5721 

UiO-66(Zr)(OH)2 7.475 0.41349 293.0811 0.5666 

UiO-66(Zr)CO2H 6.175 0.367697 208.1366 0.5230 

UiO-66(Zr)defects3 7.975 0.564295 790.9662 0.6307 

UiO-67(Zr) 12.275 1.036771 2915.656 0.7342 

UiO-68(Zr) 13.775 1.750584 4074.305 0.8093 

Zr6-AzoBDC 13.825 1.372035 3440.579 0.7833 

Source: Elaborated by the author (2019). 
aSee Annex. 
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The saturation capacities for all the MOFs mentioned above were simulated for the 

molecules listed in Figure 4.1. 

 

Figure 4.1 - Illustration of the CWAs molecules: (a) Soman, (b) Sarin, (c) DMMP, (d) DIFP 

and (e) PMP considered in this work. 

 

Source: Elaborated by the author (2019). 

 

One can observe that the best materials for CWA capture are MOF-808s, NU-1000, 

UiO-68(Zr) and Zr-Azo-BDC (see Figure 4.2). This conclusion remains valid for all real CWAs 

and their simulants with adsorption uptakes above 2 mmol g-1. This level of performances 

significantly surpasses that of previously reported MOFs and other standard porous materials. 

Typically, the activated carbons adsorb much lower amounts of CWAs. As an illustration 

Kowalczyk et al. (KOWALCZYK et al., 2013), demonstrated that pitch-based P7 Activated 

Carbon Fiber (ACF) and the commercialized Norit activated carbons adsorb only 0.806 mmol 

g-1 and 0.161 mmol g-1 of DMMP respectively. In addition, the current activated carbon ASZM-

TEDA showed a sarin adsorption uptake of 0.04 mg m-3 (OUDEJANS, 2014). Regarding 

MOFs, as mentioned in the chapter 1, only a very few studies have been reported on their CWA 

adsorption performances. It is possible to cite the sodalite-type MOF, NENU-11(Cu) (MA et 

al., 2011b), MOF-5(Zn) (NI et al., 2007), NU-1000(Zr) (ASHA; SINHA; MANDAL, 2017) 

and UiO-67(Zr) (ASHA; SINHA; MANDAL, 2017) that were shown to adsorb 1.92 mmol g-1, 

7.3 mmol g-1, 1.7 mmol g-1 and 0.90 mmol g-1 of DMMP respectively. 
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Figure 4.2 - GCMC simulated saturation uptakes at 298 K for all MOFs with respect to sarin, 

soman, DMMP and DIFP calculated using a pressure of 5000 kPa. 

 

Source: Elaborated by the author (2019). 

 

As a further step, I concentrated my effort to identify the features of the MOFs at the 

origin of these high CWA uptakes. The uptake of each CWA considered individually was 

shown to correlate rather well with the N2-accessible surface area calculated for the MOFs (c.f 

Figure 4.2 and Table 4.1).  Figure 4.3 illustrates the GCMC simulated uptakes for all CWAs in 

MOFs as a function of the N2-accessible surface area of the MOF, with the correlation 

coeficients R2 varying from 0.84 to 0.90. These correlations showed the same tendency for all 

CWAs, where, as larger is the surface area higher is the capacity of adsorbed the molecule. 

However, the structures: Zr6-AZO-BDC, NU-1000 and UiO-67(Zr) did not fit very well on this 

correlation, since lower values were found for the correlation coefficient, indicating that the N2-

accessible surface area is most probably not the best parameter to be correlated with the capacity 

of stockpiling CWA in MOFs. 

 

 

 

M
IL
-1
25
(T
i)

M
IL
-1
25
(T
i)
-N
H
2

M
IL
-1
40
D

M
IL
-1
40
E

M
IL
-1
40
G

M
IP
-1
77

M
IP
-1
77
-O
H
-H
2O

M
IP
-2
00

M
IP
-2
00
-O
H
-H
2O

M
O
F
-8
08
-A

M
O
F
-8
08
-F

M
O
F
-8
08
-O
H
-H
2O

M
O
F
-8
08
-P

N
U
-1
00
0

U
iO
-6
6(
Z
r)
C
l

U
iO
-6
6(
Z
r)
N
H
2

U
iO
-6
6(
Z
r)
N
H
2-
d
ef
ec
ts
6

U
iO
-6
6(
Z
r)
N
O
2

U
iO
-6
6(
Z
r)

U
iO
-6
6(
Z
r)
(O
H
)2

U
iO
-6
6(
Z
r)
C
O
2H

U
iO
-6
6(
Z
r)
d
ef
ec
ts
3

U
iO
-6
7(
Z
r)

U
iO
-6
8(
Z
r)

Z
r6
-A
Z
O
-B
D
C

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

C
W

A
s
 U

p
ta

k
e
 /

 m
m

o
l 
g

-1

 DMMP  Sarin  DIFP  Soman



93 
 

Figure 4.3 - GCMC simulated uptakes for all CWAs in MOFs as a function of the N2-

accessible surface area of the MOFs (reported in Table 4.1). 

 

Source: Elaborated by the author (2019). 

 

Then, the correlation of the uptake for all CWAs in MOFs as a function of the free pore 

volume of the MOFs was evaluated. Figure 4.4 shows that it is much better to use the free pore 

volume as a descriptor of the MOFs, with correlation coefficients higher than 0.96, indicating 

that the adsorption process of CWAs is accurately correlated to the space available in the pores 

of this materials. 
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Figure 4.4 - GCMC simulated uptakes for all CWAs in MOFs as a function of the free volume 

of the MOFs (reported in Table 4.1). 

 

Source: Elaborated by the author (2019). 

 

Figure 4.5 further illustrates the correlation for all CWAs between the uptake capacity 

of the MOF with the fraction free pore volume of the MOF/volume of the adsorbed molecule 

(VMOF/CWA). One can notice that excluding the materials MOF-808-OH-H2O, MIL-

125(Ti)NH2 and UiO-66(Zr)NH2 (Figure 4.5b) was obtained a very good coefficient of 

correlation of 0.99. Indeed, the adsorption uptakes also depend on the CWAs volume, where 

the highest loading is found for DMMP followed by sarin, DIFP and lastly soman. 
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Figure 4.5 - Structure-adsorption uptake relationship for CWAs in MOF (a) for all studied 

MOFs and (b) where the materials MIL-125(Ti)NH2, MOF-808-OH-H2O and UiO-66(Zr)NH2 

were removed. 

 

Source: Elaborated by the author (2019). 

 

In order to obtain a more generic correlation, another geometric descriptor labelled as α 

was introduced. It is given by the following expression: 𝛼 = ( 𝑉𝑀𝑂𝐹𝑣𝑆𝑜𝑚𝑎𝑛𝑣𝐶𝑊𝐴 ) , where VMOF 

corresponds to the free pore volume of the MOF, 𝑣𝑆𝑜𝑚𝑎𝑛 and 𝑣𝐶𝑊𝐴 are the volume of the bulkier 

CWA, i.e. soman, and the other molecules respectively. Figure 4.6a shows the correlation for 

all studied MOFs, where the correlation coefficient of 0.91 can be explained by the fact that 
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some MOFs presents a loading capacity for DMMP slightly higher than for sarin and soman. 

Thus, Figure 4.6b evidences an excellent correlation between the uptakes and α for MIL-125-

Ti, MIL-140G, MIP-177-OH-H2O, MIP-200-OH-H2O, NU-1000, MOF-808-OH-H2O, UiO66-

NH2-defects6, UiO66-Zr-defects3, UiO-67, UiO-68 and Zr-AzoBDC (correlation coefficient 

R2 of 0.99). This structure-adsorption uptake performance relationship emphasizes that the 

capacity of stockpiling CWA in MOFs is predominantly governed by a pore filling mechanism, 

the higher porosity leading to the higher CWA uptake. Typically, the best materials UiO-68(Zr) 

and MOF-808s show the highest free pore volumes of 1.75 and 1.85 cm3 g-1 respectively (see 

Table 4.1). 

 

Figure 4.6 - Structure-adsorption uptake relationship for CWAs in MOF (a) for all studied 

MOFs and (b) for MIL-125-Ti, MIL-140G, MIP-177-OH-H2O, MIP-200-OH-H2O, NU-

1000, MOF-808-OH-H2O, UiO66-NH2-defects6, UiO66-Zr-defects3, UiO-67, UiO-68 and 

Zr-AzoBDC. 

 

Source: Elaborated by the author (2019). 

 

I further evidenced that the calculated adsorption enthalpy is higher for all CWAs in the 

case of the MOFs showing the lowest free pore volume, although a direct correlation was not 

found since the chemical features of the MOFs also impact the CWA/MOF interactions (Figure 

4.7). This observation is consistent with the systematic computational study reported by 

Agrawal et al., which demonstrated that the MOFs with the pore limiting diameters in the range 

of 6-8 Å show the highest affinity for Sarin (AGRAWAL et al., 2018). Even though a certain 

degree of scatter exists, the trend shows that each adsorbate occupies about the same pore 

volume for a given relative pressure. One clearly sees that more confinement induces higher 

interaction energy, as it is usually observed for many guests adsorbed in porous materials. It is 
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to be noted that while a linear fitting was used to correlate the results described above, in this 

analysis (Figure 4.7) was performed a polynomial fitting of order 2 with a fix intercept at 110. 

 

Figure 4.7 - GCMC simulated adsorption enthalpy as a function of α (a) for all studied MOFs 

and (b) for MIL-125-Ti, MIL-125-Ti(NH2), MIP-177-OH-H2O, MIP-200, MIP-200-OH-H2O, 

MOF-808-F, MOF-808-OH-H2O, UiO66-Cl, UiO66-NH2-defects6, UiO66-Zr, UiO66-

Zr(OH)2, UiO66-Zr(CO2H), UiO66-Zr-defects3, UiO-67, UiO-68 and Zr-AzoBDC. 

 

Source: Elaborated by the author (2019). 
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has the lower cavity diameter (5.725 Å) of the studied MOFs, and for sarin in UiO-66(Zr)NH2 

(6.825 Å). On the other hand, the lowest values are gotten for DMMP and sarin in UiO-68(Zr) 

(13.775 Å) and DIFP and soman in MOF-808-P (13.525 Å) (c.f Table 4.1 and Figure 4.8). 

 

Figure 4.8 - GCMC simulated adsorption enthalpy at 298 K for all MOFs with respect to 

sarin, soman, DMMP and DIFP calculated at low coverage. 

 

Source: Elaborated by the author (2019). 

 

The strength of interactions obtained for these screened MOFs is significantly higher 

than the unique value reported so far for a MOF, i.e. -44.8 kJ mol-1 for DIFP in Zn-DMCP 

(MONTORO et al., 2011). This result emphasizes MOFs combining large uptake and very 

strong MOF/CWA interactions at low coverage can be selected to strongly bind the CWA 

molecules. This very high affinity is a crucial prerequisite for further use of this family of 

materials as CWA filters to ensure an immediate capture of the CWA once it is adsorbed in the 

pores and to limit the potential risk of CWA released under operating conditions. This is a clear 

advantage compared to the other porous adsorbents which have been shown to establish weaker 

interactions with the CWA. Typically, Kowalczyk et al. (KOWALCZYK et al., 2005) reported 

the DMMP adsorption enthalpies ranging from -55 to -61 kJ mol-1 for diverse carbonaceous 
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materials including pitch-based P7 ACF and commercialized granular activated carbons (Norit 

and D55/2) while Loven et al (LOVEN, A.W. & VERMILION, 1964) evidenced that the PCC 

coal-based carbon (KOWALCZYK et al., 2013; LOVEN, A.W. & VERMILION, 1964) with a 

smaller pore width of ~ 5 Å shows a slightly higher adsorption enthalpy of -84 kJ mol-1 but still 

lower than the values simulated here for certain MOFs. 

 

4.2 UNDERSTANDING OF THE CWA/MOFs INTERACTIONS 

 

To gain more insight into the microscopic origin of the potentially high CWA/MOF 

interactions, a carefully analysis of the preferential adsorption sites for the CWAs was 

undertaken based on the calculations of the RDFs for the corresponding pairs. Typically, the 

scenario is depicted for the defective UiO-66-(Zr)-NH2 which is one of the MOFs showing the 

strongest interactions with soman, DMMP, sarin and DIFP associated with adsorption 

enthalpies of -108, -95, -93 and -94 kJ mol-1 respectively. It is be noted that these values 

converge well with the interaction energies calculated at the DFT-level. This observation 

validates the set of LJ potential parameters and atomic partial charges used to describe the 

CWA/MOF interactions. 

Figure 4.9a shows that sarin is preferentially located in the vicinity of the amino function 

grafted to the organic linker via an interaction between its oxygen atom of the P=O group and 

the hydrogen atom of the amino group with a characteristic distance of 2.7 Å. Such a range of 

interacting distance suggests a van der Waals-type interaction between CWA and the pore wall 

of the MOFs and thus a physisorption-based process. The same preferential interactions with 

the NH2-group of the MOF were also observed for the simulants DMMP and DIFP (Figure 

4.9c and d) while the adsorption behavior of soman only slightly deviates with an interaction 

between its oxygen atom of the P=O group and the hydrogen atom of the hydroxyl group 

bounded to the Zr atom (Figure 4.9b). Relatively similar strength of CWA/MOFs and 

microscopic adsorption mechanisms were also observed for the other best MOFs including for 

instance MOF-808s. 

 

 

 

 

https://pt.wikipedia.org/wiki/Ångström
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Figure 4.9 - A typical illustration of the preferential sittings for (a) Sarin, (b) Soman, (c) DIFP 

and (d) DMMP in the pores of the defective UiO-66(Zr)-NH2 and the corresponding 

CWA/MOF radial distribution functions averaged over all the MC configurations. 

 
Source: Elaborated by the author (2019). 
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In order to confirm that the CWA adsorption proceeds in these MOFs via physisorption-

type interactions, further DFT analysis were performed. As a typical example, it was 

specifically treated the case of CWA adsorbed in the defective UiO-66(Zr)-NH2. The analysis 

of Bader charges revealed that there is no significant change when one compares the charges 

of the isolated and confined CWA as summarized in Table 4.2. This result clearly supports that 

there is no significant charge transfer between the CWA and the host framework which excludes 

the existence of a chemisorption process. 

 

Table 4.2 - Bader charge analysis for the isolated and adsorbed CWAs in the defective       

UiO-66(Zr)-NH2. 

Charges Isolated 
Soman 

Confined 
Soman 

Isolated 
Sarin 

Confined 
Sarin 

Isolated 
DMMP  

Confined 
DMMP 

Isolated 
DIFP 

Confined 
DIFP 

O=(P) -1.87 -1.88 -1.88 -1.88 -1.88 -1.87 -1.88 -1.88 

O-CH -1.71 -1.71 -1.71 -1.71 - -1.70 -1.71 -1.70 

P 4.86 4.86 4.86 4.86 4.86 4.86 4.86 4.87 

F -1.03 -1.01 -1.01 -1.01 - - -1.01 -1.01 

CH3-P -1.27 -1.24 -1.26 -1.26 -1.21 -1.25 - - 

O-CH3 - - - - -1.73 -1.72 - - 

Source: Elaborated by the author (2019). 

 

4.3 COMPARISON BETWEEN THE ADSORPTION BEHAVIORS OF CWAs AND THEIR 

SIMULANTS 

 

From an experimental standpoint, simulant molecules, with physical or chemical 

properties similar to the real CWAs, are usually considered to avoid working with the highly 

toxic agents. DMMP and DIFP are the most common simulants employed to mimic soman and 

sarin, however it is crucial to make sure that they accurately capture the adsorption behaviour 

of the real molecules and this issue has been only rarely discussed so far in the literature. In this 

concern, Agrawal et al. (AGRAWAL et al., 2018) showed that dimethyl p-nitrophenyl 

phosphate is a suitable simulant to mimic the adsorption of Soman while DMMP, DIFP and 

diethyl chlorophosphite are more appropriate to reproduce the behavior of Sarin. To address 

this question in the case of MOFs, it was considered the comparison of the adsorption 

behaviours of DIFP, DMMP, soman and sarin in two representative MOFs, namely the MOF-
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808-OH-H2O and the MIP-177-OH-H2O. The simulated adsorption uptakes and adsorption 

enthalpies for all four molecules are represented in Table 4.3. It can be clearly stated that while 

DMMP and DIFP accurately reproduce the behavior of sarin in terms of uptake and energetics 

this is far to be the case for soman. Therefore, I searched for an alternative simulant that can 

mimic more accurately soman. Indeed, the PMP molecule showing similar backbone than the 

real molecule (see Figure 4.1) was thus considered. 

Table 4.3 indicates that this simulant reproduces much better the adsorption behavior of 

soman (in terms of both uptake and energetics), while Figure 4.10 shows that this molecule 

occupies a preferential sitting in the pores similar to the real molecule. This observation 

suggests that this simulant of low toxicity should be considered as an alternative similant to the 

standard DMMP and DIFP molecules to explore the performances of MOFs regarding soman. 

 

Table 4.3 - Simulated adsorption uptakes and enthalpies for sarin, soman, DMMP, DIFP and 

PMP in two representative MOF materials investigated in this study. 

Uptake / mmol g-1  H / kJ mol-1 

sarin DMMP DIFP soman PMP  sarin DMMP DIFP soman PMP 

MIP-177-OH-H2O 
 

1.695 
 

1.977 
 

1.212 
 

1.122 
 

1.110 
  

67.63 
 

70.30 
 

71.26 
 

88.26 
 

83.89 

MOF-808-OH-H2O 
 

6.685 
 

7.95 
 

4.839 
 

4.716 
 

4.509 
  

62.90 
 

64.65 
 

57.79 
 

74.71 
 

72.05 

Source: Elaborated by the author (2019). 
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Figure 4.10 - GCMC simulations at low loading. A typical illustration with the preferential 

sittings for a) Soman and b) DIFP in the pores of MOF-808-OH-H2O and the radial 

distribution functions between all the hydrogen atom of the active sites and the oxygen of 

guest molecules. 

 

Source: Elaborated by the author (2019). 

 

4.4 CONCLUSION 

 

This chapter describes a computational evaluation of the CWA capture performances of 

robust MOFs. The GCMC simulations evidenced that a series of water stable Zr and Ti MOFs 

show outstanding adsorption uptakes for soman, sarin and their simulants combined with high 

adsorption enthalpies. This level of performance makes these materials potentially attractive as 

CWA filters with great promises in large payload and limitation of release under operating 

conditions. Force field and quantum-calculations were coupled to clarify the microscopic 

adsorption mechanisms. Although the CWA adsorption enthalpies reached for some MOFs 

values higher than -100 kJ mol-1, complementary DFT analysis precluded the existence of 

charge transfer between the CWA and the host framework consistent with a physisorption-

based process involving mostly van der Waals interactions. Structure-CWA adsorption 
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performances relationship was established with the definition of a geometric descriptor based 

on the free pore volume of the MOF and the molecular dimension of the CWAs. Finally, it was 

evidenced that a special attention needs to be paid when one selects the simulants to mimic the 

adsorption of real CWAs in MOFs. While the standard DMMP and DIFP simulants reproduce 

well the behavior of sarin, this is not anymore true for soman and an alternative simulant 

established in this work, namely the PMP molecule, needs to be considered. 
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5 COMPUTATIONAL EXPLORATION OF THE CATALYTIC DEGRADATION OF 

CWAs BY Ti- AND Zr- MOFs 

 

A considerable number of studies has been dedicated so far to probe the catalytic 

degradation performances of MOFs for diverse CWAs, however the microscopic mechanisms 

in play are still not fully understood. Therefore, in this chapter three distinct mechanisms of 

CWA decomposition were explored in a series of MOFs that have been revealed as promising 

candidates in terms of adsorption uptakes and energetics for these toxic molecules, i.e. MIP-

177(Ti), MIP-200(Zr), UiO-66(Zr) and UiO-66(Zr)-NH2 (see chapter 4). The selected CWAs 

include soman, sarin, sulfur mustard as well as their respective simulants.  

In this context, DFT calculations were performed with periodic boundary conditions to 

accurately assess the main states of the degradation reaction (reactants, transition state and 

products) and the associated activation energy barriers for each degradation reaction 

(MOMENI; CRAMER, 2018a). The Quantum-Espresso package (GIANNOZZI et al., 2009) 

was employed with the use of pseudopotentials to describe ion cores and plane-wave basis sets 

(KOHN; SHAM, 1965) while the generalized gradient approximation GGA-PBE for the 

exchange-correlation functional (PERDEW; BURKE; ERNZERHOF, 1996) and the Vanderbilt 

ultra-soft pseudopotentials (VANDERBILT, 1990) to describe the ion cores of Ti, Zr, P, C, O, 

H and F atoms were considered. The energy cutoff for the plane wave basis set was fixed to 50 

Ry (400 eV) and the electron density was obtained at the Γ point in the first Brillouin zone 

(PACK; MONKHORST, 1977). The atomic positions and cell parameters of all MOFs were 

taken from the crystal structures previously reported (CAVKA et al., 2008; ROGGE et al., 

2016; WANG et al., 2018a, 2018b). All the structures containing pending Ti- or Zr- atoms were 

saturated by –OH and –H2O groups. The corresponding structures were fully DFT-geometry 

optimized (both cell parameters and atomic positions relaxed) until all force components were 

smaller than 0.001 Ry/Bohr and the convergence criterion of 10-4 Ry was reached for the total 

energy. 

Starting with these DFT-optimized empty structures, 1 molecule of CWA or its 

simulants were introduced in the pore of each MOF by means of Monte Carlo simulations 

following the methodology (force field parameters, charges, number of MC steps) detailed in 

Chapter 4. The resulting guest-loaded structures were further optimized at the DFT-level. 

Minimum energy paths (MEPs) (HENKELMAN; UBERUAGA; JÓNSSON, 2000) for the 

different envisaged catalytic degradation mechanisms were further computed to identify the 

transition state and products, evaluate the corresponding reaction barrier and characterize the 
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main structural modifications along the reaction. The geometries of eleven images used to 

compute each MEP were optimized to establish the minimum-energy path on the potential 

surface of the system until the energy variation was below 0.05 eV/Å. The convergence 

criterion was satisfied when all components of the forces were smaller than 10-4 Ry/Bohr. The 

energy involved in the process of desorption of the molecules, thought the adsorption of one 

water molecule in the MOFs was further calculated according to the reaction as schematized by 

equation 5.1. 

 

      Product(s) + H2O(g) → MOF(s) + HX(g) + deactivated CWA(g)        (equation 5.1) 

 

For soman, sarin and sulfur mustard (HD) the molecules involved in the process of 

desorption are Pinacolyl methylphosphonic acid (PMP), Isopropyl methyl phosphonic acid 

(IMPA) and Half mustard (half_HD), respectively. HX is hydrofluoric acid for sarin and soman 

while hydrochloridric acid is obtained for HD. 

In this thesis, several possible hydrolysis mechanisms on the activated Ti site of a 

recently discovered highly stable Ti-MOF, MIP-177(Ti) were for the first time explored 

(WANG et al., 2018b), in the presence/absence of water, considering Sarin and its simulants 

Dimethyl methylphosphonate and diisopropyl phosphorofluoridate. The hydrolysis 

mechanisms on the activated Ti site were considered with the aim to carefully characterize the 

main states of the degradation reaction (reactants, transition state and products), the minimum 

energy reaction path and the resulting activation energy barriers required to initiate the catalytic 

degradation and hence the most probable reaction pathway. These whole set of data were further 

compared with the corresponding data reported in the literature for the whole series of Zr-

MOFs(CHEN et al., 2018; HARVEY; GREATHOUSE; SAVA GALLIS, 2018; MOMENI; 

CRAMER, 2018a, 2018b; TROYA, 2016; WANG et al., 2017) in order to assess the promises 

of MIP-177(Ti) as CWA catalyst. The Soman and Sarin degradation mechanisms were further 

studied in the Zr-MOFs as well as the hydrolysis reaction of sulfur mustard and its simulant 2-

Chloroethyl ethyl sulfide, also known as half-mustard (CEES). 
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5.1 DEGRADATION OF SARIN ON THE ACTIVATED Ti SITE OF MIP-177(Ti) 

 

As mentioned before, the catalytic degradation of CWAs into less toxic products by 

MOFs have been exclusively focused on Zr-based materials so far although Ti-MOFs, might 

be also of interest owing to the well-known capacity of Ti-compounds to efficiency hydrolyze 

CWAs. Indeed, the use of titanium oxides as catalysts for the degradation of toxic industrial 

compounds is well documented (SCHNEIDER et al., 2014). Nanotubular Titania were 

demonstrated to be attractive for the catalytic degradation of a series of CWAs including Sarin, 

Soman, Sulfur mustard and VX (LEE et al., 2017; LEMAIRE et al., 2017; MCCARTHY et al., 

2017). Furthermore, recent works reported the incorporation of Ti compounds such as Ti(OH)4, 

TiO2 and TiCl4 into MOFs to enhance the efficiency of the hydrolysis of CWA (LEE et al., 

2017; MCCARTHY et al., 2017; VELLINGIRI; PHILIP; KIM, 2017; ZHAO et al., 2016). All 

together, this experimental observation encouraged us to envisage for the first time a Ti-MOF 

as a potential candidate for the degradation of Sarin and its simulants DMMP and DIFP. The 

carboxylate Ti-MOF labeled as MIP-177(Ti) (Figure 5.1) in its low temperature and formate 

free form (MIP stands for the Materials of the Institute of Porous Materials of Paris) (WANG 

et al., 2018b) was selected owing to its attractive predicted performances in terms of adsorption 

uptakes and energetics (VIEIRA SOARES; MAURIN; LEITÃO, 2019a) for a series of CWAs 

including soman, sarin, DMMP and DIFP (chapter 4), as well as its high chemical stability, its 

favorable 1D-type channel large enough (11 Å) to accommodate the CWA molecules and its 

optimal chemical environment that incorporates free Ti metal sites on its formate-free version 

able to act as active sites for catalysis. 

This MOF has highly ordered crystalline structures, integrating the properties of 

existing Ti–O compounds with those of ordered porous materials. It crystallizes in a hexagonal 

space group P6/mmm with unit cell parameters of a = b = 22.59 Å and c = 12.31 Å. This robust 

structure comprises a Ti12O15 oxocluster and a tetracarboxylate ligand (H4mdip), with the 

associated chemical formula Ti12O15(mdip)3(formate)6. Each H4mdip linker connects four Ti- 

oxoclusters and the formates play the role to ensure the linkage of SBUs along the c-axis (Figure 

5.1a). The resulting 3D pore system features large (11 Å) accessible hexagonal channels 

running along the c-axis (WANG et al., 2018b). 
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Figure 5.2 - Simulated Minimum Energy Path corresponding to the degradation mechanism of 

Sarin on the Ti activated site. b) Evolution of the main characteristic distances involving the 

atoms of Sarin (F, P and O(sp2)) and of Ti-MOF (Ti, H(OH)) along the reaction coordinate. 

 

Source: Elaborated by the author (2019). 

 

Figure 5.3a illustrates the most stable DFT-optimized configuration of Sarin initially 

adsorbed in the pore of the Ti-MOF corresponding to the reactant. Sarin adopts a preferential 

conformation in such a way than its fluorine atom interacts with the bridging –OH group of 

MIP-177(Ti) with a separating F-H(OH) distance of 2.52 Å. During the first step of the reaction, 

this bridging -OH group moves away from one titanium site, creating an extra-space for the 

toxic molecule to access the activated Ti site, and consequently the distance between the O(sp2) 

atom of Sarin (the oxygen atom bounded to the phosphorus atom) and this titanium atom 

becomes shorter (see red line in Figure 5.2b). As the reaction proceeds through the transition 

state, there is a bond formation between the O(sp2) atom of Sarin and the Ti site and this leads 

to a 5-coordinated geometry of Sarin as evidenced in Figure 5.2b. Beyond TS, a progressive 

increase of the distance separating the phosphorus and fluorine atoms of Sarin (Figure 5.2b) 

that finally results to a breaking of the corresponding bond and consequently the formation of 

HF can be observe. This gives rise to a stable configuration for the product where the 

organophosphorus fragment, namely the isopropyl methyl phosphonic acid (IMPA), is 

coordinated in a bidentate manner to the inorganic node of the Ti-MOF (Figure 5.3c). 
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Figure 5.3 - Illustration of the degradation mechanism of Sarin on the Ti activated site of 

MIP-177(Ti). a) Reactant (Ti-MOF + Sarin), b) Transition state (TS) and c) Product (Ti-

MOF-IMPA-HF). The main distances involved in the degradation process, P-F (pink), F-

H(OH) (blue) and O(sp2)-Ti (red) are represented and expressed in Å. 

 

Source: Elaborated by the author (2019). 

a) Ti-MOF + Sarin

b) TS

c) Ti-MOF-IMPA-HF

d (P-F) 1.62
d (F-H(OH)) 2.52
d (O(sp2)-Ti) 4.84

d (P-F) 1.79
d (F-H(OH)) 1.91
d (O(sp2)-Ti) 2.00

d (P-F) 3.46
d (F-H(OH)) 1.01
d (O(sp2)-Ti) 2.13
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The MEP reported in Figure 5.2a implies an activation energy barrier of 78.6 kJ mol-1. 

This range of value is similar to the free energy previously reported (MOMENI; CRAMER, 

2018a) for the hydrolysis of Sarin in diverse Zr-MOFs including MOF-808 (79.1 kJ mol-1), NU-

1000 (75.3 kJ mol-1) and UiO-66(Zr) (71.5 kJ mol-1). This observation suggests that this Ti-

MOF is expected to perform as good as the best Zr-MOFs explored so far for the catalytic 

degradation of Sarin. One can also note that the product represents the most stable configuration 

along the whole reaction path (-80.5 kJ mol-1). This indicates that the coordination of IMPA to 

the inorganic node of the MIP-177(Ti) leads to the formation of a stable complex. Finally, the 

desorption energy of IMPA and HF from the product calculated by using equation 5.1 is 

predicted to be relatively high, i.e. 131.6 kJ mol-1. This observation emphasizes that MIP-

177(Ti) not only allows the degradation of Sarin but also a strong retention of the resulting 

IMPA product into their pores. 

The second degradation mechanism examined corresponds to a scenario where the Ti 

active site binds to the fluorine atom of Sarin leading to the formation of the deactivated IMPA 

molecule (Figure 5.4a). To do so, the molecule was initially slightly tilted from its most stable 

configuration reported in Figure 5.3a in such a way to favor an interaction between its F-atom 

and the inorganic node of MIP-177(Ti). 

 

Figure 5.4 - a) Simulated Minimum Energy Path corresponding to the degradation mechanism 

where the Ti active site binds to the fluorine atom of Sarin. b) Evolution of the main 

characteristic distances involving the atoms of Sarin (F, P) and of Ti-MOF (Ti, O(OH)) along 

the reaction coordinate. 

 

Source: Elaborated by the author (2019). 
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A further geometry optimization led to a local minimum energy where the OH-group 

does not anymore bridge the two Ti neighbors allowing the F-atom of Sarin to face the Ti-active 

site (Figure 5.5a). The reaction path leads to a transition state involving the coordination of the 

–F atom towards the Ti active site while the phosphorous atom of Sarin interacts with the 

oxygen atom of the –OH group (Figures 5.4b and 5.5b). Finally, the product (Ti-MOF-F-IMPA) 

implies the formation of a bond between the F-atom and the Ti-active site while the OH group 

of the Ti-MOF is transferred to the molecule via the formation of a P-OH bond (Figures 5.4b 

and 5.5c). 

The MEP reported in Figure 5.4a implies an activation energy barrier of 133.5 kJ mol-1 

which is much higher compared to the value obtained for the first mechanism (Figure 5.2a - 

78.6 kJ mol-1). This clearly reveals that the degradation of Sarin through the coordination of F-

atom towards the Ti-active site is much less probable, consistent with the previous findings 

reported in the case of Zr-MOFs (BERMUDEZ, 2007b; HARVEY; GREATHOUSE; SAVA 

GALLIS, 2018; TROYA, 2016). 
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Figure 5.5 - Illustration of the degradation mechanism of Sarin on the Ti activated site of 

MIP-177(Ti) where the Ti active site binds to the fluorine atom of Sarin. a) Reactant (Ti-MOF 

+ Sarin), b) Transition state (TS) and c) Product (Ti-MOF-F-IMPA). The main distances 

involved in the degradation process, P-F (pink), F-Ti (blue) and O(OH)-P (red) are 

represented and expressed in Å. 

 

Source: Elaborated by the author (2019). 

a) Ti-MOF + Sarin

b) TS

c) Ti-MOF-F-IMPA

d (P-F) 1.61
d (F-Ti) 3.83

d (O(OH)-P) 3.77

d (P-F) 1.73
d (F-Ti) 2.10

d (O(OH)-P) 2.14

d (P-F) 3.56
d (F-Ti) 1.76

d (O(OH)-P) 1.60
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5.1.1 Degradation of the simulants of sarin on the activated Ti site of MIP-177(Ti) 

 

The degradation mechanisms of DMMP and DIFP considered as simulants of Sarin 

involving the formation of CH3OH and HF respectively were explored since this mechanism 

was demonstrated to be the most probable mechanism in the case of Sarin (Figures 5.2 and 5.3). 

Indeed, the two molecules were first individually loaded in MIP-177(Ti) using preliminary 

Monte Carlo simulations (VIEIRA SOARES; MAURIN; LEITÃO, 2019a) and the resulting 

geometries were further optimized at the DFT level. 

The corresponding minimum energy paths for the catalytic degradation mechanism of 

DIFP and DMMP are plotted in Figure 5.6a and Figure 5.6b respectively. Regarding DIFP, the 

TS and products formed during the reaction are very similar than that evidenced for Sarin, with 

in this case the formation of the deactivated diisopropyl hydrogen phosphate (DHFP) molecule 

(cf. Figure 5.7 and Figure 5.5). This observation is consistent with an energy barrier associated 

with the degradation mechanism of DIFP (67.2 kJ mol-1) (Figure 5.6a) relatively similar to the 

value calculated for Sarin (78.6 kJ mol-1) (Figure 5.4a). 

 

Figure 5.6 - Simulated Minimum Energy Paths corresponding to the degradation mechanism 

of (a) DIFP and (b) DMMP on the Ti activated site. 

 

Source: Elaborated by the author (2019). 
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When one switches to DMMP, Figure 5.8a evidences that the initial configuration 

implies an interaction between its -OCH3 function and the bridging -OH group of MIP-177(Ti) 

at longer distance compared to the scenario implying the interactions between the -F atom of 

both Sarin and DIFP with the hydroxyl group of the MOF. The transition state shows that the 

P-OCH3 bond becomes collinear to the P-OH bond and the nucleophilic addition of the bridging 

-OH group to the DMMP molecule results to the cleavage of the P-OCH3 bond leading to the 

formation of methanol and the deactivated dimethyl hydrogen phosphate (DMHP) molecule as 

it can be illustrated in Figures 5.8b and Figure 5.8c. 

The resulting activation energy barrier for the degradation of DMMP (115.2 kJ mol-1) 

(Figure 5.6b) is significantly higher than the value calculated for Sarin (78.6 kJ mol-1). This 

trend that can be associated with the subsequent elimination of methanol instead of HF is 

consistent with what has been reported previously for UiO-67(Zr) by Troya et al. (TROYA, 

2016) and Wang et al. (WANG et al., 2017) for the degradation of Sarin and DMMP 

respectively. Interestingly, this calculation performed on the two simulants emphasizes that 

DIFP mimics better Sarin in terms of the TS and products obtained during the reaction as well 

as of the activation energy required to achieve their degradation. 
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5.2 DEGRADATION OF SARIN IN THE PRESENCE OF WATER ON THE ACTIVATED 

Ti SITE OF MIP-177(Ti) 

 

Since the catalyst is expected to operate under atmospheric condition, e.g. potentially 

under a given relative humidity, the degradation mechanism of Sarin in the presence of water 

confined in the pore of MIP-177(Ti) was also investigated. Starting with the configuration 

reported in Figure 5.2a corresponding to the most stable arrangement of Sarin in MIP-177(Ti), 

the incorporation of 1 extra-water molecule was considered by testing different initial positions. 

These resulting configurations were further geometry optimized and the two most stable 

reported in Figure 5.9a and Figure 5.10a were subsequently selected for further exploration of 

the degradation mechanism. Figure 5.9a illustrates that the Sarin forming a strong hydrogen 

bond with the –OH group of the MOF H(OH)-O(sp2) (1.75 Å– black dashed line). The 

degradation mechanism ensues via nucleophilic attack of water molecule on P atom of Sarin, 

resulting in a pentacoordinate phosphorus where fluorine forming a hydrogen bond with the H 

of water, as it can be observed in the transition state reported in Figure 5.9b, similar to that 

already reported by Troya et al. (TROYA, 2016) for Zr-MOFs. Thus, the water molecule 

dissociated and its proton migrates to the fluor atom to the oxygen atom of the OH- anion 

coordinates the P-atom of Sarin while its proton generating HF and IMPA, as reported in Figure 

5.9c.  

In the second case, the water molecule interacts with both Sarin and the –OH group of 

the MOF forming in both cases relatively strong H(H2O)-O(sp2) (1.73 Å– black dashed line) 

and H(H2O)-O(OH) (1.69 Å– black dashed line) hydrogen bonds (see Figure 5.10a). Such an 

interaction makes the –OH group bonded to only 1 Ti site. The degradation mechanism further 

proceeds via the dissociation of water with one proton transferred to the O(sp2) atom of Sarin, 

the resulting OH- anion remaining in strong hydrogen bond interactions with the –OH group of 

MIP-177(Ti) (1.71 Å – black dashed line) and with the P-OH group (1.44 Å– black dashed line) 

as it can be observed in the transition state reported in Figure 5.10b. Finally, the oxygen atom 

of the OH- anion coordinates the P-atom of Sarin while its proton participates concertedly to 

the degradation of the toxic molecule into IMPA and the subsequent release of HF as reported 

in Figure 5.10c. 
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Figure 5.9 - Illustration of the degradation mechanism of sarin on the activated Ti site of MIP-

177(Ti) in the presence of water where sarin interacts predominantly with the MOF 

framework. (a) Reactant (Ti- MOF + sarin + H2O), (b) transition state (TS), and (c) product 

(Ti- MOF-IMPA-HF). The main distances involved in the degradation process, P−F (pink), 

F−H(H2O) (blue), and O(H2O)−P (red) are represented and expressed in Å. The black dashed 

lines indicate the interaction between the molecules (water and IMPA) and the framework. 

 

Source: Elaborated by the author (2019). 

a) Ti-MOF + Sarin + H2O

b) TS

d (P-F) 1.62
d (F-H(H2O) 2.55
d (O(H2O)-P) 4.38

d (P-F) 2.10
d (F-H(H2O)) 1.34
d (O(H2O)-P) 1.98

c) Ti-MOF-IMPA-HF d (P-F) 3.78
d (F-H(H2O)) 0.99
d (O(H2O)-P) 1.58
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Figure 5.10 - Illustration of the degradation mechanism of Sarin on the Ti activated site of 

MIP-177(Ti) in the presence of water. a) Reactant (Ti-MOF + Sarin + H2O), b) Transition 

state (TS) and c) Product (Ti-MOF-IMPA-HF). The main distances involved in the 

degradation process, P-F (pink), F-H(H2O) (blue) and O(H2O)-P (red) are represented and 

expressed in Å. The black dashed lines indicate the interaction between the molecules (water 

and IMPA) and the framework. 

 

Source: Elaborated by the author (2019). 

a) Ti-MOF + Sarin + H2O

b) TS

d (P-F) 1.61
d (F-H(H2O) 4.57
d (O(H2O)-P) 4.76

d (P-F) 1.61
d (F-H(H2O)) 2.36
d (O(H2O)-P) 2.27

c) Ti-MOF-IMPA-HF d (P-F) 3.57
d (F-H(H2O)) 1.02
d (O(H2O)-P) 1.52
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Figure 5.11 reports the corresponding minimum energy paths for the reaction in the 

presence of water starting with two different arrangements of water and Sarin (Figure 5.9a and 

5.10a). The associated energy barriers of 146.5 kJ mol-1 and 169.6 kJ mol-1 are significantly 

higher than the value obtained in the absence of water (see Figure 5.3a). This observation 

emphasizes that the degradation performance of MIP-177(Ti) is expected to be less attractive 

under humidity conditions. 

 

Figure 5.11 - Simulated Minimum Energy Paths corresponding to the degradation mechanism 

of Sarin on the Ti activated site in the presence of water. (a) Related to the configurations 

reported on Figure 5.9 and (b) Related to the configurations reported on Figure 5.10. 

 

Source: Elaborated by the author (2019). 
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Its is to be noted that MIP-177(Ti) demonstrated to be a promising candidate for an 

efficient degradation of Sarin and retention of the resulting products with a level of performance 

as attractive as the best Zr-MOFs reported so far.  Furthermore, the simulations performed on 

the two simulants emphasized that diisopropyl phosphorofluoridate mimics better Sarin in 

terms of the transition states and products obtained during the reaction as well as of the 

activation energy required to achieve their degradation. It can be explained by the presence of 

the P-F bond in this simulant, since the hydrolysis reaction of the neurotoxic bond occurs 

between the same atoms and results in a formation of the same molecule (HF). 

 

5.3 DEGRADATION OF SARIN ON THE ACTIVATED Zr SITE OF Zr-MOFs 

 

The catalytic degradation of Sarin was further explored in MIP-200(Zr) and UiO-

66(Zr). 

MIP-200(Zr) [Zr6(μ3-O)4(μ3-OH)4(mdip)2(formate)4] is a Zr-carboxylate constructed 

from a Zr6 oxocluster and tetracarboxylate linker (3,3′,5,5′-tetracarboxydiphenylmethane; 

H4mdip) and presents remarkable advantages such as the scalable synthesis involving simple, 

cheap and green chemicals and exceptional chemical and mechanical stability (WANG et al., 

2018a). Figure 5.12 reports the constitutive 8-connected Zr6(µ3-O)4(µ3-OH)4 oxocluster 

secondary building unit with eight carboxylate groups and four terminal hydroxyl and water 

groups interconnected with H4mdip molecules, resulting in a three-dimensional (3D) 

framework with separated hexagonal and triangular channels along the c-axis. The 1D 

hexagonal channels have a nano-sized free diameter of 14 Å, while the diameter of the smaller 

triangular tunnels is 6.8 Å. A structural model by replacing all the formates attached to the Zr6 

SBUs with H2O and OH groups was constructed. Then, the creation of one activated Zr site 

was considered by removing its bounded –H2O molecule, however, one can note that the -OH 

group does not bridge the two metal sites as observed for MIP-177(Ti) (see Figure 5.1c). The 

DFT-geometry optimization of this formate free model remains almost identical to the pristine 

structure consisting of four formates per Zr6 nodes. 
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Figure 5.12 - a) Illustration of the crystal structure of MIP-200(Zr), b) Unit cell and c) A 

single 8-connected SBU and a 4-coordinated H4mdip linker. 

 

Source: Elaborated by the author (2019). 

 

UiO-66(Zr) (UiO stands for University of Oslo) consists of an inner Zr6O4(OH)4 where 

one square face is formed by oxygen atoms supplied by carboxylates while the second square 

face is formed by oxygen atoms coming from the µ3-O and µ3-OH groups. The structure UiO-

66(Zr) is constructed by linking 12-connected [Zr6(μ3-O)4(μ3-OH)4(COO)12] clusters with 

benzene-1,4-dicarboxylate (BDC) linkers and each zirconium atom is eight-coordinated (Figure 

4.13) (CAVKA et al., 2008). However, aiming to use this material for CWA degradation a 

defective material was chosen in order to facilitate the access of the molecules to the activated 

sites. The corresponding defective UiO-66(Zr) (also called UiO-66(Zr)-defects6 along the 

manuscript) was obtained by withdrawing two of the 24 BDC ligands present in the pristine 

UiO-66(Zr) unit cell, creating an average coordination number of 11 instead of 12 in the ideal 

structure (ROGGE et al., 2016). This MOF exhibits interesting features as an exceptionally high 

thermal stability (DECOSTE et al., 2013b) and retain its crystal structure under high pressures 

(YOT et al., 2016) as well as in relatively harsh acidic environments (LEUS et al., 2016). As 

was previously described the defects generate by the missing linker in the Zr6 SBUs were 

saturated by H2O and OH groups and one activated Zr site was created by removing its bounded 

–H2O molecule. 

a) b)

c)
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Figure 5.13 - a) Illustration of the crystal structure of UiO-66(Zr)-defects6, b) Unit cell. c) A 

single 10-connected SBU. 

 

Source: Elaborated by the author (2019). 

 

Considering that the mechanism which corresponds to the nucleophilic addition of the 

–OH function to the phosphorus atom of Sarin was shown to be the most probable one in the 

case of MIP-177(Ti) (see section 5.1), I proceeded only with this mechanism to investigate the 

CWAs degradation using Zr-MOFs. The initial configurations reported in this section were 

collected from the preliminary Monte Carlo simulations (see chapter 4) (VIEIRA SOARES; 

MAURIN; LEITÃO, 2019a), and then these geometries were optimized at the DFT level. 

Figure 5.14 illustrates the degradation reaction path of Sarin in the cavity of MIP-

200(Zr) with the identification of the initial reactant, the transition state and the resulting 

product. 

 

 

 

 

 

 

 

 

 

a) b)

c)
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Figure 5.14 - Simulated Minimum Energy Path corresponding to the degradation mechanism 

of Sarin on the MIP-200(Zr). 

 

Source: Elaborated by the author (2019). 

 

The most stable DFT-optimized configuration of Sarin adsorbed in the cavity of MIP-

200(Zr) is shown in Figure 5.15a, where the molecule stays in a preferential conformation in 

such a way than its oxygen atom interacts with the uncoordinated zirconium with a distance of 

2.35 Å while the fluorine atom interacts with the hydroxyl group of the Zr MOF with a 

separating F-H(OH) distance of 2.82 Å. Along the reaction, one can observe a bond formation 

between the P atom of Sarin and the O(OH) bonded to the Zr leading to a 5-coordinated 

geometry of Sarin in the transition state, as evidenced in Figure 5.15b. The energy barrier 

associated with this process is 93.6 kJ mol-1 (Figure 5.14). After overtaking the transition state, 

an increase of the distance between phosphorus and fluorine atoms and decrease of the distance 

separating the oxygen of Sarin and zirconium atom resulting in a stable configuration where 

the isopropyl methyl phosphonic acid is coordinated in a bidentate manner to the inorganic node 

of the MIP-200(Zr) (Figure 5.15c). 
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Figure 5.15 - Illustration of the degradation mechanism of Sarin on the Zr activated site of 

MIP-200(Zr). a) Reactant (Zr-MOF + Sarin), b) Transition state (TS) and c) Product (Zr-

MOF-IMPA-HF). The main distances involved in the degradation process, P-F (pink), F-

H(OH) (blue) and O(sp2)-Ti (red) are represented and expressed in Å. 

 

Source: Elaborated by the author (2019). 

d (P-F) 1.59
d (F-H(OH)) 2.82
d (O(sp2)-Zr) 2.35

a) Zr-MOF + Sarin

d (P-F) 1.67
d (F-H(OH)) 2.04
d (O(sp2)-Zr) 2.28

b) TS

d (P-F) 3.64
d (F-H(OH)) 1.00
d (O(sp2)-Zr) 2.24

c) Zr-MOF-IMPA-HF
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Figure 5.16 illustrates the degradation mechanism of Sarin by UiO-66(Zr) starting with 

the first optimized configuration, where sarin is interacting with the −OH group H(OH)−F (2.34 

Å, blue dashed line – see Figure 5.16b) and with the Zr site O(sarin)-Zr (2.33 Å). The 

configuration along the degradation reaction is similar to that already described above for MIP-

200(Zr) (cf. Figure 5.15 and Figure 5.16), however it is to be noted that Sarin shows closer 

distances to the activated site in the structures formed by Zr atom than by Ti atom (MIP-

177(Ti)). It occurs due to the space available for the molecule adsorption, i.e. the missing linkers 

in the UiO-66(Zr) make easily the access of the molecules to the activated sites. Moreover, the 

manner of the coordination of the H4mdip ligands to the Ti-SBU becomes some adsorption 

modes, near the activated sites, sterically hindered even when compared with MIP-200(Zr), 

which is formed by the same ligand. It can be explained by the fact that the coordination of the 

ligands and the consequential spare space near to the activated sites is directly correlated to the 

topology of the SBU, which is the same for the MOFs MIP-200(Zr) and UiO66-defects6(Zr). 

Then, the next reaction step is the decomposition of the CWA via the coordination of 

the molecule to the SBU indicated in the transition state (see Figure 5.16b) with a subsequent 

elimination of HF (see Figure 5.16c). 
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Figure 5.16 - Illustration of the degradation mechanism of Sarin on the Zr activated site of 

UiO-66(Zr). a) Reactant (Zr-MOF + Sarin), b) Transition state (TS) and c) Product (Zr-MOF-

IMPA-HF). The main distances involved in the degradation process, P-F (pink), F-H(OH) 

(blue) and O(sp2)-Ti (red) are represented and expressed in Å. 

 

Source: Elaborated by the author (2019). 

a) Zr-MOF + Sarin

b) TS

c) Zr-MOF-IMPA-HF

d (P-F) 1.59
d (F-H(OH)) 2.44
d (O(sp2)-Zr) 2.33

d (P-F) 1.69
d (F-H(OH)) 1.94
d (O(sp2)-Zr) 2.15

d (P-F) 4.02
d (F-H(OH)) 1.00
d (O(sp2)-Zr) 2.22
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The MEP associated with this reaction is illustrated in Figure 5.17, with the energy 

barrier of 73.5 kJ mol-1. 

 

Figure 5.17 - Simulated Minimum Energy Path corresponding to the degradation mechanism 

of Sarin on the UiO66-defects6(Zr). 

 

Source: Elaborated by the author (2019). 

 

The MEPs reported in Figures 5.14 and 5.17 reveal activation energy barriers of 93.6 kJ 

mol-1 and 73.5 kJ mol-1 for MIP-200(Zr) and UiO-66(Zr) respectively. This range of value is 

similar to the free energy previously reported (MOMENI; CRAMER, 2018a) for the hydrolysis 

of Sarin in diverse Zr-MOFs including MOF-808 (79.1 kJ mol-1), NU-1000 (75.3 kJ mol-1) and 

it is similar to the free energy described in section 5.1 for the Ti-MOF MIP-177(Ti) (78.6 kJ 

mol-1). As it is already known both, the Ti and the Zr MOFs are expected to have a good 

performance for the catalytic degradation of Sarin, however the MIP-200(Zr) demands higher 

energy when compared to the MIP-177(Ti). It can be also noted that the products represent the 

most stable configuration along the whole reaction path -86.4 kJ mol-1  (for MIP-200(Zr)) and 

-72.0 kJ mol-1  (for UiO-66(Zr) as previously described for MIP-177(Ti) (see section 5.2). The 

desorption energy of IMPA and HF from the product (calculated by using equation 5.1) are 

175.8 kJ mol-1  (for MIP-200(Zr)) and 177.6 kJ mol-1  (for UiO66-defects6(Zr)), which are 

higher values when compared with the Ti-MOF. These results suggest that UiO-66(Zr) is the 

most appropriate MOF for the degradation of Sarin, since it requires the less amount of energy 

to degrade sarin and also presented strong retention of the resulting IMPA product into their 

pores ensuring that the most toxic molecule will not be regenerated. 
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5.4 EFFECT OF THE MOF LINKER FUNCTIONALIZATION ON THE DEGRADATION 

OF SARIN AND SOMAN: CASE OF UiO-66(Zr) AND UiO-66(Zr)-NH2 

 

As a further stage, the effect of the functionalization of the organic linker of UiO-66(Zr) 

by amine groups was investigated for the hydrolysis reaction of Sarin and Soman. Figure 5.18 

illustrates the resulting degradation mechanism of Sarin in UiO-66(Zr)-NH2 starting with the 

DFT-optimized configuration, where sarin is coordinated towards Zr while it also interacts with 

the −OH group of the MOF via its fluorine atom (2.30 Å, blue dashed line). 

The degradation mechanism proceeds with the decomposition of the CWA via the 

coordination of Sarin to the SBU as indicated in the TS reported in Figure 5.18, leading to the 

formation of IMPA, which is coordinated in a bidentate manner to the inorganic node of the Zr-

MOF as well as HF (Figure 5.18c). It should be noted that the configurations along the 

degradation reaction are almost identical to that described above for Sarin on UiO-66(Zr) (cf. 

Figure 5.16 and Figure 5.18). 
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Figure 5.18 - Illustration of the degradation mechanism of Sarin in UiO66-defects6(Zr)-NH2. 

a) Reactant (Zr-MOF + Sarin), b) Transition state (TS) and c) Product (Zr-MOF-IMPA-HF). 

The main distances involved in the degradation process, P-F (pink), F-H(OH) (blue) and 

O(sp2)-Zr (red) are represented and expressed in Å. 

 

Source: Elaborated by the author (2019). 

a) Zr-MOF + Sarin

b) TS

c) Zr-MOF-IMPA-HF

d (P-F) 1.58
d (F-H(OH)) 2.30
d (O(sp2)-Zr) 2.37

d (P-F) 1.74
d (F-H(OH)) 1.93
d (O(sp2)-Zr) 2.17

d (P-F) 3.43
d (F-H(OH)) 1.00
d (O(sp2)-Zr) 2.21
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The corresponding MEP reported in Figure 5.19 implies an activation energy barrier of 

60.2 kJ mol−1. Despite the similarity between the configurations along the degradation 

mechanism the energy barrier slightly decreases when the amino-functionalized MOF is 

considered (cf. Figure 5.19 and Figure 5.17). 

 

Figure 5.19 - a) Simulated Minimum Energy Path corresponding to the degradation 

mechanism of Sarin on the UiO66-defects6(Zr)-NH2. 

 

Source: Elaborated by the author (2019). 

 

Noteworthy, Sarin is most stabilized in the non-functionalized UiO-66(Zr) because this 

molecule interacts slightly strongly with the SBU while in the functionalized structure there is 

a predominance of weak interactions between the nerve agent and the linkers, as illustrated in 

Figure 5.20. This scenario leads to a higher energy barrier of 71.5 kJ mol−1 to degrade Sarin in 

the absence of the amino groups. Therefore, these calculations suggest that UiO66-

defects6(Zr)-NH2 is expected to outperform the best Zr-MOFs explored so far for the 

degradation of Sarin. 
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Figure 5.20 - Illustration of the adsorption configurations (Reactants) involved in the Sarin 

degradation process. a) UiO-66(Zr) and b) UiO-66(Zr)-NH2. The main distances between 

Sarin and the SBU (black) and Sarin and the linker (red) are expressed in Å. 

 

Source: Elaborated by the author (2019). 

 

The most stable optimized configuration of Soman initially adsorbed in the pore of the 

UiO66-defects6(Zr)-NH2 corresponding to the reactant is reported in Figure 5.21a. During the 

first step of the reaction, Soman coordinated to the Zr atom through its oxygen atom (sp2) while 

its fluorine atom interacts with the hydroxyl group of UiO66-defects6(Zr)-NH2 with a 

separating F-H(OH) distance of 2.59 Å. As the reaction proceeds through the TS, there is a 

bond formation between the P atom of Soman and the terminal –OH group of the MOF and this 

leads to a 5-coordinated geometry of Soman as evidenced in Figure 5.21b. Beyond TS, one can 

observe a progressive increase of the distance separating the phosphorus and fluorine atoms of 

Soman (Figure 5.21) that finally results to a breaking of the corresponding bond and 

consequently the formation of HF. This gives rise to a stable configuration for the product where 

the Pinacolyl methylphosphonic acid is coordinated in a bidentate manner to the inorganic node 

of the Zr-MOF (Figure 5.21c). One can note in the degradation mechanism of Soman that the 

nucleophilic addition of the –OH function of UiO66-defects6(Zr)-NH2 to the phosphorus atom 

activates the phosphate ester function and further leads to the formation of a phosphonate 

product and the release of hydrogen fluorine, as observed for Sarin. 

a)

b)
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Figure 5.21 - Illustration of the degradation mechanism of Soman in UiO66-defects6(Zr)-

NH2. a) Reactant (Zr-MOF + Soman), b) Transition state (TS) and c) Product (Zr-MOF-

PMP-HF). The main distances involved in the degradation process, P-F (pink), F-H(OH) 

(blue) and O(sp2)-Zr (red) are represented and expressed in Å. 

 

Source: Elaborated by the author (2019). 

a) Zr-MOF + Soman

b) TS

c) Zr-MOF-PMP-HF

d (P-F) 1.60
d (F-H(OH)) 2.59
d (O(sp2)-Zr) 2.29

d (P-F) 1.67
d (F-H(OH)) 2.03
d (O(sp2)-Zr) 2.15

d (P-F) 3.51
d (F-H(OH)) 1.03
d (O(sp2)-Zr) 2.21
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The simulated MEP of the corresponding reaction is reported in Figure 5.22 with the 

identification of the initial reactant, TS and the resulting product. The activation energy barrier 

required for this hydrolysis reaction is 90.8 kJ mol-1. One can also note that the product 

represents the most stable configuration along the whole reaction path (-68.7 kJ mol-1). This 

indicates that the coordination of PMP to the inorganic node of UiO66-defects6(Zr)-NH2 leads 

to the formation of a stable complex. Finally, the desorption energy of PMP and HF from the 

product calculated by using equation 5.1 is predicted to be relatively high, i.e. 146.1 kJ mol-1. 

This observation emphasizes that UiO66-defects6(Zr)-NH2 not only allows the degradation of 

Soman but also a strong retention of the resulting IMPA product into its pore. 

 

Figure 5.22 - Simulated Minimum Energy Path corresponding to the degradation mechanism 

of Soman in UiO66-defects6(Zr)-NH2. 

 

Source: Elaborated by the author (2019). 

 

Figure 5.23 illustrates the degradation mechanism of Soman by UiO66-defects6(Zr) 

where the energy barrier is slightly lower than the value calculated for the degradation on the 

functionalized UiO-66(Zr) (Figure 5.22). 
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Figure 5.23 - Simulated Minimum Energy Path corresponding to the degradation mechanism 

of Soman in UiO66-defects6(Zr). 

 

Source: Elaborated by the author (2019). 

 

Figure 5.24 exhibits the main configurations along the degradation reaction. The 

reactant indicated that Soman interacts with the −OH group H(OH)−F (2.50 Å, blue dashed line 

– see Figure 5.24b) and with the Zr site O(sarin)-Zr (2.30 Å). It should be noted that the 

configurations of the reactant, TS and product are similar to that already described above for 

UiO66-defects6(Zr)-NH2 (cf. Figure 5.21 and Figure 5.24). 

It is known in the literature that is not obvious to control the guest adsorption strength 

through modifying the linker with different functional groups because these molecules typically 

interact strongly with the SBU rather than the linker. For example, strong interactions with the 

SBU are typically due to the presence of defects, however it was observed only for the 

degradation of Sarin on the non-functionalized UiO66-defects6(Zr). For Soman, the adsorption 

energies and the interactions with the pore wall indicated mostly the presence of weakly 

interactions between Soman and the linkers, but not necessarily with the amino groups, as can 

be observed in Figure 5.25. Another interesting point is that in the UiO66-defects6(Zr)-NH2 

Soman interacts with four different linkers, that makes difficult the approaching of phosphorus 

atom to the -OH group for reaching the penta-coordinated configuration in the transition state 

and therefore it demands more energy for this process. All these factors can be directly 

associated with the bulkier volume of Soman when compared to Sarin. 
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Figure 5.25 - Illustration of the adsorption configurations (Reactants) involved in the Soman 

degradation process. a) Non-functionalized UiO-66(Zr) and b) Functionalized UiO-66(Zr). 

The main distances between Soman and the SBU (black) and Sarin and the linker (red) are 

expressed in Å. 

 

Source: Elaborated by the author (2019). 
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5.5 DEGRADATION OF HD ON THE ACTIVATED Zr SITE OF UiO-66(Zr) AND UiO-

66(Zr)-NH2 

 

Considering the potential of UiO66-defects6(Zr) and UiO66-defects6(Zr)-NH2 to 

degrade Sarin (see Figure 5.17 and Figure 5.19) and Soman (see Figure 5.22 and Figure 5.23) 

and the fact the Sulfur mustard (HD) is more commonly used during conflicts attacks, the 

hydrolysis reaction of this blister agent and its simulant 2-Chloroethyl ethyl sulfide, also known 

as half-mustard (CEES) were further investigated. The hydrolytic pathway, i.e. in the presence 

of water, was chosen since this is one of the most probable ways of remedying the 

contamination caused by this CWA. 

The degradation profile of HD on UiO66-defects6(Zr)-NH2 is summarized in Figure 

5.26. The first arrangement indicates the most stable optimized configuration of HD adsorbed 

in the cavity of the material, where the molecule adopts a preferential conformation in such a 

way that the chlorine atom interacts with the water coordinated to Zr through with a distance of 

2.49 Å (green dashed line). One can also note a strong hydrogen bond between this coordinated 

water and the neighbor terminal -OH group of the MOF (1.56Å, black dashed line). At the 

transition state the hydrogen atom from water migrates to the hydroxyl moiety and both interact 

with the chlorine atom of HD with characteristic distances of 2.50 Å and 1.85 Å respectively 

(Figure 5.26b). The conformation observed at this stage was previously proposed by 

experimental studies (LÓPEZ-MAYA et al., 2015; PETERSON; WAGNER, 2014). Finally, 

the product shows a bond formation between the C atom of HD and the terminal OH group of 

the MOF. It is interesting to note that the chlorine atom is involved in a strong interaction with 

the OH group (1.94 Å) and coordinated water (1.84 Å), as evidenced in Figure 5.26c. 
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The energy barrier associated with the hydrolysis of HD is 139.5 kJ mol-1 (Figure 5.27).  

Analyzing this pathway, one can note that the difference of the energy between the initial 

configuration and the product is rather low. This indicates that UiO66-defects6(Zr)-NH2 shows 

good performance for the catalytic degradation of HD. The desorption energy of half mustard 

and HCl from the product calculated by using equation 5.1 is predicted to be 66.5 kJ mol-1. 

 

Figure 5.27 - Simulated Minimum Energy Path corresponding to the degradation mechanism 

of HD on the UiO66-defects6(Zr)-NH2. 

 

Source: Elaborated by the author (2019). 

 

For comparison, the degradation mechanism of HD was also explored for the non-

functionalized UiO-66(Zr). Figure 5.28 showed the conformation of sulfur mustard and the 

main distances between the molecule and the -OH group and water along the hydrolytic 

pathway. The initial configuration showed chlorine interacting with the hydrogen from the 

coordinated water with a distance of 2.43 Å (Figure 5.28a, green dashed line) and a strong 

hydrogen bond between this water molecule and the -OH group of UiO-66(Zr) (1.51Å, black 

dashed line) leading to a proton transfer from water to the hydroxyl moiety (Figure 5.28b). The 

molecule adopts the same conformation observed for the mechanism on the functionalized UiO-

66(Zr) reported above, where sulfur forms a three-membered ring with the carbons and the 

chlorine atom is getting close to the SBU until be stabilized for two hydrogen bonds with the 

OH (1.92 Å) and coordinated water (1.86 Å), as demonstrated in Figure 5.28c. 
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Figure 5.28 - Illustration of the degradation mechanism of HD on the UiO66-defects6(Zr). a) 

Reactant (Zr-MOF + HD), b) Transition state (TS) and c) Product (Zr-MOF-half_HD-Cl). 

The main distances involved in the degradation process, Cl-C (gray), C-OH (red), H(H2O)-Cl 

(green) and H(OH)-Cl (blue) are represented and expressed in Å. 

 

Source: Elaborated by the author (2019). 
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The MEP reported in Figure 5.29 implies an activation energy barrier of 149.9 kJ mol-

1, which is slightly higher compared to the value obtained for the mechanism where the BDC 

linkers were functionalized with amino groups (Figure 5.27). It is to be noted that the effect on 

the functionalization did not affect the adsorption of the molecule, where the interactions 

between HD and the MOF are only with the atoms from the SBU, as reported for Sarin, however 

here the interactions are exactly the same when compared the MOF functionalized with the 

non-functionalized one. 

 

Figure 5.29 - Simulated Minimum Energy Path corresponding to the degradation mechanism 

of HD on the UiO66-defects6(Zr). 

 

Source: Elaborated by the author (2019). 

 

5.5.1 Degradation of the simulant of HD on the activated Zr site of UiO-66(Zr) and UiO-

66(Zr)-NH2 

 

The degradation mechanism of the simulant CEES was further explored for UiO66-

defects6(Zr) and UiO66-defects6(Zr)-NH2, however how both demonstrated the same behavior 

only the comparison for the functionalized UiO66-defects6(Zr) is described in this thesis. 

Figure 5.30 shows the main configurations involved in this reaction pathway. The initial 

configuration, the TS and the product formed during the reaction are very similar than that 

evidenced for HD, with in this case the formation of the deactivated 2-(Ethylthio)ethanol (ETE) 

molecule (cf. Figure 5.30 and Figure 5.27). This observation is consistent with an energy barrier 

associated with the degradation mechanism of 2-Chloroethyl ethyl sulfide (126.0 kJ mol-1) 

(Figure 5.31) relatively similar to the value calculated for HD (139.5 kJ mol-1) (Figure 5.27). 
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Figure 5.30 - Illustration of the degradation mechanism of CEES on the UiO66-defects6(Zr)-

NH2. a) Reactant (Zr-MOF + CEES), b) Transition state (TS) and c) Product (Zr-MOF-ETE-

Cl). The main distances involved in the degradation process, Cl-C (gray), C-OH (red), 

H(H2O)-Cl (green) and H(OH)-Cl (blue) are represented and expressed in Å. 

 

Source: Elaborated by the author (2019). 
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The calculation performed on the CEES simulant revealed its potential to mimic a real 

scenario of the sulfur mustard in terms of the configurations obtained during the reaction as 

well as of the activation energy required to achieve their degradation. Interestingly, for HD and 

CEES one can observe that the product and the initial state have similar energies, indeed it 

seems that it is possible to regenerate the sites. This is not possible for Sarin or Soman, where 

the products represent the most stable configurations in the entire mechanism. 

 

Figure 5.31 - Simulated Minimum Energy Path corresponding to the degradation mechanism 

of CEES in UiO66-defects6(Zr)-NH2. 

 

Source: Elaborated by the author (2019). 

 

5.6 CONCLUSION 

 

The periodic DFT calculations explored for the first time the ability of a Ti-MOF, 

namely the MIP-177(Ti) for the catalytic degradation of Sarin and also the deactivation of Sarin, 

Soman and Sulfur mustard on the activated Zr-site of MIP-200(Zr) and UiO66-defects6(Zr) and 

UiO66-defects6(Zr)-NH2. 

These simulations demonstrated the attractiveness of MIP-177(Ti) to degrade Sarin with 

a level of performance similar than the best Zr-MOFs explored so far. The mostly probable 

degradation mechanism proceeds with a coordination of Sarin towards the activated Ti site via 

its oxygen atom, leading to the formation of isopropyl methyl phosphonic acid coordinated in 

a bidentate manner to the inorganic node of the Ti-MOF and the release of HF. The resulting 

product was shown to be highly stable and associated with a high energy required to desorb the 
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so-formed IMPA. This observation emphasizes that MIP-177(Ti) is able to strongly retain the 

IMPA molecule once fixed to the Ti site. The exploration of the same degradation mechanism 

for two standard simulants of Sarin, revealed that DIFP reproduces much better the catalytic 

behavior of Sarin than DMMP not only in terms of degradation mechanisms but also in terms 

of activation energy required to proceed the corresponding reaction.  

The Zr-MOFs (MIP-200(Zr) and UiO-66(Zr)) also showed a good performance to 

degradate Sarin, Soman and Sulfur mustard. Besides that, the effect of the functionalization of 

the linkers with amino group did not present a satisfactory improving in the activation energy. 

The adsorbed Sarin was most stabilized in the non-functionalized UiO-66(Zr) because it 

interacts strongly with the SBU while Soman interacts more with the linkers in the 

functionalized structure while the adsorption of Sulfur mustard was not affected by the presence 

of the amino groups. The simulant of Sulfur mustard CEES also showed an excellent 

performance to mimic this blister agent in terms of degradation mechanisms and activation 

energy in the hydrolytic pathway as DIFP did for Sarin. This conclusion is of importance for 

the future experimental exploration that should proceed with the most reliable simulants to 

further extrapolate the behavior of the real toxic molecules. 

This overall computational study led to the publication of one article (VIEIRA 

SOARES; MAURIN; LEITÃO, 2019b) and another manuscript is being prepared with our 

collaborators from Korea Research Institute of Chemical Technology (KRICT) who performed 

the experimental exploration of CWA adsorption and degradation in MOFs. 
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6 COMPUTATIONAL EXPLORATION OF THE STABILITY OF MOFs UNDER 

HUMIDITY 

 

As mentioned in chapter 2, most relevant applications of MOFs such as gas storage and 

separation, catalysis and proton conduction require retention of porosity in the presence of water 

(WANG et al., 2016). Particularly, the family of MOFs has been widely considered for, 

adsorption-driven heat pump and chiller (CADIAU et al., 2015; DE LANGE et al., 2015), water 

purification (HASAN; JHUNG, 2015), dehumification (SEO et al., 2012), indoor moisture 

control (ABDULHALIM et al., 2017), etc. In this context researchers have turned their efforts 

to synthesize robust MOFs to be effectively used in these processes. Recently, Yuan et al. 

(YUAN et al., 2018) highlighted that since the stability of MOFs depends on the bond formed 

between the inorganic node and the organic ligand, a strategy to enhance the stability of MOFs 

is to use high-valent metal cations, which strengthen the inorganic-organic linkage therefore 

preventing the attack of the framework by water molecules. 

A few papers investigating the structural factors that govern water stability in MOFs has 

been published so far. In terms of experiments, Levan et al.(LIU et al., 2011) have noted for 

MOF-74 series that Ni-MOF-74 is more stable than Mg-MOF-74, because Mg is more easily 

oxidized. Kang et al. (KANG et al., 2011) reported that the stability of MIL-53(Al, Cr) and 

MIL-47(V) is governed by the inertness of the central metal ions, suggesting that MOFs 

composed by Cr(III) or Al(III) may be very stable. In addition, the hydrophobicity of the ligand 

was indicated to be responsible for the stability of the DMOF-1(Zn), material formed by 

tetramethylated ligands (JASUJA; HUANG; WALTON, 2012), MOF-508, made up of Me-

bipy pillars (MA; LI; LI, 2011) and CALF-25, containing phosphonate monoesters as linkers 

(TAYLOR et al., 2012). It was also mentioned that the steric hindrance caused by the presence 

of the alkyl groups in the organic linkers make the critical site (metal-ligand) hardly accessible 

to water. Indeed, through a joint computational and experimental study of a series of MOFs- 

(IRMOF-1, MOF-69C, Zn-MOF-74, MOF-508b, Zn-BDC-DABCO, Cr-MIL-101, Al-MIL-

110, Al-MIL-53 and ZIF-8), Low et al.(LOW et al., 2009) suggested that the strength of the 

bond between the metal oxide cluster and the bridging linker is important in determining the 

hydrothermal stability of the corresponding architectures.  

Despite the important features cited in the literature in determining the stability of MOFs 

such as the bond strength between metal−ligand bond, the degree of coordination for protecting 

the inorganic node against water coordination and the hydrophobicity of the pore surface area, 

there is still a crucial need to rationalize the main driving force responsible of the water stability 
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of MOFs. Furthermore, in real conditions, the humidity is always present in protective materials 

due to the breath of the users. Based on this, envisaging the industrial application of MOFs in 

this field, the stability under humidity of the promising candidates for the capture/degradation 

of CWAs should be well understood. Therefore, in this chapter, a systematic exploration of the 

water stability of series of Zr and Ti-MOFs (MIP-200(Zr), UiO-66(Zr), UiO-67(Zr), NU-

800(Zr) and MIP-177(Ti)) was performed DFT calculations with periodic boundary conditions 

(KOHN; SHAM, 1965; RAJAGOPAL; CALLAWAY, 1973) in order to explore the hydrolysis 

mechanism with a carefull characterization of the reactant, transition states and intermediates. 

As a further step, the activation energy barriers involved in the hydrolysis mechanism were 

compared with the standard MOFs, UiO-66(Zr), UiO-67(Zr), NU-800(Zr) and MIP-177(Ti) in 

order to identify the pivotal parameter that drives the stability of the MOFs under humidity. 

These calculations were achieved using the codes available in the Quantum-Espresso 

package (GIANNOZZI et al., 2009), the exchange-correlation potential being described by the 

PBE Generalized Gradient Approximation (GGA) (PERDEW; WANG, 1992), and the core 

electrons being treated with Vanderbilt ultrasoft pseudopotentials (VANDERBILT, 1990). 

Kohn-Sham orbitals were expanded in a plane wave basis set up to a kinetic energy cutoff of 

60 Ry and with a cutoff of 480 Ry for the charge density. The electron density was obtained at 

the Γ point in the first Brillouin-Zone (PACK; MONKHORST, 1977) for the investigated 

MOFs. The structural models for all MOFs: UiO-66(Zr) and UiO-67(Zr) (CAVKA et al., 2008); 

NU-800(Zr) (GOMEZ-GUALDRON et al., 2014); MIP-200-OH-H2O(Zr) (WANG et al., 

2018a) and MIP-177-OH-H2O(Ti) (WANG et al., 2018b) taken from the literature were fully 

optimized, where both cell parameters and atomic positions relaxed, until all of the force 

components were smaller than 0.001 Ry/Bohr and the convergence criterion was 10−4 Ry for 

total energy. 

The so-explored hydrolysis mechanism consists of two steps: (1) a non-dissociative 

adsorption of water in the pores of the materials at the vicinity of the bond between the inorganic 

node and the ligand, (2) a dissociation of water leading to a bond break between the metal oxide 

and the linker according to equation 6.1. 

 

MOF:H2O(s) → MOF:[OH-][H+](s)     (equation 6.1) 

 

The minimum energy path (MEP) was constructed in order to obtain the transition state 

(TS), the reaction barrier and the main structural modifications involved in the process of 

dissociation of the water molecule in the structures according to the model reaction as 
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schematized in equation 6.1. The calculation of the MEP connecting different minimum 

geometries is based on the nudged elastic band (NEB) method that is known to accurately 

describe the MEP between the initial and the final states of a reaction and thus to evaluate the 

transition state and the energy barrier (HENKELMAN; UBERUAGA; JÓNSSON, 2000). A 

total of 11 images were used to compute each MEP, their geometries were optimized to 

establish the minimum-energy path on the potential surface of the system until energy variations 

were less than 0.05 eV/Å. 

 

6.1 STABILITY OF Zr-MOFs 

 

6.1.1 UiO-66(Zr) 

 

As a preliminary step, the hydrolysis mechanism of UiO-66(Zr) was explored since this 

MOF is well-known for its ability to maintain the network structure upon water 

adsorption/desorption cycles (CAVKA et al., 2008). Besides this, UiO-66(Zr) was also shown 

to be a very promising MOF to capture and degrade CWAs. As mentioned in the previous 

chapter, this structure is constructed by linking 12-connected [Zr6(μ3-O)4(μ3-OH)4(COO)12] 

clusters with linear 1,4 benzenedicarboxylate (BDC) linkers, where each zirconium atom is 

eight-coordinated. 

Figure 6.1a reports the most preferential arrangement of water adsorbed near to the 

metal-ligand node of UiO-66(Zr) corresponding to the reactant. The water molecule interacts 

via its hydrogen atom (Hw) towards the oxygen atom of the carboxylate group (Oc) with a 

characteristic distance (Hw-Oc) of 2.1 Å. Thereafter, at the first transition state, the water 

molecule coordinates to the zirconium atom and consequently, this leads to a breaking of the 

bond between the linker and the metal, as evidenced in Figure 6.1b. It is important to emphasize 

that at the intermediate 1 the water molecule has not dissociated yet (Figure 6.1c). The main 

difference when one compares the transition state with the intermediate 1 is an increasing in the 

Zr- Oc distance (from 2.9 Å to 3.7 Å), while the Oc-Hw distance does not change. The simulated 

MEP of the hydrolysis of UiO-66(Zr) is reported in Figure 6.2 with the identification of the 

initial reactant, the first transition state, the intermediate 1, the second transition state and the 

intermediate 2. Thus, the first step of the hydrolysis reaction implies an activation energy barrier 

of 47.3 kJ mol-1. As the reaction proceeds through the second transition state, there is a 

progressive decrease of the Hw-Oc distance and the breaking of the other metal-ligand bond. 

Subsequently, H2O dissociates into H+ and OH−. The OH− keep attached to the Zr, while the 
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H+ attaches to the oxygen atom of the BDC, as represented in Figure 6.1e. The resulting 

activation energy barrier for the second step of the hydrolysis reaction is 80.5 kJ mol-1. 

 

Figure 6.1 - Illustration of the hydrolysis mechanism of UiO-66(Zr). a) Reactant (UiO-66(Zr) 

+ H2O), b) First transition state (TS1), c) Intermediate 1, d) Second transition state (TS2) and 

e) Intermediate 2 (UiO-66(Zr):[OH-][H+]). The main distances involved in the dissociative 

chemisorption of water are represented and expressed in Å. Color scheme: MOF (Zr: blue, C: 

gray, O: red and H: white) and water (O: dark blue and H: white). 

 

 

Source: Elaborated by the author (2019). 

 

It is to be noted that at the intermediate 1 the reaction can proceed in two ways: (i) the 

regeneration of the material back to the reactant, which implies an energy barrier of 22.5 kJ 

mol-1 or (ii) the dissociation of water requiring about four times more energy, 80.5 kJ mol-1. So, 
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even if water coordinates to the metal, the lower energy barrier of 22.5 kJ mol-1 suggests an 

easy bond regeneration of UiO-66(Zr). Moreover, the breaking of the Zr-Oc bond and the water 

dissociation both destabilize the system, leading to the second intermediate (Figure 6.1e), less 

stable than the reactant (Figure 6.1a), as it can be observed in Figure 6.2 through the comparison 

of the energies along the simulated MEP. 

 

Figure 6.2 - Simulated Minimum Energy Path corresponding to the dissociative 

chemisorption of 1 water molecule per unit cell of UiO-66(Zr). 

 

Source: Elaborated by the author (2019). 

 

6.1.2 UiO-67(Zr) 

 

The same procedure was applied to UiO-67(Zr), which is isoreticular to UiO-66(Zr) 

with elongated linkers, 4,4′-biphenyldicarboxylate (BPDC) (Figure 6.3). This MOF has been 

reported to be less stable than UiO-66(Zr) (DECOSTE et al., 2013a; SHEARER et al., 2013). 

Five different initial positions and orientations of the confined water molecule next to 

metal-ligand node of UiO-67(Zr) were initially considered. The three most stable optimized 

configurations converged toward similar arrangements, as indicated in Figure 6.4. One can 

notice that the water adsorption causes the disruptions of the coordination bonds between the 

organic ligands and the inorganic moieties, besides the substantial distortions of the BPDC 

ligands. The optimized structures, reported in Figure 6.4b, c and d, illustrate that water 

molecules are further apart from the metal-ligand node. The interacting distances between Hw 

and Oc are 2.5 Å (Figure 6.4b), 3.2 Å (Figure 6.4c) and 3.9 Å (Figure 6.4d) for the 3 

configurations respectively. While, the Ow/Zr distances are in the order of 4.7 Å (Figure 6.4b), 

5.5 Å (Figure 6.4c) and 6.2 Å (Figure 6.4d). 
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Figure 6.3 - a) Illustration of the crystal structure of UiO-67(Zr), b) Unit cell. c) A single 12-

connected SBU and a 4,4′-biphenyldicarboxylate linker to clarify the bond between them. 

 

Source: Elaborated by the author (2019). 

 

The adsorption energies calculated showed values in the range of -39 to -41 kJ mol-1 

for H2O confined in UiO-67(Zr), which are low and within the same range of value than the 

H2O vaporization enthalpy (-44.0 kJ mol-1). Furthermore, the difference of electronic density 

was calculated and the absence of electronic transfer from the water molecule to the MOF 

confirms that the mechanism in play is a physisorption-based process. Therefore, despite it is 

unexpected, the presence of weak interactions between water molecule and MOF is enough to 

cause the break of several chemical bonding (Oc-Zr) and, making UiO-67(Zr) more susceptible 

to structural breakdown. However, the minimum energy path corresponding to the dissociative 

chemisorption of water molecule, as calculated for UiO-66(Zr), could not be converged due to 

the complex reorganization of the structure along the calculation. Thus, other mechanisms 

should be investigated to gain a deeper knowledge of the details of the water reaction 

mechanism for this MOF.  
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Figure 6.4 - DFT optimized water loaded UiO-67(Zr). The most stable arrangements of water 

in the pores of UiO-67(Zr). Structures for the 3 corresponding configurations (b, c and d) 

compared to the DFT optimized structure for the empty UiO-67(Zr). Color scheme: MOF   

(Zr: blue, C: gray, O: red and H: white) and water (O: dark blue and H: white). 

 

 

Source: Elaborated by the author (2019). 
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6.1.3 NU-800(Zr) 

 

This structure is formed by the ligand 1,4-benzenedipropynoic acid (TPT), which 

features terminal triple bond (Figure 6.5), and has octahedral cages formed by 12 linkers and 6 

zirconium nodes, surrounded by tetrahedral cages formed by 6 linkers and 4 zirconium nodes, 

these pores being about 16.5 and 7.5 Å, respectively (GOMEZ-GUALDRON et al., 2014). 

 

Figure 6.5 - a) Illustration of the crystal structure of NU-800(Zr), b) Unit cell. c) A single 12-

connected SBU and a TPT linker to clarify the bond between them. 

 

Source: Elaborated by the author. 

 

Figure 6.6 shows the simulated minimum energy path corresponding to the dissociative 

chemisorption of one water molecule in NU-800(Zr). It is to be noted that compared to the 

scenario encountered for UiO-66(Zr) (Figure 6.1) the water molecule is already dissociated in 

the transition state (Figure 6.7b) as it was previously reported for MIL-140A(Zr) (VIEIRA 

SOARES et al., 2016). The energy barriers corresponding to the hydrolysis mechanism are 

124.1 kJ mol-1 and 139.7 kJ mol-1 while the reverse barriers are much lower 32.9 kJ mol-1 and 

27.6 kJ mol-1, for NU-800(Zr) and MIL-140A(Zr), respectively. As can be observed, the energy 

barrier from the reactant (NU-800(Zr) + H2O) to the intermediate (NU-800(Zr):[OH-][H+]) is 

much higher than the reverse barrier. Therefore, these energy values emphasize the stability of 

NU-800(Zr) and suggest that the reconstruction of the structure would be expected even if the 

water dissociation and consequently the breaking of the Zr-Oc bond would be feasible. 

 

a) b)

c)
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Figure 6.6 - Simulated Minimum Energy Path corresponding to the dissociative 

chemisorption of 1 water molecule per unit cell of NU-800(Zr). 
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Source: Elaborated by the author (2019). 

 

The hydrolysis reaction of NU-800(Zr) occurs without the prior coordination of the 

water to the metal site, as can be observed in Figure 6.7. In this mechanism the water molecule 

dissociates into H+ and OH−, concomitantly the hydroxyl migrates to the Zr atom and the proton 

migrates to the Oc of the TPT ligand. Thus, NU-800(Zr) loses its original structure and after 

surpassing the transition state, the organic linker undergoes a significant distortion moving 

away from the inorganic node, where the distances between Oc-Zr goes from 2.3 Å  and 4.0 Å  

to 3.7 Å  and 5.6 Å  (c.f Figure 6.7b and Figure 6.7c). 
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Figure 6.7 - Illustration of the hydrolysis mechanism of NU-800(Zr). a) Reactant (NU-

800(Zr) + H2O), b) First transition state (TS) and c) Intermediate (NU-800(Zr):[OH-][H+]). 

The main distances involved in the dissociative chemisorption of water are represented and 

expressed in Å. Color scheme: MOF (Zr: blue, C: gray, O: red and H: white) and water (O: 

dark blue and H: white). 

 

Source: Elaborated by the author (2019). 

 

6.1.4 MIP-200(Zr) 

 

One of the most recent Zr-MOFs namely, the MIP-200(Zr) (WANG et al., 2018a),was 

selected owing to its exceptional water stability that has been experimentally demonstrated but 

not understood yet. 

It was previously shown by Monte Carlo simulations that water molecules are 

preferentially located in the hexagonal pores (WANG et al., 2018a). Therefore, the optimized 

configuration of one water molecule initially adsorbed in the large pore of the MIP-200(Zr) was 

considered as the initial state for the hydrolysis mechanism, as illustrated in Figure 6.8a. During 

the first step of the reaction, the water moves in direction to the zirconium site, and consequently 

the bond between this zirconium atom and the oxygen atom of the carboxylate ligand is broken, 

as indicated in the first transition state in Figure 6.8b. Thus, the proton migrates to a nearby 

oxygen atom of the carboxylate giving rise to the first intermediate state, where the water 
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molecule is coordinated to the Zr and the ligand still remains bound to the inorganic node 

(Figure 6.8c). 

 

Figure 6.8 - Illustration of the hydrolysis mechanism of MIP-200(Zr). a) Reactant (MIP-

200(Zr) + H2O), b) First transition state (TS1), c) Intermediate 1, d) Second transition state 

(TS2) and e) Intermediate 2 (MIP-200(Zr):[OH-][H+]). The main distances involved in the 

dissociative chemisorption of water are represented and expressed in Å. Color scheme: MOF 

(Zr: blue, C: gray, O: red and H: white) and water (O: dark blue and H: white). 

 

Source: Elaborated by the author (2019). 

 

Figure 6.9 reports the water dissociation path and the associated energy barrier 

corresponding to the decomposition of MIP-200(Zr). The resulting energy barrier is slightly 

lower (63.4 kJ mol-1) than the energies barriers reported for UiO-66(Zr) and NU-800(Zr), 

however the reverse barrier is very small (4.7 kJ mol-1). The intermediate state, represented in 
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Figure 6.8c, shows that water does not dissociate but coordinates to zirconium atom, as 

observed for UiO-66(Zr). 

 

Figure 6.9 - Simulated Minimum Energy Path corresponding to the dissociative 

chemisorption of 1 water molecule per unit cell of MIP-200(Zr). 

 

Source: Elaborated by the author (2019). 

 

The hydrolysis reaction further occurs via a molecular dissociative chemisorption of 

water giving rise to the fragments Zr-OH and H4mdip-CO2H, as illustrated by the second 

transition state (Figure 6.8d). One can note that the water dissociation occurs after overcoming 

a second energy barrier of 61.7 kJ mol-1 (Figure 6.9), however a much lower energy barrier (4.7 

kJ mol-1) emphasizes an easy bond regeneration in the MIP-200(Zr). In addition, the second 

intermediate (Figure 6.8e) is less stable, so consequently, the water dissociation and the metal-

oxygen bond breaking destabilize the system, the energy difference between the reactant (MIP-

200(Zr) + H2O) and the intermediate 2 (MIP-200(Zr):[OH-][H+]) being 109.6 kJ mol-1. 

Therefore, the very high stability attributed to MIP-200(Zr) can be stated from the following 

points: (i) the MOF structure remains intact due to the absence of water dissociation after the 

first energy barrier (63.4 kJ mol-1) and (ii) a very low energy barrier (4.7 kJ mol-1) is required 

to regenerate the Zr-Oc bond compared with the energy necessary (61.7 kJ mol-1) to dissociate 

the water molecule. 
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6.2 RATIONALIZATION OF THE STABILITY OF Zr-MOFs 

 

Table 6.1 reports the average of angles (Cc-C2-C3) of the ligand affected by the 

presence of water. The angle is formed between the carbon atom of the carboxylate group (Cc) 

and the two carbon atoms (C2 and C3), which are collinear with the Cc, as indicated by the blue 

line. The measurements were performed for the corresponding reactant (MOF+H2O) and the 

final intermediate reported in Figures 6.1, 6.4, 6.7, and 6.8, respectively compared to those 

present in the empty structure. 

It is to be noted that the ligand BDC and TPT do not show a significant deviation of the 

angles (Cc-C2-C3) upon water adsorption compared to the scenario observed for the most stable 

configuration reported for UiO-67(Zr) in section 6.1.2 (see Figure 6.4b). Furthermore, the 

instability of UiO-67(Zr) can be explained by the torsional strain of the biphenyl ring 

(GÖLLER; GRUMMT, 2000) that is experienced in the crystalline structure, making this 

structure less robust. The BDC and TPT ligands undergo a deformation after the complete 

dissociation of water, as it can be observed in Figure 6.1e and Figure 6.7c, respectively. Thus, 

one possible explanation is that the rigidity of the ligand makes the MOF more stable under 

humidity.  

It is important to highlight that the mdip ligand has a different topology when compared 

with BDC, BPDC and TPT and is one of the most complex tetratopic linker used to synthetize 

Zr-MOFs. Table 6.1 shows that the Cc-C2-C3 angles of MIP-200(Zr) does not present a 

considerable distortion after water adsorption. Furthermore, comparing the reactant with the 

intermediate 2 one can note that the water dissociation causes only a small reorientation in the 

organic linker. This analysis shows that the very small deviation of the angle, which indicates 

the linker cannot be so easily distorted, indeed prevents the water to access the metal-ligand 

node, making the material more stable. In order to support this conclusion, the stability of the 

titanium-carboxylate framework denoted MIP-177(Ti) formed by the same ligand, mdip 

(WANG et al., 2018), was further explored . 
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Table 6.1 - The average of the measurements of the angles for the linkers in the presence of 

the water molecule compared with the MOF without water in the pore cavity. 

 Angle(C-C-C) Ligand 

UiO-66(Zr) 178.44 

 

UiO-66 + H2O (Fig 6.1a) 178.28   

Intermediate 2 (Fig. 6.1e) 173.76 

UiO-67(Zr) (Fig. 6.4a) 178.81 
 

UiO-67 + H2O (Fig. 6.4b) 168.64 

UiO-67 + H2O (Fig. 6.4c) 168.80 

UiO-67 + H2O (Fig. 6.4d) 169.43 

NU-800(Zr) 178.88 

 

NU-800 + H2O (Fig. 6.7a) 177.93 

Intermediate (Fig. 6.7c) 172.78 

MIP-200(Zr) 173.76  

MIP-200 + H2O (Fig. 6.8a) 173.80 

  

Intermediate 2 (Fig. 6.8e) 176.79 

   Source: Elaborated by the author (2019). 
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6.3 STABILITY OF THE Ti-MOFs 

 

Figure 6.10 reports the water dissociation path and the energy barrier involved in the 

hydrolysis mechanism of MIP-177(Ti). One can see that MIP-177(Ti) shows a high water 

stability as illustrated by the very high energy barrier from the reactant (Figure 6.11a) to the 

intermediate 1 (Figure 6.11c) (142.1 kJ mol-1), and the very low reverse energy barrier (7.2 kJ 

mol-1). This observation suggests that even if the water molecule dissociates, the reconstruction 

of the structure would be achievable due to the very low energy barrier required for this process. 

 

Figure 6.10 - Simulated Minimum Energy Path corresponding to the dissociative 

chemisorption of 1 water molecule per unit cell of MIP-177(Ti). 

 

Source: Elaborated by the author (2019). 

 

It is to be noted that the hydrolysis mechanism occurs through the coordination of the 

water to the metal and that in the transition state (Figure 6.11b) the water molecule is not 

dissociated, as was observed for UiO-66(Zr) and MIP-200(Zr). Further to this, the main 

difference when one compares the second transition state with the intermediate 2 is that the 

proton migrates to the carboxylate and the organic linker moves away from the inorganic node. 

The measurement of the Cc-C2-C3 angles corresponding to the main configurations (Figure 

6.11) for the hydrolysis reaction of MIP-177(Ti) is: 178.19° (Figure 6.11a) and 173.61° (Figure 

6.11e). There is no angle deformation after the adsorption of water, when compared with the 

empty structure 178.17°, and the distortion associated to the dissociation of water showed the 

same trend than for MIP-200(Zr). Therefore, this analysis clearly confirms the role of the linker 

in the degradation mechanism of MOFs in the presence of water. 
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Figure 6. 11 - Illustration of the hydrolysis mechanism of MIP-177(Zr). a) Reactant (MIP-

177(Zr) + H2O), b) First transition state (TS1), c) Intermediate 1, d) Second transition state 

(TS2) and e) Intermediate 2 (MIP-177(Zr):[OH-][H+]). The main distances involved in the 

dissociative chemisorption of water are represented and expressed in Å. Color scheme: MOF 

(Ti: light gray, C: gray, O: red and H: white) and water (O: dark blue and H: white). 

 

Source: Elaborated by the author (2019). 

 

6.4 CONCLUSION 

 

UiO-66(Zr), UiO-67(Zr) and NU-800(Zr) present similar (Zr6O4)(OH)4(CO2)n 

inorganic building blocks. Furthermore, a variety of MOFs with these inorganic building blocks 

have been found to be highly stable, suggesting that their stability is linked to the presence of 
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this type of building unit. However, there are significant changes in chemical stability of Zr-

MOFs due the incorporation of different organic linkers. The instability UiO-67(Zr) towards 

water is attributed to the linker distortions engendered by water physisorption near the Zr6-

based node, that are mostly attributed to the rotation of the biphenyl rings. On the other hand, 

the structures UiO-66(Zr) and NU-800(Zr) revealed to be more robust which can be directly 

correlated with the rigidity of BDC and TPT ligands, respectively. 

The DFT calculations confirmed that MIP-200(Zr) is one of the most stable MOFs 

reported so far, since the mechanism implies that the water dissociation must overcome two 

reaction barriers of 63.4 kJ mol-1 and 61.7 kJ mol-1 (see Figure 6.9), while a much lower energy 

barrier (4.7 kJ mol-1) is required to reverse the process suggesting an easy bond regeneration. 

Besides that, the high stability of the MOF can be attributed to the rigidity of the ligand, 3,3′,5,5′ 

tetracarboxydiphenyl-methane (mdip) that reinforces the link between the organic and 

inorganic nodes. Its structure-property relationship encouraged us to investigate another MOF 

formed by a titanium tetravalent metal cation and the same ligand (mdip), and indeed the 

analysis for MIP-177(Ti) confirmed the role of the ligand in the degradation mechanism of 

MOFs in water paving the way towards future guidance for the synthesis of water robust 

architectures. 

In summary, the values of the energy barrier relative to the dissociative chemisorption 

of one water molecule as well as that associated with the regeneration of the broken bond can 

allow to assess the stability of the MOF structures. Furthermore, the Cc-C2-C3 angle is an 

important parameter that not only points out the rigidity of the ligand but also correlates with 

the accessibility of the water molecules to the metal-ligand bond. Our calculations allowed to 

define the following stability sequence: BPDC (UiO-67) < TPT (NU-800) < BDC (UiO-66) < 

mdip (MIP-200-OH-H2O) and mdip (MIP-177-OH-H2O). The highly stability of MOFs formed 

by mdip ligand, MIP-200-OH-H2O and MIP-177-OH-H2O, were proven by the requirement of 

two energies barriers to dissociate water, the lower reversive barrier and the very small 

deviation of the angle (Cc-C2-C3), indicating that mdip cannot be so easily distorted. Moreover, 

the mode of coordination of the ligand should also be taken into account, since the more bonds 

there are between SBU and ligand the harder it will be to completely remove the ligand and 

consequently to lead to the structure collapse. 
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7 CONCLUSION AND PERPECTIVES 

 

This thesis was dedicated to the evaluation of MOFs for their adsorption and 

degradation performances with respect to nerve agents, vesicant agents as well as their 

simulants through the combination of quantum and force-field based molecular simulations. 

Initially, the CWA adsorption properties of the nerve agents sarin and soman as well as 

their simulants were explored by GCMC simulations. A series of Zr and Ti-based MOFs were 

predicted to show CWA capture uptakes that outperform the standard porous solids reported so 

far. The CWA adsorption enthalpies were found to be very high. Thus, to gain more insight into 

these CWA/MOF interactions, further analysis was deployed including the calculations of the 

Bader charges using DFT. The junction of these molecular simulations culminated in two 

important conclusions: (i) there is no significant charge transfer between the CWAs and the 

host frameworks which excludes the existence of a chemisorption process and (ii) the similarity 

between the energies calculated by DFT and GCMC validate the set of LJ potential parameters 

and atomic partial charges used to describe the CWA/MOF interactions. The correlation of the 

CWA uptake/energetics with a geometric descriptor , which is based on the free pore volume 

of the MOF and the molecular dimension of the CWAs, indicated that the capacity of 

stockpiling CWA in MOFs and the adsorption enthalpies are predominantly governed by the 

space available in the pores. Lastly, the ability of simulant molecules (DMMP and DIFP) to 

predict the adsorption properties of Sarin or Soman evidenced that these simulants reproduce 

well the behavior of Sarin, however they have poor predictive power to mimic Soman. 

Therefore, the alternative simulant PMP, proposed in this work, should be carefully considered 

by experimentalists. As a perspective, we plan to apply this computational strategy in order to 

explore the adsorption performances of MOFs with respect to different families of CWAs and 

toxic industrial compounds (TICs). 

As a further step, the systematic examination conducted with the twenty-five MOFs 

leads toward to some promising materials, which are expected to overcome the current 

limitation of the commercialized protection devices against CWAs. Besides that, some factors, 

such as: feasible and low-cost synthesis, presence of activated sites, sites truly available for the 

access of CWAs and structures studied by experimental collaborators were considered. Thus, 

the degradation reaction was further explored for the MIP-177(Ti), MIP-200(Zr) and UiO66-

defects6(Zr) and UiO66-defects6(Zr)-NH2. Three possible hydrolysis mechanisms of CWAs 

by a Ti-MOF were for the first time explored here in this work. The most probable mechanism 

shows that the deactivated molecule, namely IMPA  remains coordinated in a bidentate manner 
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to the Ti-sites and its desorption energy was predicted to be very high, which emphasizes that 

MIP-177(Ti) not only allows the degradation of Sarin but also a strong retention of the resulting 

IMPA product into their pores. The degradation mechanism performed on the two simulants 

demonstrated that DIFP mimics better Sarin in terms of the TS and products obtained during 

the reaction as well as of the activation energy required to achieve their degradation. Thus, this 

computational work emphasizes that two important points need to be considered by the 

experimentalist, on hand the highest toxicity of DIFP than DMMP, on the other hand, the most 

reliability of DIFP to further extrapolate the behavior of the real toxic molecule, Sarin. As a 

follow up of this work, some experiments are being undergone and this might allow us to 

validate and/or refine our simulations. 

The nucleophilic addition of the –OH functions to the phosphorus atom of Sarin and 

Soman using the Zr-MOFs (MIP-200(Zr) and UiO-66(Zr)) also demonstrated a good 

performance. It is important to highlight that UiO-66(Zr)-NH2 is the most appropriate MOF for 

the degradation of Sarin, since it requires the less amount of energy to degrade Sarin when 

compared with MIP-177(Ti), MIP-200(Zr) and UiO-66(Zr) and also presents strong retention 

of the resulting IMPA product into their pores ensuring that the most toxic molecule will not be 

regenerated. At this point, it is important to mention that this computational work guided further 

experimental development of our collaborators in KRICT. The degradation reaction for Soman 

was Tested by Agency for Defense Development in Korea using the textile made of the 

composite UiO-66(Zr)-NH2 and polyacrylonitrile. 

The hydrolytic pathway, chosen to deactivate the sulfur mustard, revealed good 

performance of UiO66-defects6(Zr)-NH2 for the catalytic degradation of this blister agent. 

Furthermore, the simulant CEES perfectly mimics the behavior of HD, considering the 

degradation mechanism on the activated Zr site of UiO-66(Zr)-NH2. Finally, the effect of the 

MOF linker functionalization on the degradation of Sarin, Soman and HD considering the 

MOFs UiO-66(Zr) and UiO-66(Zr)-NH2 did not cause a substantial impact in the activation 

energy. It can be explained by the presence of strong interactions with the activated sites of the 

SBU and/or the presence of weakly interactions between the molecules and the linkers, but not 

necessarily with the amino groups, where these interactions vary for each molecule due to their 

volume. 

One significant obstacle found during the investigation of the degradation mechanisms 

was the lack of resources in terms of machines. Thus, the effect of the temperature, as well as 

the confirmation of the transition states, could not be accomplished. However, we can be 

confident regarding the reliability of the energies barriers and the transition states presented in 
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this work owing to the robustness of the CI-NEB methodology and considering that some 

computational works published in the literature reported configurations of the transition state 

similar that those reported here.  

The last part of this thesis was dedicated to the deep investigation of the stability of 

MOFs under humidity. The NEB calculations confirmed the very good water stability of this 

family of materials, UiO-66(Zr), NU-800(Zr), MIP-200(Zr) and MIP-177(Ti). The analyses of 

the (Cc-C2-C3) angles showed that the very small deviation of the angle indicates the linker 

cannot be so easily distorted, which prevents the water to access the metal-ligand node. 

Therefore, the rigidity of the ligand makes the MOF more stable under humidity. Thus, the 

instability of UiO-67(Zr) can be attributed to the biphenyl rings, which undergoes significant 

reorientation upon water adsorption leading to the disruption of the coordination bonds between 

the organic ligands and the inorganic moieties. In contrast, the robustness of UiO-66(Zr), NU-

800(Zr), MIP-200(Zr) and MIP-177(Ti) can be assigned to the rigidity of BDC, TPT and mdip 

ligands, respectively. In summary three factors should be examined to assess the stability of the 

MOF structures: (i) the values of the energy barrier relative to the dissociative chemisorption 

of one water molecule, (ii) the energy associated with the regeneration of the broken bond and 

(iii) the Cc-C2-C3 angle, which can be correlated to the rigidity of the ligand but also to the 

non-accessibility of the water molecules to the metal-ligand bond. Thus, it is possible to define 

the following stability sequence: BPDC (UiO-67) < TPT (NU-800) < BDC (UiO-66) < mdip 

(MIP-200-OH-H2O) and mdip (MIP-177-OH-H2O). The highly stability of MIP-200-OH-H2O 

and MIP-177-OH-H2O, both formed by mdip ligand, indicates that the mode of coordination of 

the ligand should also be taken into account, since the more bonds there are between SBU and 

ligand the harder it will be to completely remove the ligand and consequently to lead to the 

structure collapse. Therefore, the understanding of the stability of MOFs under humidity, 

provided in this thesis, can be used to future guide the synthesis of water robust architectures. 
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ANNEX A - Atomic partial charges of MOFs 

 

1. Atomic partial charges of MOFs 
 
 

1.1 MIL-125(Ti) 

 

 
Figure S1. Labels of the atoms for the inorganic and organic parts of MIL-125(Ti). 

 
 

Table S1: Partial charges for the MIL-125(Ti) structure derived at the DFT/PBE Level. 

 
Atomic 
Types 

Ti O1 O2 O3 C1 C2 C3 H2 H3 

Charge 
(e) 

1.384 -0.5425 -0.67075 -0.718 0.6105 -0.077 -0.0745 0.278 0.1395 
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1.10 MOF-808-A(Zr) 

 

 

Figure S10. Labels of the atoms for the inorganic and organic parts of MIL-808-A(Zr). 

 
Table S10: Atomic partial charges for the MIL-808-A(Zr) structure derived at the DFT/PBE 

Level. 

Atomic 
Types 

Zr O1 O2 O3 O4 C1 C2 

Charge 
(e) 

1.938 -0.568 -0.7823 -0.9803 -0.549 0.571 -0.0752 

Atomic 
Types 

C3 C4 C5 H2 H3 H5  

Charge 
(e) 

-0.0564 0.559 -0.326 0.361 0.165 0.131  
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1.11 MOF-808-F(Zr) 

 

 

Figure S11. Labels of the atoms for the inorganic and organic parts of MOF-808-F(Zr). 

 
Table S11: Atomic partial charges for the MOF-808-F(Zr) structure derived at the DFT/PBE 

Level. 

Atomic 
Types 

Zr O1 O2 O3 O4 C1 

Charge (e) 1.936 -0.568 -0.78735 -0.983 -0.515 0.575 

Atomic 
Types 

C2 C3 C4 H2 H3 H4 

Charge (e) -0.0738 -0.0529 0.479 0.362 0.169 0.0726 
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1.12 MOF-808-P(Zr) 

 

 

Figure S12. Labels of the atoms for the inorganic and organic parts of MOF-808-P(Zr). 

 
Table S12: Atomic partial charges for the MOF-808-P(Zr) structure derived at the DFT/PBE 

Level. 

Atomic 
Types 

Zr O1 O3 O4 C1 C2 C3 

Charge 
(e) 

1.94 -0.568 -0.786 -0.9828 -0.557 0.571 -0.0747 

Atomic 
Types 

C4 C5 C6 H2 H3 H5 H6 

Charge 
(e) 

0.599 -0.285 -0.284 0.361 0.165 0.14 0.115 
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1.13 MOF-808-OH-H2O(Zr) 

 

 

 

Figure S13. Labels of the atoms for the inorganic and organic parts of MOF-808-OH-

H2O(Zr). 

 
Table S13: Atomic partial charges for the MOF-808-OH-H2O(Zr) structure derived at the 

DFT/PBE level. 

Atomic 
Types 

Zr1 Zr2 O1 O2 O3 O4 

Charge (e) 1.913 1.91 -0.581 -0.77198 -0.995 -0.573 

Atomic 
Types 

C1 C2 C3 H2 H3 H4 

Charge (e) 0.567 -0.0739 -0.0568 0.31 0.156 0.332 

 
 
 
 
 
 
 
 





202 

1.15 UiO-66(Zr) 

 

 

 

Figure S15. Labels of the atoms for the inorganic and organic parts of UiO-66(Zr). 

 
Table S15: Atomic partial charges for the UiO-66(Zr) structure derived at the DFT/PBE level. 

Atomic 
Types 

Zr O1 O2 O3 C1 C2 C3 H2 H3 

Charge 
(e) 

1.972 -0.577 -0.788 -1.008 0.599 -0.075 -0.064 0.356 0.126 
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1.16 UiO-66(Zr)-Cl 

 

 

 

Figure S16. Labels of the atoms for the inorganic and organic parts of UiO-66(Zr)-Cl. 

 
Table S16: Atomic partial charges for the UiO-66(Zr)-Cl structure derived at the DFT/PBE 

Level. 

Atomic 
Types 

Zr O1 O2 O3 C1 C2 C3 C4 

Charge 
(e) 

1.969 -0.576 -0.77705 -1.011 0.605 -0.0753 -0.0308 -0.018 

Atomic 
Types 

C5 C6 C7 H2 H4 H6 Cl  

Charge 
(e) 

-0.0557 -0.0645 -0.0635 0.35 0.159 0.1395 -0.0465  
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1.17 UiO-66-(Zr)-NH2 

 

 

 

 

Figure S17. Labels of the atoms for the inorganic and organic parts of UiO-66-(Zr)-NH2. 

 

Table S17: Atomic partial charges for the UiO-66-(Zr)-NH2 structure derived at the DFT/PBE 
level. 

Atomic 
Types 

Zr O1 O2 O3 C1 C2 C3 C4 

Charge 
(e) 

1.956 -0.600 -0.7607 -0.9967 0.6035 -0.113 0.1765 -0.109 

Atomic 
Types 

C5 C6 C7 H2 H3 H4 H6 N 

Charge 
(e) 

-0.067 -0.0927 -0.0672 0.348 0.253 0.131 0.109 -0.406 
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1.19 UiO-66-(Zr)-NO2 

 

 

 

Figure S19. Labels of the atoms for the inorganic and organic parts of UiO-66-(Zr)-NO2. 

 
Table S19: Atomic partial charges for the UiO-66-(Zr)-NO2 structure derived at the DFT/PBE 

Level. 

 
Atomic 
Types 

Zr O1 O2 O3 O4 C1 C2 C3 

Charge 
(e) 

1.941 -0.540 -0.7872 -1.0002 -0.318 0.585 -0.0513 0.0692 

Atomic 
Types 

C4 C5 C6 C7 H2 H4 H6 N 

Charge 
(e) 

-0.0445 -0.0605 -0.0473 -0.051 0.375 0.176 0.138 0.36 
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1.20  UiO-66-(Zr)-(OH)2 

 

 

 

 
Figure S20. Labels of the atoms for the inorganic and organic parts of UiO-66-(Zr)-2OH. 

 

Table S20: Atomic partial charges for the UiO-66-(Zr)-2OH structure derived at the 
DFT/PBE level. 

Atomic 
Types 

Zr O1 O2 O3 O4 C1 

Charge (e) 1.97 -0.634 -0.7794 -1.02 -0.394 0.631 

Atomic 
Types 

C2 C3 C4 H2 H3 H4 

Charge (e) -0.136 -0.0932 0.244 0.348 0.154 0.361 
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1.22 Defective UiO-66-(Zr) 

 

 

 

 

 
Figure S22. Labels of the atoms for the inorganic and organic parts of the defective UiO-66-

(Zr). 

 
Table S22: Atomic partial charges for the defective UiO-66-(Zr)- structure derived at the 

DFT/PBE Level. 

Atomic 
Types 

Zr1 Zr2 O1 O2 O3 

Charge (e) 1.907 1.942 -0.566 -0.7557 -0.99364 

Atomic 
Types 

H2 H3 C1 C2 C3 

Charge (e) 0.3477 0.1236 0.5963 -0.0891 -0.0546 
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1.23 UiO-67(Zr) 

 

 

 
Figure S23. Labels of the atoms for the inorganic and organic parts of UiO-67(Zr). 

 
Table S23: Atomic partial charges for the UiO-67(Zr) structure derived at the DFT/PBE 

Level. 

Atomic 
Types 

Zr O1 O2 O3 C1 C2 

Charge 
(e) 

1.946 -0.5744 -0.764 -0.99 0.589 -0.087 

Atomic 
Types 

C3 C4 C5 H2 H3 H4 

Charge 
(e) 

-0.0601 -0.0955 0.006 0.347 0.126 0.098 
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1.24 UiO-68(Zr) 

 

 

 

 

Figure S24. Labels of the atoms for the inorganic and organic parts of UiO-68(Zr). 

 
Table S24: Atomic partial charges for the UiO-68(Zr) structure derived at the DFT/PBE level. 

Atomic 
Types 

Zr O1 O2 O4 C1 C2 C3 C4 

Charge 
(e) 

1.948 -0.576 -0.766 -0.994 0.591 -0.09 -0.054 -0.091 

Atomic 
Types 

C5 C6 C7 H2 H3 H4 H7  

Charge 
(e) 

0.015 0.007 -0.081 0.347 0.121 0.083 0.085  
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1.25 Zr-Azo-BDC 

 

 

 

 

 

Figure S25. Labels of the atoms for the inorganic and organic parts of Zr-AZO-BDC. 

 
Table S25: Atomic partial charges for the Zr-AZO-BDC structure derived at the DFT/PBE 

Level. 

Atomic 
Types 

Zr O1 O2 O3 C1 C2 C3 

Charge 
(e) 

1.954 -0.575 -0.766 -0.993 0.595 -0.086 -0.0575 

Atomic 
Types 

C4 C5 H2 H3 H4 N  

Charge 
(e) 

-0.0765 0.098 0.349 0.1255 0.112 -0.171  

  
 
 
 
 
 
 
 
 
 
 



213 

ANNEX B - Articles 



Contents lists available at ScienceDirect

Microporous and Mesoporous Materials

journal homepage: www.elsevier.com/locate/micromeso

Computational evaluation of the chemical warfare agents capture
performances of robust MOFs

C. Vieira Soaresa,b, A.A. Leitãob, G. Maurina,∗

a Institut Charles Gerhardt Montpellier, UMR-5253, Université de Montpellier, ENSCM, Place E. Bataillon, Montpellier cedex 05, 34095, France
bDepartamento de Química, Universidade Federal de Juiz de Fora, Juiz de Fora, MG, 36036-330, Brazil
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A B S T R A C T

A series of stable MOFs containing zirconium or titanium ions as metal centers was screened to assess their
capture performances for nerve agents including sarin and soman as well as their standard simulants, i.e. the
dimethyl-methyl-phosphonate and diisopropyl fluorophosphate. These Monte Carlo simulations revealed that
some of these MOFs show very high uptakes that significantly outperform those of other families of porous
materials and interestingly they exhibit a very high affinity for these toxic molecules at low loading. These
combined features make them potentially attractive to act as nerve agent filters. This set of adsorption data was
further rationalized to establish structure-adsorption performances relationship and Monte Carlo simulations
were combined with Density Functional Theory calculations to gain more insight into the adsorption mechanism
in play. Finally, the choice of reliable simulants to accurately mimic the adsorption behavior of real toxic mo-
lecules in MOFs has been further discussed and in particular it has been established that soman is better de-
scribed considering the pinacolyl methylphosphonate rather than the standard dimethyl-methyl-phosphonate
and diisopropyl fluorophosphate simulants.

1. Introduction

Despite the chemical weapon convention of 1997, chemical warfare
agents (CWAs) are still being employed throughout the world by ter-
rorist groups and unscrupulous governments with most recently the
reported use of CWAs in the Middle East [1]. This emphasizes that
threat of exposure to CWAs is still considered as a major military issue.
Several events such as the attack with sarin, in the Tokyo metro in 1995
[2], have also demonstrated that civilian populations may also be ex-
posed to these toxic agents. Today's protection devices for the capture
of CWA from air streams including gas masks and filters involve carbon
materials (the so-called ASZM-TEDA [3]) impregnated with a mixture
of nanoparticles of metal or metal oxides, salts and amines that act as
specific adsorption sites for the targeted highly toxic molecules [4,5].
More recent developments have been also devoted to the detection of
CWAs using notably pure or functionalized silica, zeolites, alumina or
titania [6–8]. Although these existing adsorbents exhibit many desir-
able characteristics for the capture and the destruction of CWAs, they
show relatively low adsorption capacities, rapid deactivation of their
active sites and/or lack of tailorability. This leaves significant room to
identify other porous materials with improved performances for such
application. In this context, Metal-Organic Frameworks (MOFs) [9–13]

have been recently envisaged as promising candidates for the identifi-
cation, adsorption and/or catalytic degradation of CWAs [14]. The at-
tractiveness of this family of hybrid porous ordered solids, built up from
inorganic sub-units and organic complexing linkers bearing or not
functional polar or apolar groups, lies in the huge spectrum of physical
properties and chemistries that can be explored, where almost all of the
elements of the periodic table have been used in one material or an-
other. This offers an unprecedented opportunity to identify porous
adsorbents for CWA capture with the ability to capture a broad range of
hazardous molecules to respond to diverse menaces and store high
CWA. The large majority of studies related to the MOF/CWA topic has
focused so far on the catalytic degradation purpose. The selected MOFs
including Cu-BTC [15], MOF-5 [16], UiO-66s [17–19] UiO-67s [17,20],
NU-1000 [17,21], PCN-222 [22], NENU-11 [23], Zn-DMCP [24], MIL-
101(Al)-NH2 [25] and MIL-53(Al)-NH2 [25] revealed promising per-
formances for the degradation of both G-type nerve agents, i.e. sarin,
soman, VX and their standard simulants dimethyl-methyl-phosphonate
(DMMP) and diisopropyl fluorophosphate (DIFP), and vesicant agents
of which sulphur mustard and its simulant including 2-chlor-
oethylethylsulfide (CEES). In terms of adsorption studies, only a very
few studies have been reported. We can cite the experimental studies on
the adsorption of DMMP in NENU-11 and MOF-5 [16] while a first
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computational exploration has been very recently published by Matito-
Martos et al. on the CWA removal capacity performances of a large
series of MOFs [26]. Some of the tested MOFs for CWA-related appli-
cations are unstable in the presence of water which hampers their use
for CWA capture since humidity in the air and in the breath is usually
present in operating conditions.

In this context, priority has to be given to explore the CWA capture
in chemical stable MOF containing high-valent cations, e.g. Al3+, Zr4+,
Ti4+, as metal centers to ensure that the performances can be main-
tained under operating conditions over prolonged periods. Another
requirement is to favor MOFs incorporating relatively cheap commer-
cially available organic linkers, easily scaled-up, and prepared via green
synthesis routes in order to be cost-competitive with respect to the
ASZM-TEDA active carbons currently used as filters. With these ideas in
mind, here we report a systematic computational evaluation of the
CWA capture performances of a series of Zr- and Ti- MOFs, showing
different pore size/topology and incorporating diverse adsorption sites
(Fig. 1), that have been proved to be water stable. This study aimed to
explore sarin and soman as well as their most common simulants used
in experiments, i.e. DMMP, DIFP and Pinacolyl methylphosphonate
(PMP) (Fig. 2). Grand Canonical Monte Carlo (GCMC) simulations have
been combined with Density Functional Theory (DFT) calculations to
assess the adsorption uptakes and the energetics for each MOF/CWA
pair and to evidence the preferential adsorption sites and the resulting
CWA/MOF interactions. As a further step, this computational database
has been used to build model structure-adsorption performances in
order to identify the key parameters of the MOFs that drive the CWA
capture. Finally, the comparison of the simulated adsorption behaviors
of CWA and their simulants allowed us to define the most reliable si-
mulant that mimics as fairly as possible the real molecules.

2. Computational details

The structural models for all MOFs were taken from the literature:
MIL-125-(Ti) and MIL-125-(Ti)-NH2 [27]; MIL-140-D [28], MIL-140-E
and MIL-140G [29]; MIP-177 and MIP-177-OH-H2O [30]; MIP-200 and

MIP-200-OH-H2O [31]; MOF-808-A, MOF-808-F, MOF-808-P and MOF-
808-OH-H2O [32]; NU-1000 [33]; UiO-66-(Zr) [34]; UiO-66-(Zr)-Cl,
UiO-66-(Zr)-(OH)2, UiO-66-(Zr)-CO2H, UiO-66-(Zr)-NO2 and UiO-66-
(Zr)-NH2 [35]; defective UiO-66-(Zr) and UiO-66-(Zr)-NH2 labelled as
UiO-66-(Zr)-defects3 and UiO-66-(Zr)-NH2 defects6 respectively in a
previous study [36]; UiO-67-(Zr) [34], UiO-68-(Zr) [34] and Zr6-AZO-
BDC [37] (Figs. S1–S25). The structures of MIP-177-OH-H2O, MIP-200-
OH-H2O, MOF-808-OH-H2O and defective UiO-66-(Zr) and UiO-66-
(Zr)-NH2 were preliminary saturated by hydroxyl and water groups.
These atoms were added to the metal atoms of the inorganic nodes. All
crystal structures were further geometry optimized at the DFT level
keeping the experimental unit cell parameters fixed. These calculations
were performed using the Perdew Burke Ernzerhof (PBE) functional at
generalized gradient approximation (GGA) [38] combined with the
Double Numeric basis set with Polarization functions (DNP) [39] on all
atoms as implemented in DMol3 package [40].

2.1. Force fields

The interactions between MOFs and CWAs were treated using the
sum of a 12-6 Lennard-Jones (LJ) contribution and a Coulombic term.
The Universal force field (UFF) [41] and DREIDING [42] force field
were adopted to describe the Lennard-Jones (LJ) parameters of all
atoms of the inorganic nodes and the organic linkers, respectively. The
partial charges for all atoms of the MOF frameworks were extracted
from our DFT calculations (see Tables S1–S25 and corresponding Figs.
S1–S25). Regarding the CWAs, sarin, soman and DMMP molecules were
described by a united atom representation including LJ point charges
with parameters taken from the transferable potentials for phase
equilibria (TraPPE) force field, reported by Sokkalingam et al. [43].
Same united atom representations were considered for the DIFP and
PMP molecules with parameters taken from the previous work reported
by Vishnyakov et al. [44] and Sokkalingam et al. [43] respectively. The
LJ cross parameters corresponding to the interactions between the
CWAs and the MOFs framework were obtained using the Lorentz-Ber-
thelot mixing rules. Finally, the charges of these CWAs were taken from

Fig. 1. Illustrations of the inorganic Zr and Ti building blocks present in a few representative 3D-MOFs considered in this work.
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these previously reported United Atom models of these molecules as
illustrated in Fig. 2.

2.2. Monte Carlo simulations

Grand Canonical Monte Carlo (GCMC) simulations were performed
at 298 K for all MOFs and CWAs selected in this work for a series of
fugacity for the CWAs up to 5000 kPa in order to estimate the saturation
capacity for each molecule. The selection of this high range of pressure
is to make sure that we can assess the maximum payload of all MOFs
and there is no link with the pressure encountered under working
condition of nerve agent filters. These calculations were performed
using the Complex Adsorption and Diffusion Simulation Suite (CADSS)
code implementing the configurational-bias Monte Carlo scheme that
was used in this study to favor a more efficient sampling of the CWAs in
the pores of the MOFs. This method includes insertion/deletion,
translational, rotational, partial and full regrowth MC steps. The si-
mulation box considered for all MOFs was defined in such a way that all
a, b and c dimensions were longer than 24 Å. Short-range dispersion
forces described by LJ potentials were thus truncated at a cutoff radius
of 12 Å, whereas long-range electrostatic interactions were handled
using the Ewald summation technique. For each state point, 2× 108

Monte Carlo steps have been used for both equilibration and production
runs. The adsorption enthalpies at low coverage (ΔH) for each molecule
were calculated for all MOFs using the revised Widom's test particle
insertion method [45]. To gain insight into the arrangement of the
CWAs in the pores of the MOFs, the CWA/CWA and CWA/MOF radial
distribution functions (RDFs) were obtained by averaging over the
whole configurations generated during the GCMC simulations.

2.3. Density Functional Theory calculations

A Bader charge analysis was conducted on the MOF/CWA systems
using a grid-based algorithm [46] to analyse the potential charge
transfer between the CWAs and the MOFs. The charge in all atoms of
the system was defined as the difference between the valence charge
and the Bader charge. These calculations were performed using the
codes available in the Quantum-Espresso package [47], which imple-
ments the Density Functional Theory (DFT) [48,49] with periodic

boundary conditions using plane wave functions as basis set [50]. We
used the generalized gradient approximation (GGA/PBE) [51] for the
exchange-correlation functional, and the ion cores of atoms were de-
scribed by the Vanderbilt [52] ultrasoft pseudopotential. These calcu-
lations were performed using single point calculation on the config-
uration generated by the MC simulations.

3. Results and discussion

Fig. 3 reports the simulated CWA uptakes for all MOFs. One can
observe that the best materials for CWA capture are MOF-808s, NU-
1000, UiO-68(Zr) and Zr-Azo-BDC. This conclusion remains valid for all
real CWAs and their simulants with adsorption uptakes above 6mmol/
g. This level of performances significantly surpasses that of previously
reported MOFs and other standard porous materials. Typically, the
carbons adsorb much lower amounts of CWAs. As an illustration Ko-
walczyk et al. [53], demonstrated that pitch-based P7 Activated Carbon
Fiber (ACF) and the commercialized Norit activated carbons adsorb
only respectively 0.806mmol.g−1 and 0.161mmol.g−1 of DMMP. In
addition, the current activated carbon ASZM-TEDA showed a sarin
adsorption uptake of 0.04mg/m3 [54]. Regarding MOFs, as mentioned
in the introduction only a very few studies have been reported on their
CWA adsorption performances. We can cite the sodalite-type MOF
(NENU-11) [23] and MOF-5 [16] that were shown to adsorb
1.92mmol.g−1 and 7.3 mmol.g−1 of DMMP respectively. As a further
step, we concentrated our effort to identify the features of the MOFs at
the origin of these high CWA uptakes. We evidenced that the uptake of
each CWA considered individually correlates rather well with the N2-
accessible surface area calculated for the MOFs (see Table S26 and Fig.
S26 - correlation factors R2 varying from 0.84 to 0.90). The correlation
is even better using the free pore volume as a descriptor of the MOFs
(see Fig. S27 with correlation factors higher than 0.96). In order to
obtain a more generic expression, we introduced another geometric
descriptor labelled as α which is given by the following expression:

= ⎛

⎝
⎜

⎞

⎠
⎟α

VMOF
vSoman

vCWA

, where VMOF corresponds to the free pore volume of the

MOF, νSoman and νCWA are the volume of the bulkier CWA, i.e. soman,
and the other molecules respectively. Fig. 4 evidences an excellent
correlation between the uptakes and α for all MOFs (correlation factor

Fig. 2. Illustration of the CWAs molecules: (a) Soman, (b) Sarin, (c) DMMP, (d) DIFP and (e) PMP along with the partial charges used for the united-atom models
considered in this work.
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R2 of 0.99). This structure-adsorption uptake performance relationship
emphasizes that the capacity of stockpiling CWA in MOFs is pre-
dominantly governed by a pore filling mechanism, the higher porosity
leading to the higher CWA uptake. This structure-adsorption uptake
performance relationship emphasizes that the capacity of stockpiling
CWA in MOFs is predominantly governed by a pore filling mechanism,
the higher porosity leading to the higher CWA uptake. The pre-
dominance of this mechanism is also supported by the excellent cor-
relation for all CWAs between the uptake capacity of the MOF with the
fraction of the free pore volume of the MOF and the volume of the

adsorbed molecule ( )V

ν

MOF

CWA
as reported in Fig. S28. Typically, the best

materials UiO-68(Zr) and MOF-808s show the highest free pore vo-
lumes of 1.75 and 1.85 cm3.g−1 respectively (see Table S26).

We further evidenced that the calculated adsorption enthalpy is
higher for all CWAs in the case of the MOFs showing the lower free pore
volume although we do not find a direct correlation since the chemical
features of the MOFs also impact the CWA/MOF interactions (see Fig.
S29). This observation is consistent with the systematic computational
study reported by Agrawal et al., which demonstrated that the MOFs
with the pore limiting diameters in the range of 6–8 Å show the highest
affinity for Sarin [55].

Interestingly the calculated CWA adsorption enthalpies were shown
to be spread in a relatively large domain reaching for some MOFs very

Fig. 3. GCMC simulated saturation uptakes at 298 K for all MOFs with respect to sarin, soman, DMMP and DIFP calculated using a pressure of 5000 kPa.

Fig. 4. Structure-adsorption uptake relationship for CWAs in MOFs.
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high values up to −110 kJ/mol. The strength of interactions obtained
for these screened MOFs is significantly higher than the unique ex-
perimental value reported so far for a MOF, i.e. −44.8 kJ/mol for DIFP
in Zn-DMCP [24].

To gain more insight into the microscopic origin of the potentially

high CWA/MOF interactions, a carefully analysis of the preferential
adsorption sites for the CWAs was undertaken based on the calculations
of the radial distribution functions for the diverse CWA/MOF atom
pairs averaged over the whole configurations generated by Monte Carlo
simulations. Typically, we detailed the scenario for the defective UiO-

Fig. 5. A typical illustration of the preferential sittings for (a) Sarin, (b) Soman, (c) DIFP and (d) DMMP in the pores of the defective UiO-66(Zr)-NH2 and the
corresponding CWA/MOF radial distribution functions averaged over all the MC configurations.
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66-(Zr)-NH2 which is one of the MOFs showing the stronger interactions
with sarin, soman, DMMP and DIFP associated with adsorption en-
thalpies of−108,−95,−93 and−94 kJ mol-1 respectively. It is not be
noted that these values converge well with the interaction energies
calculated at the DFT-level (Table S27). This observation validates the
set of LJ potential parameters and atomic partial charges used to de-
scribe the CWA/MOF interactions. Fig. 5a shows that sarin is pre-
ferentially located in the vicinity of the amino function grafted to the
organic linker via an interaction between its oxygen atom of the P=O
group and the hydrogen atom of the amino group with a characteristic
distance of 2.7 Å. Such a range of interacting distance suggests a rela-
tively moderated strength of interaction between CWA and the MOFs
and thus a physisorption-based process. The same preferential inter-
actions with the NH2-group of the MOF were also observed for the si-
mulants DMMP and DIFP (Fig. 5c and d) while the adsorption behavior
of soman only slightly deviates with an interaction between its oxygen
atom of the P=O group and the hydrogen atom of the hydroxyl group
bounded to the Zr atom (Fig. 5b). Relatively similar strength of CWA/
MOFs interactions and microscopic adsorption mechanisms were also
observed for the other best MOFs including for instance MOF-808s (Fig.
S30).

In order to confirm that the CWA adsorption proceeds in these MOFs
via physisorption-type interactions, we performed further DFT analysis.
As a typical example, we specifically treated the case of CWA adsorbed
in the defective UiO-66(Zr)-NH2. The analysis of Bader charges revealed
that there is no significant change when one compares the charges of
the isolated and confined CWA as summarized in Table 1. This result
clearly supports that there is no charge transfer between the CWA and
the host framework and this excludes the existence of a chemisorption
process.

From an experimental standpoint, simulant molecules, with phy-
sical or chemical properties similar to the real CWAs are usually con-
sidered to avoid working with the highly toxic agents. DMMP and DIFP
are the most common simulants employed to mimic soman and sarin
respectively, however it is crucial to make sure that they accurately
capture the adsorption behavior of the real molecules and this issue has
been only rarely discussed so far in the literature. In this concern,
Agrawal et al. [55] showed that dimethyl p-nitrophenyl phosphate
(DMNP) is a suitable simulant to mimic the adsorption of Soman while
DMMP, DIFP and diethyl chlorophosphite are more appropriate to re-
produce the behavior of Sarin. To address this question in the case of
MOFs, we considered the comparison of the adsorption behaviours of
DIFP, DMMP, soman and sarin in two representative MOFs, namely the
MOF-808-OH-H2O and the MIP-177-OH-H2O. Table 2 shows the si-
mulated adsorption uptakes and adsorption enthalpies for all four
molecules. It can be clearly stated that while DMMP and DIFP

accurately reproduce the behavior of sarin in terms of uptake and en-
ergetics this is far to be the case for soman. Therefore, we searched for
an alternative simulant that can mimic more accurately soman. Indeed,
the PMP molecule showing similar backbone than the real molecule
(see Fig. 2) was thus considered. Table 2 indicates that this simulant
reproduces much better the adsorption behavior of soman (in terms of
both uptake and energetics), Fig. S31 showing that it occupies a pre-
ferential sitting in the pores similar to the real molecule. This ob-
servation suggests that this simulant of low toxicity should be con-
sidered as an alternative to the standard DMMP and DIFP molecules to
explore the performances of MOFs regarding soman.

4. Conclusions

In summary, our GCMC simulations evidenced that a series of water
stable Zr and Ti MOFs show outstanding adsorption uptakes for soman,
sarin and their simulants combined with high adsorption enthalpies.
This level of performance makes these materials potentially attractive
as CWA filters with great promises in large payload and limitation of
release under operating conditions. Although the CWA adsorption en-
thalpies reached for some MOFs values higher than −100 kJ.mol−1,
complementary DFT analysis precluded the existence of charge transfer
between the CWA and the host framework consistent with a physi-
sorption-based process involving mostly van der Waals interactions.
Structure-CWA adsorption performances relationship was established
with the definition of a geometric descriptor based on the free pore
volume of the MOF and the molecular dimension of the CWAs. Finally,
we evidenced that a special attention needs to be paid when one selects
the simulants to mimic the adsorption of real CWAs in MOFs. While the
standard DMMP and DIFP simulants reproduce well the behavior of
sarin, this is not anymore true for soman and we established that an
alternative simulant, namely the PMP molecule, needs to be considered.
A further step will be to consider the competitive adsorption of CWAs
with water and hydrocarbons to confirm the viability of these pro-
mising MOFs as CWA filters. Furthermore, such a computational ap-
proach can be applied in order to explore the adsorption performances
of other materials with respect to different families of CWAs and toxic
industrial compounds (TICs).
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ABSTRACT: The catalytic degradation of chemical warfare agents (CWAs) into
nontoxic products by metal organic frameworks (MOFs) has been exclusively focused
on Zr-based materials so far, although Ti-MOFs might be also of interest owing to the
well-known capacity of Ti compounds to efficiently hydrolyze CWAs. Here, we report
for the first time a computational exploration of several possible hydrolysis mechanisms
on the activated Ti site of a recently discovered highly stable Ti-MOF, MIP-177(Ti), in
the presence/absence of water, considering sarin and its simulants dimethyl
methylphosphonate and diisopropyl phosphorofluoridate. Density functional theory
calculations were performed at the periodic level to accurately assess the main states of
the degradation reaction (reactants, transition states, and products) and the associated
activation energy barriers for each degradation reaction that are further compared to
the corresponding data previously reported for Zr-MOFs. MIP-177(Ti) was demonstrated to be a promising candidate for an
efficient degradation of sarin and retention of the resulting products with a level of performance as attractive as that of the best
Zr-MOFs reported so far. Furthermore, the simulations performed on the two simulants emphasized that diisopropyl
phosphorofluoridate better mimics sarin in terms of the transition states and products obtained during the reaction as well as of
the activation energy required to achieve their degradation.

1. INTRODUCTION

Chemical warfare agents (CWAs) containing phosphate ester
bonds are highly toxic chemicals, since they are effective
inhibitors of acetylcholinesterase, an enzyme that ensures the
synaptic transmission in the nervous system.1 Although the
development, production, stockpiling, and use of these
hazardous molecules have been prohibited during the chemical
weapon convention of 1997, their threat is still a serious risk
for humanity. Indeed, the development of materials and/or
processes able to identify, capture, and even degrade CWAs
remains an active field of research. In this context, the hybrid
porous materials, namely, the metal organic frameworks
(MOFs),2−6 have been recently envisaged as an alternative
solution to the standard porous materials (carbons, zeolites,
alumina, etc.) for the capture and the catalytic degradation of a
broad range of G-type and vesicant agents owing to their
unique degree of variability in terms of chemical features, e.g.,
nature of metal-active sites and organic linkers, as well as
shape/size of porosity. Only few papers dealing with the
physical adsorption of CWAs in MOFs have been published so
far. We can cite the experimental work on the adsorption of
blood agent arsine in Cu-BTC,7 cyanogen chloride in MOF-
74,8 tabun and O-ethyl-S-2[2-(diethylamino)ethyl]-
methylphosphonothiate in several IRMOFs,9 and dimethyl
methylphosphonate (DMMP) in NENU-11,10 methylphos-
phonic acid in Zn2Ca(CO2)6(H2O)2,

11 as well as diisopropyl
fluorophosphate (DIFP) in lithium alkoxide doped UiO-6612

and diethyl sulfide in [Zn4O(3,5-dimethyl-4-carboxy-pyrazola-

to)3].
13 The most recent studies reported the use of molecular

simulations as a predictive tool to anticipate the capture
performance of a series of MOFs for diverse CWAs.14,15 We
recently published a systematic computational evaluation of
water-stable MOFs containing Zr or Ti as metal centers by
means of grand canonical Monte Carlo simulations coupled
with density functional theory (DFT) calculations to assess
their adsorption uptakes, the energetics and the preferential
adsorption sites for a series of nerve agents including sarin,
soman, and their simulants DMMP and DIFP.16 Conversely,
the majority of studies related to the MOF/CWA topic have
been devoted to the catalytic degradation of these hazardous
chemicals into nontoxic products from an experimental point
of view. Several Zr-MOFs were shown to be promising
catalysts for CWA hydrolysis owing to the presence of
hydroxyl groups bridging two Zr atoms,12,17−41 which is
reminiscent of the active sites Zn−OH−Zn present in enzymes
that are known to allow an efficient degradation of phosphate
ester.42 Typically, Mondloch et al. were among the first to
demonstrate the efficiency of NU-1000 for the degradation of
soman and the nerve agent simulant dimethyl 4-nitrophenyl
phosphate (DMNP).43 MOF-808 was further shown as a
promising candidate for the hydrolysis of DMNP44 with
performances even better than those exhibited by other Zr-
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MOFs including UiO-66,32 UiO-66-NH2,
45,46 and NU-

1000.43,47 Later, Plonka et al.21 and Sharp et al.34 revealed
that the catalytic conversion of DMMP is inhibited due to the
strong bonds formed between the degraded products and the
MOF frameworks.21,34 This observation motivated further
investigations with the consideration of refined MOFs
containing either functionalized linkers48 or based on different
metal centers (rare earth, Ce)49,50 for the degradation of
various nerve agents including DMNP, soman, DIFP, and
diethyl chlorophosphate. The literature is much less exhaustive
in terms of computational studies related to the catalytic
degradation of CWAs and their simulants using MOFs.
Typically, Troya et al.51 carried out DFT calculations at the
cluster level using localized basis sets to explore the hydrolysis
degradation mechanism of sarin by UiO-66 and MOF-808.
Wang et al.21 and Chen et al.52 followed the same
computational strategy to investigate the decomposition of
DMMP and DMNP by UiO-67 and NU-1000, respectively.
Extended and truncated cluster models to represent the Zr-
defect ive structure of [Zr12(μ3 -O)8(μ3 -OH)8(μ2 -
OH)6(TPDC)18] were further used by Momeni et al.25 to
model the hydrolysis of sarin in aqueous solution. Extended
clusters were equally considered by Momeni et al.53 to model
the hydrolysis of sarin by Zr-based MOFs, MOF-808, NU-
1000, and defective UiO-66. Recently, Harvey et al.54

emphasized the importance of using periodic DFT calculations
to more accurately capture the reactivity of organophosphorus
compounds confined in the pores of MOFs. Typically, these
authors mentioned that the consideration of a Zr formate
cluster leads to an overestimation of the binding energy for
DIFP and sarin compared to the scenario encountered with the
use of a periodic system. This trend was explained by the
lowering of the strength of interactions between the bulky
isopropyl groups of the CWA and the active sites at the
periodic level due to the steric hindrance induced by the MOF
framework.

It is to be noted that these computational and experimental
works have been almost exclusively focused on Zr-MOFs,
although other highly valent stable MOFs, in particular Ti-
MOFs, might be also of interest for the catalytic degradation of
CWAs. Indeed, the use of titanium oxides as catalysts for the
degradation of toxic industrial compounds is well docu-
mented.55 Nanotubular titania were demonstrated to be
attractive for the catalytic degradation of a series of CWAs
including sarin, soman, sulfur mustard, and VX.26,56,57

Furthermore, recent works reported the incorporation of Ti
compounds such as Ti(OH)4, TiO2, and TiCl4 into MOFs to
enhance the efficiency of the hydrolysis of CWA.26,56,58,59 All
together, this experimental observation encouraged us to
envisage for the first time a Ti-MOF as a potential candidate
for the degradation of sarin and its simulants DMMP and
DIFP. We selected the carboxylate Ti-MOF labeled as MIP-
177(Ti) (Figure 1) in its low-temperature and formate free
form (MIP stands for the Materials of the Institute of Porous
Materials of Paris)60 owing to its favorable 1D-type channel
large enough (11 Å) to accommodate the CWA molecules; its
attractive predicted performances in terms of adsorption
uptakes and energetics16 for a series of CWAs including
soman, sarin, DMMP, and DIFP; high chemical stability; and
optimal chemical environment that incorporates free Ti-metal
sites on its formate-free version able to act as active sites for
catalysis.
Here, DFT calculations were performed at the periodic level

to accurately assess the CWA catalytic degradation perform-
ances of this Ti-MOF. Compared to the cluster approach, the
consideration of periodic boundary conditions presents several
advantages including the absence of inductive effects created
by the groups that saturate the terminal dangling bonds, an
appropriate dielectric environment, no basis set superposition
error, and Pule forces with the use of plane waves. Several
possible hydrolysis mechanisms on the activated Ti site in the
presence/absence of water were considered for sarin and its

Figure 1. (a) Illustration of the crystal structure of MIP-177(Ti). The creation of the Ti open site through dehydration leads to a hydroxyl group
coordinated in a bidentate manner to the Ti1 and Ti2. (b) Illustration of the CWAs molecules: (a) sarin, (b) DIFP, and (c) DMMP, respectively.
Color scheme: Ti, gray polyhedron; C, gray; O, red; and H, white; P, pink and F, blue.
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simulants DMMP and DIFP (see Figure 1b), with the aim to
carefully characterize the main states of the degradation
reaction (reactants, transition state (TS), and products), the
minimum-energy reaction path, and the resulting activation
energy barriers required to initiate the catalytic degradation
and hence the most probable reaction pathway. These whole
set of data are further compared with the corresponding data
reported in the literature for the whole series of Zr-
MOFs21,25,51−54 to assess the promises of MIP-177(Ti) as a
CWA catalyst.

2. COMPUTATIONAL METHODS

The DFT calculations were performed using the Quantum-
Espresso package61,62 with the consideration of pseudopoten-
tials to describe the ion cores and plane wave basis sets,63 as
well as periodic boundary conditions. We adopted the
generalized gradient approximation GGA-PBE for the
exchange-correlation functional64 and the Vanderbilt ultrasoft
pseudopotentials65 to describe the ion cores of Ti, P, C, O, H,
and F atoms. The energy cutoff for the plane wave basis set was
fixed at 50 Ry (400 eV), and the electron density was obtained
at the Γ point in the first Brillouin zone.66 The atomic
positions and cell parameters of the low-temperature version of
MIP-177(Ti) were taken from a previously reported study.60

The structure was considered in its formate-free form, the
corresponding linkers connecting two Ti sites being replaced
by one terminal −OH and −H2O, respectively. Among all the
Ti pairs, we considered the creation of one activated Ti site by
removing its bound −H2O molecule, while the neighboring Ti
keeps its −OH group. The corresponding structure model was
fully DFT-geometry-optimized (both cell parameters and
atomic positions relaxed) until all force components were
smaller than 0.001 Ry Bohr−1 and the convergence criterion of
10−4 Ry was reached for the total energy. The equilibrium
nuclei positions of all structures were found by minimizing the
total energy gradient. The DFT-geometry optimization of the
empty MIP-177(Ti) converged toward a structure charac-
terized by the formation of a bridging −OH group bounded to
two neighbor Ti sites as illustrated in the inset of Figure 1.
Starting with this DFT-optimized empty MIP-177(Ti)

structure, we introduced individually 1 molecule of sarin and
its simulants in the hexagonal pore by means of Monte Carlo
simulations performed in the canonical ensemble following the

same methodology (force-field parameters, charges, number of
MC steps) detailed elsewhere.16 The resulting guest-loaded
structures were further optimized at the DFT-level. Minimum
energy paths (MEPs) for the different envisaged catalytic
degradation mechanisms were further computed to identify the
transition state and products, evaluate the corresponding
reaction barrier, and characterize the main structural
modifications along the reaction. The calculation of the
MEPs connecting different minimum-energy geometries
employed the climbing image nudged elastic band (CI-NEB)
method.67 The geometries of eleven images used to compute
each MEP were optimized to establish the minimum-energy
path on the potential surface of the system until the energy
variation was below 0.05 eV Å−1. The convergence criterion
was satisfied when all components of the forces were smaller
than 10−4 Ry Bohr−1.
Finally, the energy involved in the process of desorption of

isopropyl methyl phosphonic acid (IMPA) and hydrofluoric
acid through the adsorption of one water molecule in MIP-
177(Ti) was calculated according to the reaction as
schematized by eq 1.

‐ ‐ ‐ +

→ ‐ + +

Ti MOF IMPA HF(s) H O(g)

Ti MOF(s) HF(g) IMPA(g)

2

(1)

3. RESULTS AND DISCUSSION

3.1. Degradation of Sarin on the Activated Ti Site.
The first investigated mechanism corresponds to the
nucleophilic addition of the −OH function, initially bridging
two neighboring Ti sites, to the phosphorus atom of sarin. This
activates the phosphate ester function and further leads to the
formation of a phosphonate product and the release of
hydrogen fluorine.51 The simulated MEP of the corresponding
reaction is reported in Figure 2a with the identification of the
initial reactant, the transition state (TS), and the resulting
product.
Figure 3a illustrates the most stable DFT-optimized

configuration of sarin initially adsorbed in the pore of the
Ti-MOF corresponding to the reactant. Sarin adopts a
preferential conformation in such a way than its fluorine
atom interacts with the bridging −OH group of MIP-177 with
a separating F−H(OH) distance of 2.52 Å. During the first

Figure 2. (a) Simulated minimum-energy path corresponding to the degradation mechanism of sarin on the activated Ti site. (b) Evolution of the
main characteristic distances involving the atoms of sarin (F, P, and O(sp2)) and of Ti-MOF (Ti, H(OH)) along the reaction coordinate.
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step of the reaction, this bridging −OH group moves away
from one titanium site, creating extra space for the toxic

molecule to access the activated Ti site; consequently, the
distance between the O(sp2) atom of sarin (the oxygen atom
bound to the phosphorus atom) and this titanium atom
becomes shorter (see red line in Figure 2b). As the reaction
proceeds through the transition state, there is a bond
formation between the O(sp2) atom of sarin and the Ti site,
and this leads to a 5-coordinated geometry of sarin as
evidenced in Figure 3b. Beyond TS, we can observe a
progressive increase of the distance separating the phosphorus
and fluorine atoms of sarin (Figure 2b), which finally results in
the breaking of the corresponding bond and consequently the
formation of the HF bond. This gives rise to a stable
configuration for the product where the organophosphorus
fragment, namely, the isopropyl methyl phosphonic acid
(IMPA), is coordinated in a bidentate manner to the inorganic
node of the Ti-MOF (Figure 3c).
The MEP reported in Figure 2a implies an activation energy

barrier of 78.6 kJ mol−1. This range of value is similar to the
free energy previously reported53 for the hydrolysis of sarin in
diverse Zr-MOFs including MOF-808 (79.1 kJ mol−1), NU-
1000 (75.3 kJ mol−1), and UiO-66 (71.5 kJ mol−1). This
observation suggests that this Ti-MOF is expected to perform
as good as the best Zr-MOFs explored so far for the catalytic
degradation of sarin. We can also note that the product
represents the most stable configuration along the whole
reaction path (−80.5 kJ mol−1). This indicates that the
coordination of IMPA to the inorganic node of the MIP-
177(Ti) leads to the formation of a stable complex. Finally, the
desorption energy of IMPA and HF from the product
calculated by using eq 1 is predicted to be relatively high,
i.e., 131.6 kJ mol−1. This observation emphasizes that MIP-
177(Ti) not only allows the degradation of sarin but also a
strong retention of the resulting IMPA product into their
pores.
We further examined a second degradation mechanism

corresponding to a scenario where the activated Ti site binds
to the fluorine atom of sarin, leading to the formation of
deactivated IMPA molecule (Figure 4a). To do so, the
molecule was initially slightly tilted from its most stable
configuration reported in Figure 3a in such a way to favor an
interaction between its F atom and the inorganic node of MIP-

Figure 3. Illustration of the degradation mechanism of sarin on the
activated Ti site of MIP-177(Ti). (a) Reactant (Ti-MOF + sarin), (b)
transition state (TS), and (c) product (Ti-MOF-IMPA-HF). The
main distances involved in the degradation process, P−F (pink), F−
H(OH) (blue), and O(sp2)−Ti (red), are represented and expressed
in Å.

Figure 4. (a) Simulated minimum-energy path corresponding to the degradation mechanism where the activated Ti site binds to the fluorine atom
of sarin. (b) Evolution of the main characteristic distances involving the atoms of sarin (F, P) and Ti-MOF (Ti, O(OH)) along the reaction
coordinate.
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177(Ti). A further DFT geometry optimization led to a local
minimum energy where the OH group does not anymore
bridge the two Ti neighbors, allowing the F atom of sarin to
face the activated Ti site (Figure 5a). The reaction path leads

to a transition state involving the coordination of the −F atom
toward the activated Ti site, while the phosphorous atom of
sarin interacts with the oxygen atom of the −OH group
(Figures 4b and 5b). Finally, the product (Ti-MOF-F-IMPA)
implies the formation of a bond between the F atom and the
activated Ti site, while the OH group of the Ti-MOF is
transferred to the molecule via the formation of a P−OH bond
(Figures 4b and 5c).
The MEP reported in Figure 4a implies an activation energy

barrier of 133.5 kJ mol−1, which is much higher compared to
the value obtained for the first mechanism (Figure 2a; 78.6 kJ
mol−1). This clearly reveals that the degradation of sarin
through the coordination of F atom toward the activated Ti
site is much less probable, consistent with the previous findings
reported in the case of Zr-MOFs.51,54,68

3.2. Degradation of the Simulants of Sarin on the
Activated Ti Site. We further explored the degradation
mechanism of DMMP and DIFP involving the formation of

CH3OH and HF, respectively, since it was shown to be the
most probable mechanism in the case of sarin (Figures 2 and
3). Indeed, the two molecules were first individually loaded in
MIP-177(Ti) using preliminary Monte Carlo simulations,16

and the resulting geometries were further optimized at the
DFT level.
The corresponding minimum-energy paths for the catalytic

degradation mechanism of DIFP and DMMP are plotted in
Figure 6a,b, respectively. Regarding DIFP, the TS and products
formed during the reaction are very similar than that evidenced
for sarin, which, in this case, is the formation of the deactivated
diisopropyl hydrogen phosphate (DHFP) molecule (Figure 7).
This observation is consistent with an energy barrier associated
with the degradation mechanism of DIFP (67.2 kJ mol−1)
(Figure 6a), which is relatively similar to the value calculated
for sarin (78.6 kJ mol−1) (Figure 4a).
When one switches to DMMP, Figure 8a first evidences that

the initial configuration implies an interaction between its
−OCH3 function and the bridging −OH group of MIP-
177(Ti) at a longer distance compared to the scenario
implying the interactions between the F atom of both sarin
and DIFP with the same group of the MOF. The transition
state shows that the P−OCH3 bond becomes collinear to the
P−OH bond, and the nucleophilic addition of the bridging
−OH group to the DMMP molecule results in the cleavage of
the P−OCH3 bond, leading to the formation of methanol and
the deactivated dimethyl hydrogen phosphate (DMHP)
molecule, as can be illustrated in Figure 8b,c.
The resulting activation energy barrier for the degradation of

DMMP (115.2 kJ mol−1) (Figure 6b) is significantly higher
than the value calculated for sarin (78.6 kJ mol−1). This trend
that can be associated to the subsequent elimination of
methanol instead of HF is consistent with what has been
reported previously for UiO-67 by Troya et al.51 and Wang et
al.21 for the degradation of sarin and DMMP, respectively.
Interestingly, this calculation performed on the two simulants
emphasizes that DIFP better mimics sarin in terms of the TS
and products obtained during the reaction as well as of the
activation energy required to achieve their degradation.

3.3. Degradation of Sarin on the Activated Ti Site in
the Presence of Water. Since the catalyst is expected to
operate under atmospheric condition, e.g., potentially under a
given relative humidity, we also investigated the degradation
mechanism of sarin in the presence of water confined in the
pore of MIP-177(Ti). Starting with the configuration reported
in Figure 2a corresponding to the most stable arrangement of
sarin in MIP-177(Ti), the incorporation of 1 extra water
molecule was considered by testing different initial positions.
These resulting water-loaded configurations were further DFT-
geometry-optimized and the two most stable ones reported in
Figures 9a and 10a were subsequently selected for further
exploration of the degradation mechanism.
Figure 9 illustrates the degradation mechanism of sarin

starting with the first optimized configuration, where sarin
forms a strong hydrogen bond with the −OH group of the
MOF H(OH)−O(sp2) (1.75 Å, black dashed line). The
degradation mechanism, similar to that already reported by
Troya et al.51 for Zr-MOFs, then proceeds via a nucleophilic
attack of water molecule on the P atom of sarin, resulting in a
penta-coordination geometry where fluorine forms a hydrogen
bond with the H atom of water (see transition state in Figure
9b). Water further dissociates and its proton migrates to the F-

Figure 5. Illustration of the degradation mechanism of sarin on the
activated Ti site of MIP-177(Ti), where the activated Ti site binds to
the fluorine atom of sarin. (a) Reactant (Ti-MOF + sarin), (b)
transition state (TS), and (c) product (Ti-MOF-F-IMPA). The main
distances involved in the degradation process, P−F (pink), F−Ti
(blue), and O(OH)−P (red), are represented and expressed in Å.
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atom, leading to the formation of HF and IMPA, as reported in
Figure 9c.
In the second case, the water molecule interacts with both

sarin and the −OH group of the MOF to form relatively strong
H(H2O)−O(sp

2) (1.73 Å, black dashed line) and H(H2O)−

O(OH) (1.69 Å, black dashed line) hydrogen bonds (see
Figure 10a). Such an interaction makes the −OH group
bonded to only 1 Ti site. The degradation mechanism involves
the dissociation of water with one proton transferred to the
O(sp2) atom of sarin, the resulting OH− anion remaining in

Figure 6. Simulated minimum-energy paths corresponding to the degradation mechanism of (a) DIFP and (b) DMMP on the activated Ti site.

Figure 7. Illustration of the degradation mechanism of DIFP on the
activated Ti site of MIP-177(Ti). (a) Reactant (Ti-MOF + DIFP),
(b) transition state (TS), and (c) product (Ti-MOF-DIHP-HF). The
main distances involved in the degradation process, P−F (pink), F−
H(OH) (blue), and O(sp2)−Ti (red), are represented and expressed
in Å.

Figure 8. Illustration of the degradation mechanism of DMMP on the
activated Ti site of MIP-177(Ti). (a) Reactant (Ti-MOF + DMMP),
(b) transition state (TS), and (c) product (Ti-MOF-DMHP-MeOH).
The main distances involved in the degradation process, P−O(CH3)
(pink), O(CH3)−H(OH) (blue), and O(sp2)−Ti (red), are
represented and expressed in Å.
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strong hydrogen bond interactions with the −OH group of
MIP-177(Ti) (1.71 Å, black dashed line) and with the P−OH
group (1.44 Å, black dashed line), as it can be observed in the
transition state reported in Figure 10b. Finally, the oxygen
atom of the OH− anion coordinates with the P atom of sarin,
while its proton participates concertedly to the degradation of
the toxic molecule into IMPA and the subsequent release of
HF as reported in Figure 10c.
Figure 11 reports the corresponding minimum-energy paths

for the reaction in the presence of water started with the two
different arrangements of water described in Figures 9a and
10a. The associated energy barriers of 169.6 and 146.5 kJ
mol−1, respectively, are significantly higher than the value
obtained in the absence of water (see Figure 3a). This
observation emphasizes that the degradation performance of

MIP-177(Ti) is expected to be less attractive under humid
conditions.

4. CONCLUSIONS

Our periodic DFT calculations explored for the first time the
ability of a Ti-MOF, namely, the MIP-177(Ti) for the catalytic
degradation of sarin. These simulations demonstrated the
attractiveness of MIP-177(Ti) in terms of the level of
performance similar than that of the best Zr-MOFs explored
so far. The degradation mechanism proceeds with a
coordination of sarin toward the activated Ti site via its
oxygen atom, leading to the formation of isopropyl methyl
phosphonic acid (IMPA) coordinated in a bidentate manner to
the inorganic node of the Ti-MOF and the release of HF. The
resulting product was shown to be highly stable and associated

Figure 9. Illustration of the degradation mechanism of sarin on the
activated Ti site of MIP-177(Ti) in the presence of water where sarin
interacts predominantly with the MOF framework. (a) Reactant (Ti-
MOF + sarin + H2O), (b) transition state (TS), and (c) product (Ti-
MOF-IMPA-HF). The main distances involved in the degradation
process, P−F (pink), F−H(H2O) (blue), and O(H2O)−P (red) are
represented and expressed in Å. The black dashed lines indicate the
interaction between the molecules (water and IMPA) and the
framework.

Figure 10. Illustration of the degradation mechanism of sarin on the
activated Ti site of MIP-177(Ti) in the presence of water, where
water interacts with both sarin and MOF framework. (a) Reactant
(Ti-MOF + sarin + H2O), (b) transition state (TS), and (c) product
(Ti-MOF-IMPA-HF). The main distances involved in the degrada-
tion process, P−F (pink), F−H(H2O) (blue), and O(H2O)−P (red)
are represented and expressed in Å. The black dashed lines indicate
the interaction between the molecules (water and IMPA) and the
framework.
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with the high energy required to desorb the so-formed IMPA.
This observation emphasizes that MIP-177(Ti) is able to
strongly retain the IMPA molecule once fixed to the Ti site.
Finally, the exploration of the same degradation mechanism for
two standard simulants of sarin revealed that DIFP reproduces
a much better catalytic behavior of sarin than DMMP in terms
of not only degradation mechanisms but also activation energy
required to proceed to the corresponding reaction. This
conclusion is of importance for the future experimental
exploration that should proceed with the most reliable
simulants to further extrapolate the behavior of the real toxic
molecules.
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