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ABSTRACT 

Adsorption has proved to be an efficient means for removal of pollutants from the 

atmosphere. In addition to traditional adsorbents, such as silica gel, activated carbon and 

zeolites, new adsorbents have been introduced which include the metal-organic 

frameworks (MOF’s). The number of MOF structures is enormous and therefore ranking 

them for any specific application requires time-saving approaches.  

 

In this work, a novel approach dubbed “rapid screening” was introduced. It consists of (1) 

molecular simulation for prediction of adsorption isotherms followed by (2) the rapid 

experimental technique of  the zero-length-column chromatography (ZLC) for isotherm 

confirmation. This approach  was applied to the example case of screening and modifying 

metal-organic frameworks (MOFs) adsorbents to remove wasted inhalation anesthetic 

agents (IAA).  

 

IAA adsorption isotherms for three MOFs were predicted using molecular simulation 

(MS). For successful simulation of these large, branched, and polar  adsorbates, an all-atom  

force field was also developed which accounted for the flexibility of the adsorbate IAA 

molecules. Using  Continuous Fractional Component Monte Carlo (CFCMC) algorithms 

proved crucial to speed up the simulations. Predictions from MS results were subsequently 

verified by performing experimental adsorption measurements using traditional methods 

followed by the faster ZLC technique, with necessary modifications for vapors. ZLC was 
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shown to be able to replace  the traditional volumetric or gravimetric adsorption methods 

with acceptable accuracy.  

 

Next, the utility of rapid screening approach was verified for structural modification of a 

promising adsorbent for enhancing its IAA removal capability. Several structural 

modifications, including grafting, anion exchange and functionalization of benzene rings 

were proposed to the alter the pristine structure. New procedures were developed to create 

of new crystal information files(CIFs) for the modified structures to replace the CIF for the 

pristine structure as input to molecular simulations. The MS- predicted a two-fold of IAA 

adsorption capacity for MIL-101-Cr@NH3 (X=F-, OH-) compared with the unmodified 

structure. Experimental syntheses and rapid ZLC  measurements confirmed this prediction. 

 

This approach, presented as proof of concept, is applicable to a larger number of materials 

by procuring or performing syntheses only of those structures that molecular-simulation 

screening has selected as the  most promising adsorbent. 
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1. Chapter 1. Introduction 

1.1. Background  

Adsorption has been well-established as an energy-efficient method for removal and 

recovery of atmospheric pollutants. It is also used for separation of gas mixtures. In this 

role, the separation competes with gas membrane technology[1]. For instance, this 

technique can be used to remove Inhalation Anesthetic Agents (IAA’s), which can be 

present in the operating room of hospitals either through leaks from the vaporizer systems 

that are used for administering IAA’s or from the exhalation of patients. As only about 

5% of anesthetics are used by patients most of it is exhausted through hospitals’ exhaust 

vents. The most decisive factor in the design of an efficient adsorption setup is the choice 

of the adsorbent material. A promising material is expected to have high uptake 

(adsorption) capacity towards the target species to be removed and high selectivity 

against the rest of the gas mixture components.  

 

Several studies have been published suggesting promising adsorbent materials for IAA 

removal including activated carbons [2][3], zeolites [1][3]–[5][10], metal-organic 

frameworks (MOFs) [7]–[9], and aerogels [3]. It should be noted that very little attention 

has been paid so far to the use of MOFs as potential adsorbent materials for the removal of 

IAA. This is, despite the fact that MOFs promise much higher utility than other adsorbent 

materials due to their much higher specific surface area and their diversity in pore-sizes 

and functional groups, which can be achieved by using a variety of inorganic and organic 
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precursors. Both direct synthesis and post-synthetic modification (functionalization) have 

been tried[10].  

 

More than 280,000 MOF structures have been synthesized or hypothetically predicted up 

to this point of time [11][12]. Considering the prospects of their structural modification, 

the number of possible MOFs is virtually unlimited. This statistic already signals the 

challenging task of picking the most suitable MOF adsorbent material for any given 

separation application (including the case studied in this thesis for IAA removal from 

hospital vent gases). Certainly, synthesizing so many structures and running 

characterization tests cannot be an option. This brings us to the question of whether it is 

possible to model both the IAA adsorbates and the MOF adsorbents theoretically and to 

run simulations to predict their adsorption properties, e.g., isotherms. And then use a rapid 

screening technique to experimentally measure the adsorption isotherms only for the most 

promising candidates. 

 

Although molecular modeling and simulation based on computational chemistry have been 

around for quite some time now [13], historically, they were not widely used for adsorption 

modeling. Some plausible reasons are related to the need to develop transferable force 

fields, which has not been developed until recently. Another challenge is attributed to the 

lack of crystallinity in some traditional adsorbents, such as activated carbon, which 

consequently did not lend themselves readily to molecular simulations [14]. Even for the 

crystalline zeolites, molecular simulations were not so attractive due to the limited diversity 
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of their structures. But then, there are the MOFs. The high crystallinity and vast structural 

diversity of MOFs  led to a surge in interest in molecular modeling of adsorption[15]. 

The advantage of molecular simulation algorithms such as Monte Carlo (MC) and 

Molecular Dynamics (MD) is that they can predict physical properties of a given structure 

before performing experimental characterization[13]. They can be accurate enough to 

predict a molecule’s properties in the absence of experimental data[16]. Furthermore, they 

can help propose structural modifications before synthesizing the modified structure first. 

As an example, recent CO2 adsorption studies on MIL-100-Fe and MIL-100-Cr [17] using 

Grand Canonical Monte Carlo (GCMC) method helped elucidate the contribution of 

different types of atoms in the structures, the heat of adsorption and a better understanding 

of CO2 adsorption mechanism. Molecular simulation can also make valid predictions of 

the physical properties of the adsorbate molecules, such as their vapor-liquid coexistence 

curves (VLCC)[16].  

 

For the case of IAA adsorption, our literature review revealed no published articles on 

using molecular simulation to predict the physical properties of IAA, such as their critical 

properties and mass densities. Furthermore, no simulated adsorption isotherms were 

reported and even  experimental data for physical properties of IAA are scarce [4]. 

1.2. Thesis Objectives  

The purpose of this project is to model IAA molecules sevoflurane and desflurane and 

simulate their adsorption isotherms on selected candidate MOFs using the Grand-

Canonical Monte Carlo. The MOFs were tested using common characterization techniques 
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such as Nitrogen 77K physisorption, XRD, TGA/DSC, FTIR, and SEM. The adsorption 

isotherms of sevoflurane and desflurane were also experimentally measured at different 

temperatures, first using the conventional volumetric/manometric technique to validate 

accuracy of simulation results as well as the novel zero-length-column chromatography 

(ZLC) method as a proposed rapid-screening experimental technique. 

Once the agreement between the simulation and experiment is validated and an adsorption 

mechanism is suggested, the most promising MOF candidate were selected before 

proceeding to the  modification stage. Several modifications to selected pristine structure 

were suggested followed by simulating their corresponding adsorption isotherms. 

Moreover, physical samples of modified MOFs were also prepared and characterized. 

Based on the results from molecular simulation and experiment, we made a ranking of the 

new structures and select the modified MOF with superior performance than the pristine 

material. By assessing this ‘rapid-screening’ approach, it is expected that in practice only 

the most favorable modifications predicted by simulation would be synthesized and then 

their experimental adsorption isotherms measured using the fast ZLC technique. 

1.3. Thesis Layout 

In Chapter 2, the background information about theory and practice of adsorption, some 

classes of adsorbents and the different techniques for textural characterization of 

adsorbents is presented. In Chapter 3, MOFs are discussed including their synthesis, post-

modification, and stability. Chapter 4 briefly discusses the inhalation anesthetic agents and 

their administration methods in hospitals. Chapter 5 presents the basics of molecular 

simulation with focus on the procedure introduced in this work for the simulation of 
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adsorption isotherm of IAA. Chapter 6, which has been already published as a peer-

reviewed research paper[18], covers the first part of this thesis and consists of a combined 

experimental and simulated approach which is treating the adsorption isotherms of 

sevoflurane and desflurane on three selected MOF structures. It also formulates the 

selection of the most promising adsorbent material out of the three MOFs. In Chapter 7, 

post-synthetic modification of MOFs is presented. Chapter 8, which is also submitted for 

publication, uses the findings reported in Chapters 6 and 7, assess the effect of four 

modifications on adsorption capacity of the original MOF (MIL-101-Cr) by using 

molecular simulation. This chapter also ranks the new adsorbents and presents a superior 

adsorbent material derived from the pristine structure. Chapter 9 reviews and compares 

traditional isotherm techniques with ZLC. ZLC is further discussed in greater details in 

Chapter 9 as a fast experimental technique for measurement of adsorption isotherms of the 

original samples and their enhanced modification(s). Example cases of permanent gases of 

carbon dioxide, methane, and ethylene on LTA type zeolites 4A and 5A and FAU type 

zeolite 13X are presented. This is followed by isotherms of sevoflurane and desflurane on 

MOF structures treated in the same chapter. Chapter 10 summarizes the results from 

Chapters 6 to 9 before providing recommendations for future work on the topic. 
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2. Chapter 2.  Adsorption, adsorbent materials, characterization 

techniques 

In this chapter, some of the most common classes of adsorbents for gas storage and 

separation are reviewed, followed by common techniques for the texture characterization 

of adsorbents. 

2.1. Gas adsorption 

Solids are intrinsically amenable to adsorb ambient gases. This phenomenon is mostly 

attributed to the thermodynamic instability of the surface of the solid. The potential energy 

function describing the interaction between the gaseous sorbate and the solid sorbent can 

be summarized by Equation 2.1[19]. 

 

𝜙adsorbate−adsobent

= 𝜙𝐷 + 𝜙𝑅 + 𝜙𝐼𝑛𝑑 + 𝜙𝐹𝜇 + 𝜙𝐹̇𝜇 

                      

(2.1) 

 

Where the five terms on the RHS of the equation represent dispersion( 𝜙𝐷), 

repulsion( 𝜙𝑅), field vs induced dipole(𝜙𝐼𝑛𝑑), field vs point dipole(𝜙𝐹𝜇) and gradient of 

field vs quadrupole(𝜙𝐹̇𝜇) interaction potentials, respectively. 

 

Unlike the first two terms 𝜙𝐷 + 𝜙𝑅 that are common to all adsorption processes and are 

often referred to Van der Waals type interaction, the remaining terms appear when 

electrostatic interactions between polar surfaces and/or polar gases exist. In fact, the 

electrostatic forces can become the dominant contributors for the latter case. The 
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importance of these contributions when introducing different types of adsorbents will be 

discussed in the proceeding sections.  

2.2. Adsorbents 

Three of the most frequently used porous solid materials for gas and vapor adsorption 

include zeolites, activated carbon, and carbon molecular sieves (CMS). Most recently, 

metal-organic frameworks (MOFs) have been introduced. This dissertation mainly deals 

with results for adsorption of IAA vapors on MOFs but some data for the adsorption of 

smaller permanent gases on zeolites will also be presented in a later chapter. 

2.2.1. Zeolites 

Zeolites are very useful adsorbents which are basically made up of alkali- or alkali-earth- 

aluminosilicates[20]. They are grouped into several framework types. Each type of 

framework can be described as a combination of smaller substructures known as secondary 

building units (SBU)[21]. The SBUs are in turn composed of TO4 (T = Si, Al) tetrahedra 

interconnected through 3D channels and 2D windows made up of rings formed by oxygen 

atoms. Zeolites are intrinsically microporous but it is possible to make them into 

hierarchical porous structures by introducing templates during synthesis[22]. It is common 

to replace some of the Si atoms within the structure with Al atoms. As the valence of Al is 

lower (+3) than Si (+4), this substitution makes the overall charge of the new structure 

negative. This negative charge is neutralized by extra-framework cations involved in the 

synthesis reaction or introduced by means of ion-exchange. Examples of these cations are 

Ca++, Na+, and K+. The different sizes of these ions affect the pore size of the zeolite which 
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functions as a molecular sieve. Also, because of the presence of Al as a Lewis base site the 

Si/Al ratio is usually reported. 

 

Databases of zeolite structures have been compiled where each structure type is identified 

by a three letter code[23]. Some of the well-known zeolite types used for gas adsorption 

includes the LTA (Linde types 3A, 4A, and 5A), FAU (Linde types 10X and 13X) and MFI 

(ZMS-25). As of 2024, 253 types of zeolite structures have been identified.  Some 

examples of zeolite structures are included in Figure 2.1S in Appendix A[24]. Tables 2.1S, 

2.2S, and 2.3S in Appendix A compare these two types of zeolites in terms of their 

structural specifications and cation distribution [20]. 

 

Zeolites are generally hydrophilic, with the exception of silica-rich zeolites such as 

silicalite and MFI type of zeolites, which are hydrophobic structures, and as such are 

considered good adsorbents for hydrophobic molecules, such as hydrocarbons [23]. 

Nevertheless, due to the presence of cations in zeolites, primarily in hydrophilic ones, such 

as LTA, faujasite and  mordenites, the electrostatic interactions become more important for 

polar adsorbates. Cations in zeolites are loosely connected to the anionic surface of the 

zeolite, and as a result, interactions due to permanent dipoles and/or quadrupoles become 

the major contributor to adsorption of polar adsorbates on zeolites.  

 

One can, completely or partially, replace the  cations in the zeolite by using ion exchange 

techniques. As  different cations possess different ionic charges and radii, their preference 
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to position on different types of sites available inside the zeolite framework varies. See 

Tables 2.1S, 2.2S, and 2.3S in Appendix A. 

2.2.2. Activated Carbons and Carbon Molecular Sieves 

Charcoal can be activated if it is treated with acids, strong bases, or salts. Activated carbons 

have surface functional groups mainly composed of oxygen. They have much higher 

specific  surfaces areas ( 500-3,000 m2/g) compared to the parent charcoal (0.2-5 m2/g) 

[25]. Methane and hydrogen storage, air purification and water purification are among the 

applications of activated carbons. [26]. They are produced in various shapes including 

powder, granular, extruded and bead forms[27].  

 

Synthesis of activated usually comprises of three steps, raw material treatment, 

carbonization, and activation. The conditions of the steps are summarized in Table 2.4S in 

Appendix A.  

 

Adsorption properties of activated carbon are unique in three ways: Firstly, it does not need 

strict moisture removal during regeneration. Secondly, it has large accessible internal 

surface area and lastly, its heat of adsorption is relatively low because of the dominance of 

van der Waals interactions. This dominance explains lower energy requirement of activated 

carbon to be regenerated.  

 

To make AC suitable for adsorption of polar gases, such as water vapor, oxidation of the 

surface can help at low p/p0. For higher p/p0, the pore volume is the determining factor. 
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Adsorption of water vapor on activated carbon involves attachment of the first water 

molecules on the adsorbent surface followed by cluster formation,  pore-filling, and finally, 

capillary condensation inside the micropore.  

 

Carbon molecular sieves (CMS) belong to the group of microporous materials 

characterized by high adsorption capacity and high selectivity towards gases[28]. The 

synthesis methods of these adsorbents are mostly patented, but it is thought to consist of 

coal or nutshells being oxidized before being shaped into granules by bindered 

pelletization, followed by carbonization and finally coating of hydrocarbon cracking 

products under inert atmosphere. 

 

CMS possess pore sizes comparable to the effective diameter of small molecules. They are 

used for the separation of nitrogen from air and H2/ He purification as an example. The 

pore mouths (and not the whole pore walls) are either enlarged or narrowed for H2/ He 

purification and air separation applications, respectively.  

2.2.3. Metal-organic frameworks  

Metal-organic frameworks (MOFs) are novel materials that are a hybrid of inorganic and 

organic substances[29]. They can be used as sensors[18], catalysts[31], for drug 

delivery[32], for water harvesting[33], and as adsorbents[34]. The advantage of these 

adsorbents over zeolites and carbons, is their higher accessible specific surface areas, and 

tunable pore apertures[35]. Moreover, the functionality of the organic linker is adjustable. 

Many MOFs possess architectural flexibility and are thermally and physically stable[36]. 
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Over 280,000 of such compounds have been either synthesized or hypothetically 

predicted[37][38]. Compared to zeolites where the metallic part is limited to silicon and 

aluminum, MOFs can be synthesized from many metallic elements in the Periodic 

Table[14]. The diversity of the organic part is even more remarkable for the MOFs. 

Whereas for zeolites it is limited to O2- bridges, for MOFs one can choose organic linkers 

of various lengths with or without benzene rings. The benzene rings can in turn be 

functionalized, [39]. As their introduction, several paths for direct and post-synthetic 

modification of MOFs have been developed. These methods include hydrothermal, 

solvothermal, microwave and others[40]. More information on MOFs is presented in 

Chapter 3 of this thesis. 

2.3.  Physicochemical characterization of adsorbents 

Important features of a solid adsorbent include its specific surface area, mean pore size, 

pore size distribution, total pore volume, degree of crystallinity, crystal size, functional 

groups on the surface, and its chemical composition. Tests like Brauner-Emmet-Teller 

isotherm modelling (BET) [41] are performed to obtain important textural data, such as 

specific surface area, pore size diameter and pore size distribution. Some of the most 

common characterization techniques for adsorbents are summarized in the following 

subsections. 

2.3.1. BET test/Pore-Size-Distribution 

BET tests are performed by measuring nitrogen adsorption isotherms at its saturation 

temperature of 77K. The cryo-temperature is provided and maintained by using a Dewar 

jar filled with liquid nitrogen. After pre-treatment of the sample which is a combination of 
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heating and high-vacuum degassing, nitrogen is introduced into the manifold. When the 

manifold reaches a pre-specified pressure, the main inlets and all the outlets are closed. 

Next, the inlet valve connecting the manifold to the sample holder is opened and kept in 

this position until the sample cell and manifold reach the same pressure. Following this 

quick step, the sample inlet is closed again and the pressure inside the closed sample cell 

is monitored until the pressure fluctuations become sufficiently low to meet a predefined 

equilibrium criterion. Now, the system moves to the next higher (during adsorption) or 

lower (during desorption) step value . After the adsorption and desorption scans are 

completed, BET plots are prepared to determine specific surface area, mean pore diameter 

and total pore volume. It is also possible to prepare pore-size distribution curves by fitting 

the isotherm data with a suitable model such as BJH, SF, HK, or DA. These models are 

based on microporosity or mesoporosity of the sample and therefore should be chosen as 

the case might be. An interesting feature of the nitrogen adsorption isotherm at 77K, known 

as hysteresis, occurs when the adsorption and desorption curves do not fully overlap [42]. 

Hysteresis provides valuable insight into adsorption mechanism and the porosity of the 

adsorbent. International Union of Pure and Applied Chemistry (IUPAC) [43] has published 

a classification of adsorbents into six types based on the shape of the nitrogen physisorption 

at 77K curve for the adsorbent, where the existence of hysteresis is a decisive factor. 

2.3.2. TGA/DSC 

Thermal gravimetric analyzer (TGA)[44][45] and differential scanning calorimetry 

(DSC)[46] are useful tools for characterizing adsorbent material. TGA allows us to 

estimate the amount of residual moisture inside the pores. It also provides information 



13 

 

about the strength of the bonds and overall thermal stability of the material before the 

structure totally collapses. Figure 2.2S in Appendix A shows the instrument used in our 

laboratory. It is equipped with two pans: one for the sample and the other for blank or 

another sample. The pans are connected to the arms of a microbalance which monitors the 

weight as well as a thermocouple that records the temperature. The DSC function of the 

instrument gives us the option to simultaneously assess the nature of weight change of the 

sample, due to either exothermal or endothermal process. The instrument allows different 

gases including helium, nitrogen, or oxygen to flow over the sample during heating or 

isothermal steps. If the outlet of the TGA is fed into the inlet of a mass spectrometer or an 

FT-IR instrument, one can get in situ information about the nature of the volatile 

components leaving the sample, too. 

2.3.3. FTIR 

Fourier-Transform Infrared Spectroscopy (FT-IR)[47] is a tool for characterization of 

adsorbents from their composition and especially the nature of functional groups on its 

surface. Figure 2.3S in Appendix A shows the instrument that is used in our laboratory. It 

is equipped with different types of sample holder for off-line or in-situ analysis of powder-

shaped samples.  In one configuration, the sample holder cells consist of a blank and a 

sample cell. The blank can be left empty or filled with finely ground KBr. The sample is a 

dilute solid mixture of KBr, and the sample blended and ground into a very fine powder. 

KBr is often preheated to remove residual moisture. The blank and the sample are exposed 

in series to the laser radiation and the reflected radiation is picked up by a detector 

connected to data analysis system. As a single scan is too noisy, we performed around 50 
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scans which are averaged into a smooth, noiseless spectrum. The sample spectrum is 

further corrected for background and smoothed. 

2.3.4. XRD (Single Crystal / Powder) 

X-ray diffraction (XRD) is an established and very useful technique that can be used to get 

a wealth of information about the adsorbent structure, including its degree of crystallinity, 

relative position of  atoms within the structure, crystal size and lattice parameters [48]. 

XRD can be performed on single crystals or powder. The plot represents signal intensity 

in arbitrary units vs the angle of rotation of the goniometer consists of peaks. The plot 

provides information to allow distinction between intense sharp peaks indicating high 

degree of crystallinity vs low-intensity broad peaks that indicate amorphous phases. A shift 

in the peak position or appearance of a new peak or splitting peak is an indication of 

structural modification or coexistence of more than one crystal phase[49]. Although 

powder XRD results are more commonly reported, single-crystal data has proved to 

provide deeper insight especially in order to create the CIF files of the structure. For the 

latter, the crystals need to be large enough, e.g., usually in the micrometer range[50].  

2.3.5. SEM/TEM 

Scanning Electron Microscopy (SEM) and Transmittance Electron Microscopy (TEM) are 

powerful tools for physical characterization of adsorbents. They produce images of various 

resolution normally in the micrometer range. If equipped with   Field Emission (FE) source, 

nanoparticles can also be discerned. Unlike SEM, which is based on reflection and 

scattering, TEM needs samples thin enough so that the electron rays can pass through. Both 

techniques are based on bombardment of the sample with electrons emitted from an 
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electron gun. For SEM the surface of the sample needs to be conductive. If not, it is coated 

with a layer of carbon first during sample preparation. If equipped with EDS detector 

chemical analysis and mapping of the sample surface is also possible during scanning. 

Figure 2.4S in Appendix C shows our SEM instrument used for some of the figures 

reported in this thesis.  
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3. Chapter 3. Metal-Organic Frameworks 

Metal-organic frameworks ,also known as porous coordination polymers, are a relatively 

new type of porous structure[51][52] that have found application for adsorption 

applications such as gas storage[53], gas purification and bulk separation. They consist of 

inorganic metal clusters and organic hydrocarbon bridges aka linkers. The metal-clusters 

also referred to as nodes can adapt to various topologies[54]. The first successful synthesis 

of MOFs was performed by Yaghi in mid-1990’s [55] once he realized that the metal nodes 

aka the secondary building units (SBU) need to consist of at least two metals[55]. 

Otherwise, the porous structure will collapse during activation (removal of the solvents 

inside the pores)[55].. Ever since, the structure has gained huge interest and thousands of 

MOFs have been synthesized in the lab[56] or designed hypothetically. Databases such as 

CSD and ARC-MOF[12] contain ready to use CIFs for these crystalline structures. The 

main reasons for popularity of MOFs are their tunability and ease of design in comparison 

to the less versatile zeolites and hard to model amorphous solids such as activated carbons. 

Some examples of common MOF structures are included in Section I of  Appendix B.  

3.1. Classification of  MOFs  

MOFs have been expanding rapidly ever since they were introduced in the 1990s. Several 

research groups have been involved in developing different classes of MOFs. This section 

examines classification of MOFs based on their component units[57] . 
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3.1.1. Isoreticular MOFs (IRMOF) 

IRMOFS are microporous crystals with high porosity composed of octahedral  [Zn4O]6+  

clusters as inorganic secondary building units (SBUs) and organic carboxylic acids as 

organic ligand precursors. 

They have been reported for adsorption of volatile organic compounds[58]. 

3.1.2. Porous Coordination Networks (PCN) 

PCNs are products of coordination reactions between metal ions and porphyrin-like organic 

ligands. The matrix possesses Lewis acidity and it has a special topology of hole-cage-

hole[57]. PCN-57, PCN-222, and PCN-250 are some of the more known examples of this 

family. They have been reported to be used for selective separation of alkanes from 

alkenes[59]. 

3.1.3. Zeolitic Imidazolate Frameworks (ZIF) 

ZIFs are synthesized through coordination reaction of imidazole ligands of Zn(II) or Co(II) 

aluminosilicate networks. The resulting network has metal-imidazole-metal angles of 145° 

which is identical to the Si-O-Si angle in zeolites. ZIFs are therefore named after their 

zeolite-like topology. Over 100 ZIF structures have been reported as of 2010. Most ZIFs 

have high chemical and thermal stability. They have been used in CO2 capture 

applications[60] and for gas separation adsorption[61], among other uses[62]. ZIFs have 

also been turned into glassy form which is an organic-inorganic type of glass next to the 

traditional inorganic, organic, and metal types[63]. 
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3.1.4. Porous Coordination Polymers (PCP) 

PCPs are synthesized through the reaction of transition metals with carboxylic acids or 

pyridines[64][65]. Their internal bonding types allow them to be transformed into various 

structures such as linear, T-shaped, plane triangular, tetra- and octahedron[66]. PCPs have 

been reported for successful natural gas purification applications[67]. 

3.1.5. University of Oslo MOFs (UiO MOF) 

UiO MOFs were first synthesized through a reaction between a dicarboxylic acid and 

Zr6(µ3-O)(µ3-OH) metal cluster as UiO-66. It is composed of four octahedral cages (1.1 

nm) and eight tetrahedral cages (0.89 nm) with triangular windows to help flow in and out 

of the cages[68]. UiO-66 has been reported to be used for adsorption of water[69], SiO2[70] 

and toluene[71]. Other well-known members of this family of MOFs include UiO-67 and 

UiO-68[57]. They differ in cage size due to different choice of organic ligand for 

synthesis[72]. 

3.1.6. Coordination-Pillared Layer MOFs (CPL-MOF) 

CPLs are 3D structures composed of 2D molecular layers formed as a reaction between 

Cu(II) and bipyridine family of ligands supported by other types of ligands such as …… 

serving as pillars[57]. The flexibility of the pillar molecules makes them amenable to 

rotation at elevated pressures and allowing for abrupt adsorption rates. CPL-n structures 

with n=1 to 7 have been synthesized. Most of them can be synthesized at room 

temperature[73]. 
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3.1.7. Materials of Institute Lavoisier MOFs (MIL-MOF) 

MIL-MOFs are one of the most popular class of MOFs due to their high thermal and 

chemical stability as well as high water resistance. These structures are formed by the 

reaction of transition metals Al, Fe, Cr, V and Ti with the dicarboxylic acid, terephthalic 

acid, or the tricarboxylic acid, trimesic acid. The resulting structure has a very high specific 

surface area and is composed of microporous and mesoporous cages[74]–[77]. Flexible 

structures such as MIL-53 have also been reported[78]. Two of the structures in this group 

MIL-100-Al and MIL-101-Cr were considered in this dissertation. See Chapters 6 and 

8.One of the interesting aspects of these MOFs is the existence of unsaturated Lewis acid 

sites also known as coordinated unsaturated sites (CUS) . See section 3.2.1. for a discussion 

of CUS. 

3.1.8. Other MOFs 

There are examples of MOFs developed in other research groups. Some of them include 

DUT[79], HKUST[80] MOFs developed by Dresen University of Technology and Hong 

Kong University of Science and Technology, respectively. 

3.2. Structural Characteristics of  MOFs  

MOFs possess unique characteristics that makes them distinct from other types of porous 

materials such as zeolites and carbons. The fact that they are made of SBUs with strong 

covalent bonds in combination with the use of directional organic ligands makes their final 

crystal very critical and, in that respect, it is critical in the directional design of the resulting 

topology of the MOF. Some of the most important structural characteristics of MOFs 

include (1) having highly-ordered pores, (2) diversity and tunability of the framework, and 
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(3) formation of coordination unsaturated sites (CUS). This last characteristic is discussed 

in some detail in the subsection below. 

3.2.1. Coordination Unsaturated Sites (CUS) 

CUS’s are metal or metal-cluster sites that are not coordinated to an organic ligand during 

the synthesis of certain MOFs [80]. The reason could be short reaction times, a ligand 

mismatch or simply due to the metal charge. These uncoordinated sites have strong 

reactivity and as a result can function as powerful Lewis acid sites. For example, they can 

interact with water molecules, where an acidic M-OH2 is developed. The presence of CUS 

and their utility is discussed further mentioned in Chapters 5 and 6 of this work. 

3.3. Synthesis and characterization of MOFs 

MOFs have been synthesized in a variety of methods[81]. Apart from the more traditional 

solvothermal, hydrothermal, room-temperature solvent/water based, diffusion, in-situ 

linker and high-throughput synthesis methods[82], alternative methods such as microwave-

assisted solvothermal[49][83], sonochemical[84], mechanochemical[85][86], 

electrochemical[87] and Continuous-flow[88] synthesis techniques have been reported in 

the literature. It is also important to keep in mind that like any other reaction, there are 

competing kinetically faster routes that can lead to creation of several phases to the 

intended structure phase. Therefore, choosing the optimum species of the metal precursor, 

ligand precursor, use of capping as well as modulators[89][90] is crucial. At the end, it is 

important to run relevant characterization tests to verify the success of the synthesis and it 

high yield. These characterization can include but not limited to BET tests, PSD (pore-size 

distribution), NMR analysis of the filtrate, FTIR, XRD, TGA/DSC, CHNS elemental 
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analysis, and SEM/TEM.  Synthesis details of the MOFs discussed in this thesis are 

described in Section II of Appendix B.  

3.3.1. Important factors influencing synthesis of MOFs 

In addition to the choice of organic salts and organic ligands, other factors such as the pH, 

temperature and molar ratio of the reacting agents can decisively affect the final structure 

and the yield of the desired structure[91]. Some of these factors were encountered in the 

course of the preparation of the materials in this dissertation and have been described in 

the relevant sections. 

3.4. Stability of MOFs  

It is important for MOFs to be resistant to ambient air moisture, e.g.,  during storage or at 

the working conditions[92]. Factors affecting the stability of MOFs can be categorized into 

two classes, thermodynamic and dynamic. Thermodynamic stability of materials refers to 

the transition state or intermediate structure generated during the synthesis reactions. 

Examples of thermodynamic factors include bonding strength, pKa, and charge density. 

Dynamic factors comprise ligand stiffness, length of connecting agent, skeleton 

interpenetration, coordination number of SBU, hydrophobicity and connectivity between 

ligand and metal SBU. 

 

The stability of a MOF due to the strength of metal coordination bonding with ligand 

matters, is mainly governed by Pearson’s Hard and Soft Acids and Bases principle (HSAB) 

where hard acids (defined to possess low polarizability of the electron clouds because of 

small radius and high charge density) are attracted to hard bases and soft acids (defined to 
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possess high polarizability of the electron clouds because of larger radius and lower charge 

density) are attracted to soft  bases. Many of the ligands used as linkers for MOF synthesis 

are multifunctional (multidentate) carboxylates containing oxygen atoms which are hard 

and are attracted to the hard tri- and four-valent metal ions. On the other hand, the soft di-

valent metal ions such as Cu2+,and Zn2+ are best attracted to soft ligands e.g. ligand 

containing sulfur. That is why MOFs such as MOF-5 are relatively unstable as they are the 

result of a soft-hard metal-ligand pair synthesis[93]. 
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4. Chapter 4. Inhalation Anesthetic Agents 

4.1. Inhalation anesthetic agents and history 

Inhalation anesthetic agents, also known as volatile anesthetics or inhaled anesthetics, 

comprise a class of substances that have recently gained increasing popularity over 

intravenous  and gaseous anesthetics [94]. The most popular members of this family 

include halogenated ethers, such as  sevoflurane and desflurane [95]. See also Figure 6.1 

in Chapter 6 for a visual representation of their molecular structures. Sevoflurane is widely 

used for induction of pediatric general anesthesia. due to its relatively more pleasant odor 

and being less irritant to the breathing system [94]. Some of the physical characteristics of 

the two most popular inhalation anesthetics are listed in Table 4.1.  

 

The exact mechanism by which IAA is still open to debate. Basically, IAA work within 

the central nervous system by enhancing signals to chloride and potassium channels while 

depressing neurotransmission pathways. Sevoflurane, and desflurane both decrease 

systemic vascular resistance resulting in decreased systemic blood pressure[96].  
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Table 4.1 Physical characteristics and clinical data of the two anesthetic gases 

 Sevoflurane Desflurane 

Trade Names Ultane Suprane 

Normal boiling point (°C) 58.5 22.8 

Odor and color sweet and colorless  clear, colorless, mildly pungent 

Freezing point (°C) below -78  below -78  

State at room temperature liquid liquid 

Molar mass (g/mol) 200.056 168.038 

Chemical formula C4H3F7O C3H2F6O 

CAS number 28523-86-6 57041-67-5 

Critical molecular diameter 

(nm) [97] 
71  53  

Dipole moment (D) [97] 2.33  1.74  

Polarizability volume 

 (10 -24 cm3) 
9.3 7.4 

4.2. Vaporizers 

Vaporizers are employed to create the desirable concentration of the anesthetic agent 

before being inhaled by the patient [96]. However, as the patient’s body cannot metabolize 

most of the inhaled amount, a great deal of the administered dose of IAA is wasted during 

exhalation [4]. Adding leakage from the vaporizer into consideration, the IAA wastage can 

be significant and can pose a serious health risk to the non-patient staff of hospitals. 

Moreover, being relatively expensive and having significant global warming potential, 

simply venting them into the atmosphere is not recommended neither from environmental 

nor economic standpoint. The economic gains of reclaiming the wasted IAA is evaluated 

by Ang [95].  
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Vaporizers are differently designed depending on the type of IAA and their physical 

properties, including normal boiling point. For example, for sevoflurane (n.b.p. = 58.5°C) 

a Plenum type of vaporizer is used but for desflurane which has near-ambient or lower 

boiling point (n.b.p. = 22.5°C) a different vaporizer is employed. Vaporizers are used as 

an integrated part of “anesthetic machine”. A picture of an anesthetic machine equipped 

with a sevoflurane vaporizer is  shown in Figure 4.1[98]. 

 

 

Figure 4.1 The back (a) and the front (b) of the anesthetic machine is shown. The following 

are identified: (i) piped medical gases and vacuum supply, with Schrader probes inserted 

into the Schrader terminal outlet or the walls; (ii) color coded pipes; (iii) non-

interchangeable screw thread; (iv) gas cylinders (oxygen on the right and nitrous oxide on 

the left) mounted on the back of the machine; (v) Bourdon pressure gauges; (vi) suction 

apparatus, connected to the hospital vacuum supply by the yellow tubing near (ii); (vii) 

rotameters; (viii) back bar with empty vaporizer housing just below legend; (ix) 

sevoflurane vaporizer in position(x) emergency oxygen flush; (xi) circle system (attached 

via the common gas outlet which is not visible); (xii) adjustable pressure limiting valve; 

(xiii) carbon dioxide absorber; (xiv) scavenging tubing; (xv) patient monitoring system. 

[98] 
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5. Chapter 5. Molecular Simulation and Modeling 

5.1. Introduction 

Molecular simulation uses statistical mechanics to bridge between experiment and theory. 

In this method, ensembles are defined to model an array of microstates sharing the same 

macroscopic state such as pressure, temperature, volume, and total energy. For a typical 

molecular simulation, the following components need to be provided: 1) A description of 

the molecular system 2) a potential function describing the intramolecular and 

intermolecular interaction between like and unlike atoms. This function, which is 

traditionally known as forcefield, can have simple or complicated forms. It is usually 

composed of bonded terms (bond, bend, torsion) and non-bonded terms (Van der Waals 

dispersion and electrostatic, Coulombic forces). Simulations are carried out for known 

ensembles that depend on the property being sought for. As an example, microcanonical 

ensemble (NVE) refers to constant number of particles (N), constant volume (V), and 

constant total energy (E). NVE ensemble is used to calculate the resulting temperature. 

Also, it is important to decide which algorithm to use. Two well-known algorithms which 

perform molecular simulation include molecular dynamics (MD) and Monte Carlo (MC). 

Although both algorithms are at one point capable of simulating equilibrium and kinetic 

properties of matter,  Monte Carlo[99] is mostly used for simulating equilibrium properties 

whereas Molecular Dynamics is often used for simulating kinetic, time-related phenomena, 

such as the diffusivity coefficients. More details about these two algorithms will be 

presented in Section 5.4. 
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5.2. Force field 

Force fields are essential in molecular simulations in order to describe ground state energy 

for adsorbate molecules, adsorbent structure ,adsorbent-adsorbate as well as adsorbate-

adsorbate interactions[100]. Examples of some generic force fields are TraPPE[99], 

UFF[101], and DREIDING[102].  

 

The molecular potential energy can be described as a Taylor expansion of bonded and 

nonbonded terms and the cross terms. Such an expression, traditionally referred to as a 

force field, is thought to capture all chemical entities as well as physical properties. 

Examples of chemical entities are atoms, angles, and bonds. Examples of physical 

properties are equilibrium structures and vibrational spectra[13]. The bonded potential 

terms include such terms as bond-stretching, Urey-Bradley, bending, Wilson- inversion-

bend, torsion, and improper torsion potentials. The nonbonded terms includes van der 

Waals, tail corrections and electrostatics. The cross terms result from interaction amongst 

different entities including bond-bond, bond-bend, bend-bend, bond-torsion, and bend-

torsion potentials[13]. 

5.3. Crystal Information Files (CIF) 

A crystal information file (CIF) is an essential part of any molecular simulation of 

adsorption. The file is obtained by running a single-crystal XRD (SC-XRD) measurement. 

It gives data about the relative positions of atoms within the structure, the bond angles, the 

size of the unit cell, the symmetry group of the crystal and sometimes the partial charges 

of the atoms. 
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To run a simulation involving a modified structure of an adsorbent, the CIF needs to be 

modified accordingly. Although cases of manual modification have been reported in the 

literature, it is more convenient to use recently developed software codes such as 

PoreModeMat.jl[103], MOFUN[104] and ToBaCCo[105] to generate or modify CIFs.  

 

A lot of CIF files in databases are normally reported as cubic crystals with P1 symmetry 

[106]. For huge structures, it is more convenient to reduce their size to the primitive unit 

cell. Software such as Materials Studio [101] have offered the capability to convert a cubic 

CIF to a primitive CIF. The primitive CIF is often not cubic. For example, for MIL101Cr, 

the primitive CIF has triclinic symmetry[107]. 

5.4. Simulation Algorithms 

In this section, the Molecular Dynamics and Monte Carlo algorithms introduced in section 

5.1 are described in more detail.  

5.4.1.  5.4.1. Molecular Dynamics  

Molecular Dynamics is a deterministic algorithm for solving a physical trajectory 

determined from initial position and initial velocity as input using Newton’s Second Law 

of Motion for a many-body three-dimensional system[108]. Atoms are placed in a 

‘simulation box’ with periodic boundary conditions. It is a way to approximate an infinite 

system- infinitely ‘repeat’ the small simulation box. Figure 5.1 summarizes the flow chart 

of a molecular dynamics simulation. 
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Figure 5.1 Molecular Dynamics Algorithm. At each step, calculated quantities are saved 

to an energy file. Temperature, kinetic energy, potential energy, pressure, volume etc. After 

the simulation, can view these changing over time and use them to calculate/output other 

properties such as density Source: Lindahl E. (2015) Molecular Dynamics Simulations. In: 

Kukol A. (eds.) Molecular Modeling of Proteins. Methods in Molecular Biology (Methods 

and Protocols), vol 1215. Humana Press, New York, NY. https://doi.org/10.1007/978-1-

4939-1465-4_1 

5.4.2.  5.4.2. Monte Carlo  

Molecular Dynamics method described above is based on Newton’s Second Law of Motion 

in physics. As often said, it has a deterministic nature where each existing state can 

accurately predict the next state along a calculation trajectory. In contrast, Monte Carlo 

methods have a stochastic nature as they deal with probabilities. A random perturbation ( 

called a trial move) in the existing state is performed to tentatively create a new state. 

Acceptance or rejection of this new state depends on the configurational energy of this new 

state compared to the existing one. If the trial move has led to a lower energy of the state, 
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it is instantly accepted. Acceptance of a new state resulting in higher energy depends on an 

additional criterion as follows. An algorithm known as a random-number generator creates 

a number say, a , where 0<a<1. Then, the value of the Boltzmann probability function 

corresponding to the energy change is calculated to be say, b. If b <a , the new state can 

still be accepted, and rejected otherwise. The accepted new state will be stored as together 

with other accepted states from previous trial moves and forms a set known as an ensemble. 

An ensemble average is taken at the end which determines the value of the sought-for 

property. This process known as sampling has had several modifications starting from 

Markov chains to more sophisticated solutions resulting in better and faster routes to 

finding a global minimum in the energy. Figure 5.2 summarizes a cycle in Monte Carlo. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. Atom movement is random; translation, rotation, etc. is accepted or rejected 

based on a calculated probability ( Boltzmann’s distribution) [109] 
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5.4.3.  5.4.3. Molecular Dynamics vs Monte Carlo 

Molecular Dynamics is the method of choice for many simulations involving either 

equilibrium or kinetic phenomena. However, there are cases where use of Monte Carlo is 

the preferred choice (or the only viable option) due to some limitations of MD[13]. For 

example, there are cases where non-physical trial moves are needed to achieve faster 

equilibration of the system. Examples of such cases include Gibbs Ensemble (GE) and 

Grand-Canonical Ensemble (GC) simulations. These two class of simulations are needed 

for VLE calculations and for gas/vapor adsorption isotherm predictions, respectively. 

These simulations involve unreal moves such as exchange of particles between a 

simulation box and particle reservoir (as in GC) or moving a particle between two boxes 

representing the two phases (as in GE). But MD algorithm is solely based on physical ( 

happening in the physical world) trial moves and therefore cannot be employed for 

simulations involving GE and GC ensembles. 

5.4.4.  5.4.4. Advanced Monte Carlo sampling methods  

Conventional (Metropolis) GCMC and GEMC work best only for small molecules. As the 

size of the molecules increase and chains or branches are formed, the probability of random 

trial moves decrease significantly and as result the simulation becomes excessively 

prolonged. This shortcoming has led to invention of alternative (more advanced) MC 

sampling techniques such as Configuration Biased MC (CBMC) sampling and 

Configuration Fractioned Component MC(CFCMC) as discussed below. 
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5.4.4.1.Biased Monte-Carlo schemes (Configurational Bias MC)  

An example of systems that employ such scheme are polar molecules, hydrogen-bond 

forming molecules, and chain molecules. Such molecules need to be at the appropriate 

orientation. Finding the right orientation randomly is highly unlikely especially if the idea 

is to generate one that produces a Boltzmann-type distribution[13]. The main feature of 

CBMC sampling schemes is that they are no longer completely random in nature. Rather, 

they are biased in a way to increase acceptance probability of the trial move. Such a 

sampling scheme consists of an algorithm that bears great resemblance to the one 

introduced by Rosenbluth and Rosenbluth [110], but with the added advantage that follows 

Boltzmann distribution [111]. The algorithm separates the potential energy of interactions 

into orientation-dependent and non-orientation dependent terms. Consequently, a function 

known as Rosenbluth factor [112] is calculated using the non-orientation dependent term 

of the potential energy of the interaction. The ratio of the Rosenbluth weight for the new 

conformation vs the old conformation before the trial move determines the acceptance rule. 

The Rosenbluth scheme can involve growth of a segment of the molecule. Retracing the 

entire chain, leads to the determination of the Rosenbluth factor which by definition  is the 

product of individual Rosenbluth weights [13]. 

5.4.4.2.Continuos Fractional Component Monte Carlo (CFCMC) 

Continuos Fractional-component Monte Carlo [113][114][115] is another advanced MC 

sampling technique devised to help speed up MC simulations involving insertion and 

deletion trial moves [116]. At high pressures where densities increase, moving particles 

between the two phases becomes all more difficult. The solution has been to define a 
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parameter λ and 0 ≤ 𝜆 ≤ 1. A value of zero corresponds to complete deletion whereas 𝜆 = 

1 means full presence of the particle in either “box” or phase. This way one has defined a 

staged insertion-deletion move between phases[116]. 

5.5. Applications 

Two of the applications of Monte Carlo simulations include VLE prediction[117] and gas 

adsorption[118]. The simulation uses Gibbs Ensemble[119] for the former and Grand-

Canonical Ensemble[120] for the latter, respectively. 

5.5.1.  5.5.1. VLE prediction 

Vapor-Liquid Equilibria can be predicted using molecular simulations. The most common 

method is called Gibbs-Ensemble Monte-Carlo where two boxes are defined: one for the 

liquid phase and the other for the vapor phase. The purpose is to find the situation where 

chemical potentials of both boxes converge to an identical value. Throughout the 

simulation, the pressure and temperature are kept constant and identical, but the size of the 

boxes will change resulting in a bigger box corresponding to lower mass density of the 

vapor phase and the other smaller box corresponding to the higher mass density of the 

liquid phase. The resulting simulation can help find the pressure, temperature, and density 

at the critical point.   These data are crucial for use with equations of state such as Peng-

Robinson EOS[121] to convert pressure to fugacity. 

 

The GEMC described above can be hard to converge for large molecules or at low 

temperatures where moving a molecule from the vapor box into the much denser liquid 
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phase can prove cumbersome. To address such cases, alternative algorithms such as 

CFCMC as discussed in section 2.4.1.2. have been introduced[122]. 

5.5.2.  5.5.2. Adsorption isotherms 

Another example of molecular simulation involving Monte Carlo technique is for 

gas/vapor adsorption. Like the case of VLE prediction, the “unphysical” trial moves 

involve the transfer of particles between one box representing the particle reservoir and the 

other one representing the adsorbent solid phase. The ensemble is called grand canonical 

where chemical potential, volume and temperature are constant, and the simulation solves 

for the final density of the adsorbate on the adsorbent phase. The input data needed to run 

the simulation include: 1) description of the adsorbate 2) the CIF of the adsorbent 3) 

forcefield and forcefield mixing rules. These inputs generate the simulation input file, 

which is a summary of the simulation algorithm method used, the number of 

initiation/equilibration and production runs, the cut-off lengths, choice of truncation and 

tail correction method, the name of the adsorbate(s) , the choice of forcefield, and the name 

of the adsorbent.  

5.6. Simulation software suites  

To perform the molecular simulations, several commercial proprietary software packages 

as well as some house-built academic codes have been developed. Most of the codes 

especially the academic ones run on Linux operating system (OS) but there are also some 

for-Windows OS versions. RASPA[123], Cassandra [124] and MCCCS Towhee [125] are 

three of such suites capable of performing MC simulation. RASPA can also perform MD. 
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The additional advantage of RASPA is that it can account for the flexibility of adsorbate 

molecule bonds, as well as the flexibility of the MOF structure. 

 

Other software is used for visualizing the simulation results, modify adsorbent structures 

or predict data needed for simulation input files. Examples include zeo++[126], 

Avogadro[127], VESTA[128], iRASPA[129], PoreModeMat.jl[103], and MOFUN[104].  

5.7. High-Performance Computing 

Often the personal computers do not possess sufficient speed and storage capacity to 

perform big and long molecular simulations. To this can be added that some software run 

solely on operating systems (OS) other than Windows, e.g. Linux, which is a lightweight 

and free OS. To address these limitations, consortiums of academic supercomputer clusters 

have joint forces into forming a national grid of computer nodes, thus sharing their 

resources. In Canada, the Compute Canada (now Allians Canada) can be accessed through 

membership mediated by the principal investigators and getting remotely connected using 

such software as MobaXterm to upload the input files and download the resulting output 

files. A well-defined queuing algorithm helps prioritize tasks submitted based on the 

number and size of nodes needed as well as the frequency of usage by the client. This way, 

a fair chance is given to all clients using the facility. 

5.8. Development of the input files for the simulation of adsorption of IAA 

molecules  

For simulation of adsorption of small molecules, use of the less complicated Monte Carlo 

sampling trial moves is often sufficient. However, for the larger and sometimes branched 
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molecules of IAA using only simple trials is not working and cannot produce results 

comparable to experiment, and/or as fast as for smaller molecules. In this section, the 

measures taken to provide acceptable results in outlined for the simulation of sevoflurane, 

an IAA, on the MOF MIL-101-Cr at 298K. After establishing the usefulness of the 

approach, the method was further applied to other IAA adsorbates and MOF adsorbents as 

described in Chapters 6 and 8.  

5.8.1. Use of block files 

As shown in Figure 5.3, the isotherm is overestimating the adsorption amount at higher 

partial pressures ( above 0.2 of the relative pressure) while showing no uptake at lower 

concentration ( below 0.2) One reason could be that the inaccessible pores have not been 

taken into consideration and therefore accessible surface area has been overestimated. 

Locating these inaccessible locations can be performed using zeo++ software which takes 

the adsorbate size and adsorbent pore size into account and saves the locations of these in 

accessible pores in an output file known as a “block file”. It has been reported [130] for 

zeolites that block files can be used to correct the effect of overestimating the available 

surface area. Using the zeo++ software, a block file was defined for sevoflurane adsorption 

on MIL-101-Cr. For large adsorbates inside MOF, the conventional MC simulation 

becomes too slow at lowest and highest p/p0. In other words, the red curve for simulation 

indicates that the (0-0.2) has not reached equilibrium yet. To solve this issue CFCMC 

(section 5.4.4.1) was used. The effect was further discussed in Section 5.8.3. below. Other 

measures were also taken as described in subsections 5.8.2. to improve the original 
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isotherm which finally produced the corrected isotherm as explained in Section 5.8.3 and 

shown in Figure 5.4. 

 

 

       Figure 5.3 Original simulation isotherm (in red) vs. experimental isotherm (in blue) 

5.8.2.Continuous Fractional-Component Monte Carlo (CFCMC) 

Conventional MC works best for adsorption simulation of small adsorbate molecules in the 

medium range of relative pressures. For larger adsorbate sizes and/or for very dilute or 

concentrated amounts of adsorbates, the progress speed of simulation is adversely affected. 

This condition can be expected for the simulation of sevoflurane which is both relatively 

large ( 0.71 nm) and is administered in diluted amounts (1v% or p/p0=0.04) during 

anesthetizing of the patient. As introduced in Section 5.4.4.2. Continuous Fractional-

Component Monte Carlo (CFCMC) has been invented to tackle this issue by breaking up 

the molecule to smaller fragments and moving the fragments separately.  The choice of the 
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fractions of the molecules should be decided by the user in advance. For the case of 

sevoflurane, five segments were identified. The configurations of these fragments were 

subsequently included in the sevoflurane definition file as shown in Section V of Appendix 

C. Moreover, use of CFCMC was indicated in the input file for RASPA as presented in 

Table 6.9S in Appendix C.  The trial move attributed to CFCMC was given a weight of 

70% of the total number of trial moves. This is indicated as a trial move ratio of 0.1, 0.1,0.1, 

0.7 in the input file for RASPA (See Table 6.9S in Appendix C). As observed during 

simulation, implementation of this technique helped significantly speed up the isotherm 

simulation of sevoflurane in RASPA. The combined effect of using CBMC and CFCMC 

in improving the original isotherm is summarized in Section 5.8.3.  

5.8.3.Sevoflurane isotherms on MIL-101-Cr  

GCMC algorithm in RASPA suite was used to run the isotherm for adsorption of 

sevoflurane on MIL-101-Cr at 298K. The results are shown in Figure 5.4. When compared 

to Figure 5.3. a clear improvement is visible as verified by the results from volumetric 

adsorption instrument ( BELSORP) at the same temperature.  

 

The reason why the simulation is working better this time can be attributed to the use of 

block files  as described in section 5.8.1. which (1) prevent overestimation of the accessible 

surface area inside the adsorbent as well as CFCMC sampling (2) providing correct 

adsorbate orientation and (3) speeded up the simulation progress, respectively. The positive 

effect of CFCMC was especially significant in the 0 -0.2 range of p/p0.  
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Sevoflurane can produce unfavourable Type 5 isotherm as shown for MOF-177-Zn due to 

self-clustering of adsorbates [131]. Nevertheless, for MOFs which possess CUS, such as 

MIL-101-Cr,  it becomes Type 4 if the pressure increased until saturation with a hysteresis 

loop at the high-pressure range. The shoulders will be visible due to the  presence of two 

distinctive mesopore cages of 2.9 and 3.4 nm in diameter, respectively; even though, for 

low ranges of pressure, see Figure 5.4, the isotherm can look like a Type I isotherm.     

 

The isotherms for sevoflurane on MIL-100-Al and  MOF-177-Zn were also generated in 

Chapter 6, sections 6.3.3 and 6.3.4. as presented in that chapter. The approach was further 

applied to modified structures of MIL-101-Cr ,too, as described in Chapters 8. 

 

 

Figure 5.4 Improved isotherm of sevoflurane on MIL-101-Cr at 298K after 

implementation of the new approach  
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Abstract 

Metal-organic frameworks (MOFs) were studied as alternatives to zeolites and 

activated carbon for adsorptive removal of wasted inhalation anesthetic agents (IAA). 

Monte Carlo simulation was used to predict equilibrium adsorption isotherms of IAA on 

selected MOFs. Rather than generic forcefields, the all-atom FF parameters published by 

Arcario were used for IAA modeling. Continuous Fractional Component Monte Carlo 

(CFCMC) proved crucial for speedy simulation of large molecules. We found that 

allocating 70% probability to the CFlambdaSwap move gave optimum fits between 

simulation and experiment. The simulations provided us with an insight into the adsorption 

mechanisms of IAA in these structures. Heats of adsorption, BET surface area and total 

pore volume were deduced to be the crucial parameters for low, medium, and high range 

of relative pressures in the isotherm. Therefore, the chromium atoms in MIL-101-Cr are 
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better adsorbers of IAA than MIL-100-Al at lower pressures despite the similarities in 

terms of the type of linkers, and topology. Our simulation results corroborated with the 

earlier published studies on self-association behavior of sevoflurane molecules based on 

the experimental isotherms reported for MOF-177-Zn. Finally, the high polarity of IAA is 

thought to explain good low-pressure simulation/experiment data agreement for the MOFs 

possessing coordinated unsaturated sites (CUS) despite using generic DREIDING 

forcefield for the framework atoms. Our in-house parsing code helped realize that the 

GCMC simulation speed is not the same for all pressure points. It demonstrates that 

simulation at higher pressures becomes slower. The reason is that as the density of the 

adsorbate molecules inside the framework increases, Monte Carlo sampling becomes 

statistically less successful.  

Key words: molecular simulation, Grand-Canonical Monte-Carlo, GCMC, 

adsorption isotherms, inhalation anesthetic agents, sevoflurane, desflurane, metal-organic 

frameworks, adsorbate self-association, Monte Carlo trial moves. 

6.1. Introduction 

Inhalation anesthetic agents, also known as volatile anesthetics and inhaled anesthetics, 

comprise a class of substances that have recently gained increasing popularity over 

intravenous  and gaseous anesthetics [94]. The most popular members of this family 

include sevoflurane and desflurane [95]. In particular, sevoflurane is widely used for 

induction of pediatric general anesthesia due to its relatively more pleasant odor and being 
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less irritant to the breathing system [94]. The structures of the two compounds are shown 

in Figure 6.1. 

 
 

Figure 6.1 Molecular structures of inhalation vapor anesthetics 

 

Some of the physical characteristics of the two most popular inhalation anesthetic vapors 

are listed in Table 6.1. Clinical data are also summarized in Table 6.1S in Section IV of 

Supplementary Information. 
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Table 6.1 Physical characteristics and clinical data of the two anesthetic gases 

 Sevoflurane Desflurane 

Trade Names Ultane Suprane 

Normal boiling point 

(°C) 
58.5 22.8 

Odor and color 
sweet and colorless 

(cloudy) 
clear, colorless, mildly pungent 

Freezing point below -78 °C below -78 °C 

State at room 

temperature 
liquid liquid 

Molar mass (g/mol) 200.056 168.038 

Chemical formula C4H3F7O C3H2F6O 

CAS number 28523-86-6 57041-67-5 

Critical molecular 

diameter [97] 
7.1 Å 5.3 Å 

Dipole moment [97] 2.33 D 1.74 D 

Polarizability volume, 

(10 -24 cm3) 
9.3 7.4 

 

Vaporizers are employed to create the desirable concentration of the anesthetic agent 

before being inhaled by the patient [96]. However, as the patient’s body cannot metabolize 

most of the inhaled amount, a great deal of the administered dose of IAA is wasted during 

exhalation [4]. Adding leakage from the vaporizer, the IAA wastage can be significant and 

can pose a serious health risk to the non-patient staff of hospitals. Moreover, being 

relatively expensive and having significant global warming potential, simply venting them 

into the atmosphere is not recommended. The economic gain of reclaiming the wasted IAA 

is evaluated by Ang [95]. 
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Adsorption has already been recognized as a useful recovery method for atmospheric 

pollutants and several studies have been published suggesting adsorbents for IAA removal 

including activated carbon [2][3], zeolites [1][3] [4] [5][10], MOFs [7][8][9], and aerogels 

[3].  

As adsorbents, MOFs are especially interesting as they have much higher surface areas and 

their pore sizes are more tunable. With up to 90,000 MOF already synthesized so far and 

hundreds of thousands more hypothetical structures predicted [11], the challenging task of 

making a selection of the most suitable candidate is only feasible through molecular 

simulation. The advantage of classical molecular simulations such as Monte Carlo and 

Molecular Dynamics is that they can predict physical properties of a given structure before 

performing experimental characterization. They can also help with proposing structural 

modifications before synthesizing the modified structure first. As an example,  recent CO2 

adsorption studies on MIL-100-Fe and MIL-100-Cr [17] using GCMC helped elucidate the 

contribution of different types of atoms in the structures, the heat of adsorption and a better 

understanding of CO2 adsorption mechanism. Molecular simulation can also make valid 

predictions of the adsorbate properties.  

 

Our literature search reveals that very little has been done using molecular simulation to 

predict the physical properties of inhalation anesthetic agents such as their critical 

properties and mass densities and/or their adsorption isotherms where even experimental 

values are scarce [4]. 
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In this study, three MOF structures MIL-101-Cr, MIL-100-Al, and MOF-177-Zn were 

investigated for their equilibrium adsorption capacity towards inhalation anesthetic agents, 

sevoflurane (SF), and desflurane (DF). For MOF-177-Zn we published experimental data 

[132] which have only included SF adsorbate. As we did not have access to the adsorbent 

sample used therein, no DF measurement could be performed. Nevertheless, MOF-177-Zn 

is an interesting case for the fact that unlike MIL-101-Cr and MIL-100-Al, it has no CUS 

in its metal cluster.  

MIL-101-Cr has been extensively studied for its applications for various purposes 

including water adsorption [133] and air separation [134]. Each chromium atom in this 

MOF is coordinately connected to three ligand molecules including two water molecules 

and an anion. The nature of the anion depends on the choice of the modulators during 

synthesis. If HF is used, the anion can be a mixture of F- and OH- in varied proportions. 

MIL-101-Cr is known for mesoporous cages, high stability (even in boiling water) and 

durability towards successive adsorption/desorption cycles [76]. If sufficient thermal 

energy is applied, the coordinated water ligands surrounding the Cr atoms can be removed 

leading to two open-metal sites (OMS), also known as coordinatively unsaturated sites 

(CUS). 
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Figure 6.2 (a) 3D structure (b) Metal trimer (c) ligand linker (d) supertetrahedron 

(8 Å) (e) medium cage (f) large cage (34 Å), courtesy of [135] 

MIL-100-Al has the formula of Al3X (H2O)2 O[C6H3(CO2)2. nH2O, (X= F-, OH). It is very 

similar to MIL-101-Cr in topology. The difference is the choice of the organic linker 

precursor as shown in Figure 6.3. It has been reported that it can produce a maximum of 

one CUS [136]. 
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Figure 6.3 Molecular structure of MIL-100(Al) and MIL-101(Al) [77] 

 

MOF-177-Zn is a structure consisting of a [Zn4O6]
6+ cluster and 1,3,5-benzenetribenzoate 

(BTB) ligand linkers [132]. This structure is almost unimodal in terms of pore size 

distribution (10Å and 11Å) and does not have open-metal sites unlike the former two 

structures mentioned above [22] (see Figure 6.4).  

 

Figure 6.4 Molecular structure of MOF-177(Zn) [137] 
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6.2. Materials and Methodology 

6.2.1. Experiment 

Sevoflurane (98%) and desflurane (95%) were obtained from Blue-Zone Technologies Ltd. 

(Toronto, ON, Canada).  

MIL-101-Cr (X=F, OH) was obtained from the following sources: 

a) Crystal powder synthesized at the University of Naples Federico II, Italy [6] . 

Henceforth referred to as Cr-MOF-1 

b)  Crystal powder synthesized at the University of Naples Federico II, Italy. Henceforth 

referred to as Cr-MOF-2. The synthesis procedure for Cr-MOF-2 is the same as Cr-

MOF-1. The only difference lies in the linker precursor, terephthalic acid, which in 

this case is preliminarily obtained from the depolymerization of PET, with the purpose 

of making the final product cheaper and more environmentally friendly. We 

characterized the two compounds separately and found them to be identical. The 

results are summarized in Section I of Supplementary Information 

MIL-100-Al was prepared and characterized at Materials Center of Technical University 

of Dresden, Germany using a new low-temperature method, leading to spherical 

agglomerates of nanocrystals [2]. Analytical data for this MOF is included in Section I of 

Supplementary Material.  

 

Commercial MOF-177-Zn was purchased from Aldrich by Dr. Caputo’s research group at 

the University of Naples Federico II Italy. Experimental sevoflurane isotherm at three 
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distinct temperatures were also performed in Italy and their results were published in a 

separate study [132]. 

 

Textural properties of Cr-MOFs were determined from N2 physisorption at 77K performed 

using our BELSORP-max instrument (BEL Japan, Inc.). The specific surface area, the total 

pore volume, and the pore size distribution were evaluated using the data analysis software 

BELMaster V6.1.0.4. The samples were pretreated by degassing at 423K for 10 hours. 

Powder X-ray diffraction (PXRD) patterns for MIL-101-Cr samples were obtained using 

a Bruker D8 Advance spectrometer with a 2.2 kW Cu X-ray tube source, maintained at an 

operating current of 40 kV and 25 mA. Samples were scanned in the range of 5-80o 2θ. A 

step size of 0.02o and a step time of 1.0 sec were used during the measurements. TGA/DSC 

measurements were performed using our SDT-Q600 (TA Instruments, USA). The samples 

were heated from room temperature to 600 °C at a ramp rate of 5 °C/min while being 

purged with nitrogen at a flow rate of 100 ml/min. A Perkin Spectrum 100 FT-IR 

spectroscope with Diffuse Reflectance sample holder (DRIFTS) was used to record the 

middle-IR spectra for Cr-MOF-1 crushed and Cr-MOF-2 powder. 

 For MIL-100-Al and MOF-177 we used the characterization data provided by our 

collaborator researchers who had performed the syntheses. The results are summarized in 

Section I of Supplementary Information.  

6.2.2. Molecular simulations  

For adsorption simulation, the adsorbent, adsorbate, and their interaction were modeled. 

For giant MOF structures such as MIL-101 and MIL-100, ab-initio modeling of the 
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structure was not possible until fairly recently [138]. Instead, crystal information files are 

usually prepared from XRD measurements. We used the CIF files available in published 

literature. MIL-101-Cr-primitive CIF used in this paper was first published in [24] and 

included in RASPA archive of structures. The CIF for MIL-100-Al was taken from [23], 

and we later calculated the partial atom charges using the charge equilibration method 

implemented in RASPA. CIF for MOF-177 was also taken from RASPA archive which is 

part of the software package. 

 

IAA molecules were modeled using the forcefield reported by Arcario et al. [139] and the 

critical properties and saturated vapor pressure values were calculated. Table 6.5S in the 

Supplementary Information lists the saturated vapor pressure values from the model next 

to the experimental values [96].  

 

A code was written in MATLAB to generate the input files and folders of all set points for 

a given simulation at once (See Supplementary Information). Linux-based codes were also 

prepared to parse sample simulation progress as well as generate whole isotherms in real 

time on demand (see Section 3 of the Supplementary Information).  

RASPA v2.037 software package [123] was used to run Grand-Canonical Monte Carlo 

(GCMC) simulation to generate adsorption isotherms. Non-bonding interactions were 

modelled using the Lennard-Jones (LJ) and Coulomb potentials: 

                    𝑈𝑖𝑗(𝑟𝑖𝑗) = 4𝜀𝑖𝑗 [൬
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                𝜎𝑖𝑗 =
𝜎𝑖+𝜎𝑗

2
          𝜀𝑖𝑗 = √𝜀𝑖𝜀𝑗                                               

(2) 

Where 𝑖 and 𝑗 are indices of the interacting atoms, 𝑟𝑖𝑗 is the distance between atoms 𝑖 and 

𝑗, 𝜀 and 𝜎 are the LJ parameters, 𝜀0 is the vacuum permittivity, and 𝑞 is the partial charge.  

For MIL-101-Cr atoms, LJ parameters were taken from the values reported by Dubbeldam 

[37]. For IAA Forcefield LJ parameters and partial charges by Arcario were used. LJ 

parameters between unlike atoms are calculated using the Lorentz-Berthelot mixing rules 

and LJ potentials. The cut-off beyond 12.0 Å are shifted to zero without tail-correction. To 

account for the Coulombic interactions, partial atomic charges are calculated using charge 

equilibration method [140] in electrostatic interactions with a relative precision of 10-5. All 

MOF frameworks were assumed to be rigid, but the flexibility of the adsorbate molecules 

was considered using available forcefields in RASPA. All three dimensions of the 

simulation supercell are greater than twice the cut-off distance of 12.0 Å to make sure the 

minimum image convention is satisfied. The adsorbate description files are included in 

Section VI of Supplementary Information. 

 

The GCMC simulations for isotherm pressure points were run simultaneously and 

consisted of 50,000 equilibration cycles followed by 1,000,000 production cycles using 

translation, rotation, swap (insertion or deletion with equal probabilities), and 

CFSwapLambda trial moves with probabilities of 0.1, 0.1, 0.1, and 0.7, respectively. The 

choice and relative amount of the moves were based on the fact that the adsorbate 

molecules are relatively large. To avoid getting stuck in the pores, we made use of  
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Continuous Fractional Component Monte Carlo [141] (CFCMC). The Peng-Robinson 

equation of state is the default EOS utilized. Additional GCMC simulation details can be 

found in Section 2 of the Supporting Information. All simulations were run on the 

BELUGA cluster of Compute Canada national computation network. The codes are 

included in Section 3 of Supplementary Information. 

 

Table 6.2 summarizes critical properties of sevoflurane and desflurane based on the 

forcefield by Arcario [139] as recommended by Smith and Škvára [142].  

       Table 6.2 Critical properties of sevoflurane and desflurane [142] 

 

 

 

 

 

 

Finally, the simulation results were validated by comparison with data from volumetric-

adsorption experiments using our BELSORP-max (Bell, Japan) and are summarized 

independently in Supplementary Information Section I and included in combination with 

the graphs in the Results and Discussion Section. 

6.3. Results and Discussion 

A code was written in MATLAB to generate the input files and folders of all set points for 

a given simulation at once. Other Linux-based codes were prepared to parse sample 

Name Tc/K Pc/bar ρc/kg · m−3 

        Sevoflurane 513.62 28.78 455.68 

       Desflurane 496.63 36.88 506.51 
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simulation progress as well as generate whole isotherms in real time on demand. Both 

codes are included in Section VI of Supplementary Information.  

 

In general, discrepancy between simulation results and experimental data may be observed 

in some cases, which could be because of a deviation of the ideal model structure of the 

MOF or adsorbate molecule from the actual synthesized material. A Simulation usually 

assumes perfect crystalline structure of the MOF, whereas in practice the structure can have 

defects. These defects can act as highly active sites and therefore exhibit deviations from 

theoretically predicted values. There is also a case of more than one phase or collapsed 

structures due to shaping processes [143]. Moreover, amorphous phases might be formed 

as a result of residual solvents inside the cages [144]. Finally, incomplete activation could 

be another cause of discrepancy. 

6.3.1. Sevoflurane on MIL-101-Cr 

Figures 6.5a-c compares the RASPA simulation results with the experimental data obtained 

by Belsorp for the adsorption of sevoflurane on MIL-101-Cr at three distinct temperatures 

of 283K, 298K, and 308K, respectively. Satisfactory agreement is observed especially at 

lower partial pressures, which is significant for dilute solutions dealt with in practice.  

 

Figure 6.6a shows the isosteric heat of adsorption obtained by comparing experimental 

data at 298K and 308K using the BELMASTER software. Generally, the heat of adsorption 

is expected to start from a high value at low pressures and decrease with increasing 

pressure. Such behavior is typical when the solid-fluid interactions are more significant at 
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lower pressures but are overwhelmed by adsorbate-adsorbate interaction at higher 

pressures. The simulation results were also compared with experimental results from 

Gargiulo and coworkers [6] (see Figures 6.12aS and 6.12bS in Supplementary 

Information). Their results were found to be slightly different because their samples were 

degassed at 298K and as a result the coordinated water molecules were still attached to 

chromium metal sites. In our case, for both the simulated and physical structures the 

coordinated waters are removed. Still, the similarity of the values for isosteric heats of 

adsorption at around 50 kJ/mol indicates that even when the CUS sites are shielded by 

water molecules they can act as active adsorption sites. 

 

Our in-house parsing code also helped realize that the GCMC simulation speed is not the 

same for all pressure points but decreases for higher pressure points. This can be explained 

by increased density of the adsorbates making successful trial moves less probable. 
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e 6.5 Figure 6.5a RASPA simulation results (blue solid spheres) for adsorption of 

sevoflurane on MIL-101-Cr at 283K compared with experimental results (red solid 

squares) from BELSORP 
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6.6 Figure 6.5b RASPA simulation results (blue solid spheres) for adsorption of 

sevoflurane on MIL-101-Cr at 298K compared with experimental results (red solid 

squares) from BELSORP 
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Fe 6.7 Figure 6.5c RASPA simulation results (blue solid spheres) for adsorption of 

sevoflurane on MIL-101-Cr at 308K compared with experimental results (red solid 

squares) from BELSORP 

 

A discrepancy can be observed between simulation and experiment in cases where distinct 

‘bumps’ were observed in the simulated adsorption isotherms especially in Figures 6.5a 

and 6.5b at about 1 kPa and 2 kPa, respectively. As discussed in [145] for the case of  PCN3 

MOF, which similar to MIL-101-Cr possesses a micro/mesoporous structure, a stepwise 

order of pore-filling is expected. The simulation snapshot shown in that study further 

reveals that molecular simulation recognizes face- and node adsorption inside the 

mesoporous cages as two sequential stages leading to a bump in the simulated adsorption 
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isotherm. However, in the experimental method, the sorbate molecule does not appear to 

make such a distinction during mesopore-filling [31]. 

Referring to the plots for isosteric heat of adsorption (Figure 6.6a) and the radial 

distribution function (Figure 6.6b) further reveals the variation of the affinity of SF towards 

MIL-101-Cr during adsorption.  

The shape of the isosteric heat of adsorption for MIL-101-Cr confirms the heterogenous 

nature of the adsorption surface. 

 

 

Figure 6.8 Figure 6.6a Isosteric heat of adsorption for sevoflurane on MIL-101-Cr 
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 Figure 6.6b Radial distribution function of sevoflurane on MIL-101-Cr at 298K. 

Distances for the most significant interactions at a medium coverage of 5 adsorbate 

molecules per unit cell 

 

Sevoflurane is an ether with a bulky CH(CF3)2 group on one side of the oxygen atom and 

a smaller CH2F group on the other end. Observing the RDF (Figure 6.6b) confirms that the 

interactions between the MOF and SF are from the smaller head of the adsorbate and 

mostly involve interactions (1) between the fluoro atom of the sevoflurane (Fsevo) and the 

unsaturated Cr of the MIL101-Cr: (Cr (CUS)) and (2) between the two hydrogens on the 

small side of sevoflurane (Hsevo) and the fluoro group of the MOF (Fmil101). This fluoro 

group is in turn connected to a chromium atom in the MOF structure (Cr(F)). The F-F and 

O-O interactions are indicative of cluster formation between the sevoflurane molecule 

closest to the CUS chromium and the sevoflurane molecules in the bulk of the gas. 
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6.3.2. Desflurane adsorption on MIL-101-Cr 

Figures 6.7a-b compare the RASPA simulation results with the experimental data obtained 

by Belsorp for the adsorption of desflurane on MIL-101-Cr at two distinct temperatures of 

278K and 288K, respectively. As the normal boiling point of desflurane is about 295K, 

these lower temperatures were chosen. Figure 6.8 is the plot of isosteric heat of adsorption 

obtained by comparing experimental data at 278K and 288K using the BELMASTER 

software.  

 

DF (5.4 Å) has a smaller diameter than SF (7.1 Å) and therefore we expect that more DF 

molecules can fit into the pore cages. Comparison between the heats of adsorption for SF 

and DF shows similar energies; however, at lower partial pressures, the adsorption energy 

is significantly lower for DF than for SF which indicates a possibility of selective removal 

of SF from DF in dilute binary mixtures using MIL-101-Cr. 
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Figure 6.9 Figure 6.7a RASPA simulation results (blue solid spheres) for adsorption of 

desflurane on MIL-101-Cr at 278K compared with experimental results (red solid 

squares) from BELSORP 

 

 

Figure 6.10 Figure 6.7b RASPA simulation results (blue solid spheres) for adsorption of desflurane 

on MIL-101-Cr at 288K compared with experimental results (red solid squares) from 

BELSORP 
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Figure 6.11 Figure 6.8 Isosteric heat of adsorption for desflurane on MIL-101-Cr  

 

 

6.3.3. Sevoflurane and Desflurane adsorption on MIL-100-Al 

Molecular simulation of adsorption for sevoflurane on MIL-100-Al is presented for three 

temperatures and compared with experiment as shown in Figures 6.9a-c. The simulated 

isotherm for desflurane on MIL-100-Al at 278K is also shown in Figure 6.11.  
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Figure 6.12 Figure 6.9a RASPA simulation results (blue solid spheres) for adsorption of 

sevoflurane on MIL-100-Al at 283K compared with experimental results (red solid 

squares) from  

BELSORP 
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Figure 6.13 Figure 6.9b RASPA simulation results (blue solid spheres) for adsorption of 

sevoflurane on MIL-100-Al at 298K compared with experimental results (red solid 

squares) from BELSORP 
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Figure 6.14  Figure 6.9c RASPA simulation results (blue solid spheres) for adsorption of sevoflurane 

on MIL-100-Al at 308K compared with experimental results (red solid squares) from 

BELSORP 
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Figure 6.15 Figure 6.10 Isosteric heat of adsorption for sevoflurane on MIL-100-Al at 298K  
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Figure 6.16 Figure 6.11 RASPA simulation results (blue solid spheres) for adsorption of desflurane 

on MIL-100-Al at 278K compared with experimental results (red solid squares) from 

BELSORP 

 

Figure 6.10 shows the isosteric heat of adsorption for sevoflurane on MIL-100-Al at 298K. 

The interesting thing about this figure is the inhomogeneous energy surface. This kind of 

graph is typical of heterogenous surfaces and in this case due to the existence of CUS, 

micropores ,and mesopores in the MOF structure [146]. Still, the occurrence of this 

phenomena is very much dependent on the nature of the adsorbate, too. A possible reason 

that bumps are visible in MIL-100-Al but not in MIL-101-Cr can be due to the lower value 
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of Qst in MIL-100-Al (34 kJ/mol) compared to MIL-101-Cr (60 kJ/mol) which makes these 

fluctuations significant. 

Another issue is achieving good agreement between simulation and experiment at low 

relative pressures for CUS-containing such as MIL-101-Cr and MIL-100-Al. It has been 

reported that in low-pressure zone where the CUS active site is still partially occupied and 

the interaction between the solid and fluid is strong, the generic MOF forcefields such as 

DREIDING or UFF would underestimate the uptake and therefore special forcefield 

parameters are recommended to account for CUS interactions [147]. However, in our work, 

this is not the case. It seems that the polarity of the adsorbate molecule plays a role, too 

[148]. For generic FF of MOFs, the simulation-experiment agreement is worst for low to 

medium polarity molecules and best for high polarity molecules [147]. The fact that IAA 

molecules have high polarities (2.33D for SF and 1.74D for DF, see Table 6.1) can explain 

the good agreement achieved for IAA without the need to define additional FF parameters. 

 

At higher relative pressure, though, accuracy of adsorption simulation on MOFs with CUS 

is significantly dependent on the choice of the FF for adsorbate molecules. Such an effect 

has only been reported for mesoporous MOFs [148]. 

6.3.4. Sevoflurane adsorption on MOF-177-Zn 

The experimental results for adsorption of sevoflurane on MOF-177-Zn which has already 

been reported and discussed in an earlier publication [132] was compared with our 

simulated isotherm as summarized in Figures 4.12a-c. Unlike MIL-101-Cr and MIL-100-

Al studied above, MOF-177-Zn does not have coordinated unsaturated sites. This is also 
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visible in the isotherm shape which is a type V isotherm. As studied by Gargiulo [132], 

self-association of the sevoflurane molecules in the absence CUS and a relatively uniform 

pore-size distribution  is responsible for this peculiar shape of isotherm. The reported 

isosteric heat of adsorption for SF on MOF-177-Zn [132] at is lower than SF on MIL-101-

Cr at 52 kJ/mol [6], which indicates weaker adsorbent-adsorbate interaction for MOF-177-

Zn. Although this feature is desirable for cyclic adsorption processes by reducing the 

adsorbent regeneration energy demand, MOF-177-Zn  is unstable and can totally 

decompose within 5 weeks when exposed to ambient humid air conditions [149]. 

 

 

Figure 6.17 Figure 6.12a RASPA simulation results (blue solid spheres) for adsorption of 

sevoflurane on MOF-177-Zn at 283K compared with corresponding reported 

experimental results (red solid squares) from literature [132]. 
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Figure 6.18  Figure 6.12b RASPA simulation results (blue solid spheres) for adsorption of 

sevoflurane on MOF-177-Zn at 298K compared with corresponding reported 

experimental results (red solid squares) from literature [132]. 

 

 

 

 

 

 

 



71 

 

 

 

 

Figure 6.19  Figure 6.12c RASPA simulation results (blue solid spheres) for adsorption of 

sevoflurane on MOF-177-Zn at 328K compared with corresponding reported 

experimental results (red solid squares) from literature [132]. 

 

6.3.5. Comparison of the three adsorbents  

Referring to the physical data summarized in Table 6.6S in SI, the SBET and porosity of the 

three structures are in the following order: MOF-177-Zn > MIL-101-Cr > MIL-100-Al. 

And in terms of total pore volume: MIL-101-Cr > MOF-177-Zn > MIL-100-Al.  

Moreover, based on Table 6.1S in SI, the administration and scavenging concentration of 

the IAA is 1-2 vol% corresponding to 1-2 kPa.  
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An ideal adsorbent should also be stable in ambient atmosphere including moisture. 

Comparison of the isotherms and heats of adsorption in the foregoing sections (as 

summarized in Tables 8S and 9S in SI) suggests that MIL-101-Cr has the highest affinity 

towards both SF and DF. On the other hand, MOF-177-Zn has the highest uptake for SF at 

targeted working concentration. Moreover, MOF-177-Zn is the only adsorbent of the three 

that has already been commercially produced in large scale. However, its vulnerability 

towards moisture [149] makes it unfit for such applications. It can be concluded that MIL-

101-Cr is the most suitable of the three MOFs investigated. 

6.4. Conclusions 

Metal-organic frameworks (MOFs) are an interesting alternative to zeolites and activated 

carbon for adsorptive removal of wasted inhalation anesthetic agents (IAA) due to MOFs 

higher surface areas and structural diversity. We studied the utility of molecular simulation 

of adsorption of large- molecular vapors of inhalation anesthetic agents on three MOFs. 

All MOFs in the study have mesopores large enough to accommodate the IAA molecules.  

To model the IAA molecules, we made use of forcefields specific to each adsorbate 

published by Arcario which includes parameters to account for molecular flexibility. 

Application of Continuous Fractional Component Monte Carlo (CFC MC) proved essential 

for speedy simulation of these large molecules provided that the right choice of the type 

and relative probability of the trial moves are considered. We found that allocating 70% 

probability to the CFlambdaSwap MC trial move gives the best fit between simulation and 

experiment.  
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The exceptionally good agreement between experiment and simulation at the lower partial 

pressures using generic FF for MOFs with CUS can be attributed to the high polarity of the 

IAA molecules which compensates for the CUS effect of the metal clusters. The choice of 

the FF for IAA is thought to be critical only for medium to higher pressures where 

adsorbate-adsorbate interactions become more significant.  

Our molecular simulation results also corroborated earlier reports on self-association of 

sevoflurane molecules [132] which is responsible for the kink observed in the isotherm of 

IAA on MOFs such as MOF-177-Zn whose structures do not contain open-metal sites. 
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7. Chapter 7. Post-Synthetic Modification/Functionalization of MOFs 

7.1. Introduction 

One of the attractive features of the MOFs is their greater potential for tuning the pore 

structure and size, as well as the possibility of changing the surface functional groups. In 

this chapter, a preview of some of the aspects related to post-synthetic 

modification/functionalization (PSM/F) of MOFs is discussed. Furthermore, the tools used 

for modification of crystal information files (CIF) are introduced. By modifying the CIF, 

it becomes possible to predict adsorption isotherms for modified structures derived from 

the pristine MIL-101-Cr. See Chapter 8.  

7.2. Experimental methods of post-synthetic modification 

Post-synthetic modification can have different purposes; sometimes it is applied when a 

desired structure cannot be synthesized directly (in one pot). Another reason could be to 

explore how to enhance certain  properties of a MOF structure for a given application[40].  

7.3. Molecular Modeling of post-synthetic modification  

Sometimes, it is advantageous to predict how a certain modification can improve the 

performance of a MOF before doing synthesis/modification of the structure in the 

laboratory. One of the aspects of molecular simulation is its predictive power, especially 

when hazardous conditions and/or reagents are involved during the synthesis and/or the 

process where the modified structure is being used. 
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7.4. Development of input files for Post-synthesis modification  

Starting with MIL-101-Cr (X=F-) as the benchmark structure, the X = F was transformed 

to X=Cl by using ion exchange to obtain MIL-101-Cr (X=Cl-). MIL-101Cr -NH2 and NO2-

MIL-101-Cr were also synthesized. Finally, NH3 was grafted to MIL-101-Cr (X=F-) 

resulting in NH3@MIL-101-Cr (X=F-). The new structures were characterized, and their 

IAA adsorption isotherms were measured using the traditional volumetric method (see 

Chapter 8) and the rapid ZLC technique (see Chapter 10).  

For the simulation part, the recently developed MOFUN software [104] was used to create 

new CIFs corresponding to  NH2-MIL-101-Cr and NO2-MIL-101-Cr structures by adding 

NH2 and NO2 functional groups randomly on the benzene rings of the linkers in MIL-101-

Cr . F was replaced with Cl manually when needed and used Bovia Material Studio DMOL3 

software for geometry optimization of the structure .i.e.to make sure the atoms in the MOF 

are in their equilibrium state    ChEq method available in RASPA was utilized to assign 

the  partial charges of atoms of the MOF. New blockfiles ( see Chapter 5 , section 5.8.3) 

had to be for the new structures too using zeo++.   

 

For design of the CIF for NH3@MIL-101-Cr ( X=F-) the strategies used above was not 

effective and another software named ToBaCCo was implemented  to make the 

conventional cubic structure first before using Materials Studio[76] to make cubic into 

primitive structure. All the structures were prepared in the primitive form because of its 

smaller size compared to conventional form. The primitive  form of the crystal is the 

smallest possible size of its unit cell. But as the files generated from XRD are in 

conventional form, one needs tools and software to create the primitive form. The fact that 
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primitive form contains fewer number of atoms (reduced by 75%) can result in  remarkable 

decrease the computational effort and time. See Section I of Supplementary Information of 

Appendix D for the protocol used for CIF modification using the above-mentioned 

software.   

 

An example of the suggested computational PSM is given in Figures 7.1 and 7.2 where 

the CIF for MIL-101-Cr (X=F-) is transformed into NH2-MIL-101-Cr (X=F-), respectively 

using MOFUN. 

 

 

Figure 7.1 Visualization of the CIF for MIL-101-Cr ( X=F-) using Vesta[128] 

software. 
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Figure 7.2 Visualization of the CIF for NH2-MIL-101-Cr ( X=F-) using 

Vesta[128] software after functionalization of the linkers using MOFUN software. 

.  
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Abstract  

MIL-101-Cr-X (X=OH-, F-) has been reported to be the most suitable material so far for 

adsorptive removal of inhalation anesthetic agents (IAA) sevoflurane and desflurane at the 

working conditions in the hospital operation rooms. To further enhance its affinity and 

uptake capacity towards IAA, several structural modifications were proposed, and their 

isotherms were predicted using our molecular simulation approach adopted in our previous 

publication for the case of the pristine MIL-101-Cr (X=F-, OH-) structure. The proposed 

modifications include (1) grafting the metal-cluster site with coordinated NH3 ligands to 

produce MIL-101-Cr@NH3 (X=F-, OH-) (2) anion exchange of the fluorine atom bonded 

to chromium with chlorine to synthesize MIL-101-Cr (X=Cl-) and (3) functionalization of 

the benzene rings of the ligand linkers in the MOFs with amino- and nitro- groups in order 

to form NH2-MIL-101-Cr (X=Cl-) and NO2-MIL-101-Cr (X=Cl-), respectively. Simulated 
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adsorption isotherms of IAA on these modifications were verified by the experimental 

results using the standard volumetric technique. The results clearly demonstrated that MIL-

101-Cr@NH3 (X=F-, OH-) possesses the highest equilibrium capacity for IAA. The new 

compound can significantly enhance the economy of adsorptive removal of IAA from 

vented gas mixtures.  

Key words: molecular simulation, post-synthetic modification/functionalization, 

inhalation anesthetic agents, adsorption isotherms, sevoflurane, desflurane, metal-organic 

frameworks, adsorbent ranking, working adsorption capacity 

8.1. Introduction   

MIL-101-Cr has been extensively studied for its applications to various purposes including 

water adsorption [133], air separation [134], hydrogen storage [150], and CO2 capture 

[151]. Each metal cluster trimer in this structure (see Figure 7.1d) accommodates two 

unsaturated chromium atom sites, each coordinated to a water ligand molecule. The third 

chromium atom accommodates an anion that neutralizes the overall positive charge of the 

trimer. The nature of the anion depends on the choice of the modulators used during 

synthesis. If hydrofluoric acid (HF) is used, the anion can be a mixture of F- and OH- in 

varied proportions. MIL-101-Cr is known for possessing mesoporous cages, high stability 

(even in boiling water) and durability towards successive adsorption/desorption cycles 

[76]. If sufficient thermal energy is applied, the coordinated water ligands surrounding the 

Cr atoms can be removed leading to two open-metal sites (OMS), also known as 

coordinatively unsaturated sites (CUS); see Figure 8.1(b).  
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Figure 8.1 (a) 3D structure (b) Metal trimer (c) ligand linker (d) supertetrahedron (8 Å) 

(e) medium cage (f) large cage (34 Å), [135] 

 

An attractive aspect of MIL-101-Cr, like any other MOF structure, is the ease of structural 

tuning and modification  [10], [152]–[156]. One route to modifying MIL-101-Cr (X=OH-, 

F-) entails replacing the precursor terephthalic acid with ortho-substituted terephthalic acid 

as ligand linker [133], [157]–[160]. Alternatively, either the pristine MOF or its 

functionalized form can be subjected to further reactions. This additional treatment, which 

is known as post-synthetic modification (PSM), can sometimes involve multiple reactions 

in tandem [74] and [161]. 

 

Nitro functionalization of the linker in MIL-101-Cr has been reported to enhance air 

separation [134]. The increased N2 selectivity of the modified structure has been attributed 

to enhanced electron-withdrawal ability of the nitro group to tune Lewis acidity of the 

exposed Cr atom during their interaction with the π* orbitals of the N2 molecules. Other 

choices of functional groups, that were studied, include amino, methyl and halogens. The 
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inductive (field) and resonance (mesomeric) effects of these substituents on the benzene 

ring as electron donors or electron withdrawers indirectly affect the Lewis acid strength of 

the CUS metals [162]. This advantageous contribution is somewhat offset by the decrease 

in available specific surface area and total pore volume due to the steric hindrance effect 

caused by the sheer bulk of the functional groups. When MIL-101-Cr was functionalized 

to study water adsorption, it was observed that NH2 groups render the structure more 

hydrophilic and therefore move the inflection point of the type V isotherm to lower relative 

pressure values whereas NO2, which are relatively hydrophobic, has no such effect [133]. 

Grafting the CUS chromium through replacing the coordinated water molecules with other 

ligands has also been reported [133], [159][163]–[165]. Finally, the effect of the nature of 

the metal cluster anion has been studied for MIL-101-Cr [158] and [146]. MIL-101-Cr 

(X=Cl-) was found to possess higher N2O capacity and N2O/N2 selectivity for trace N2O 

removal in comparison to MIL-101-Cr (X=F-) [166]. 

 

In our previous study [167], we used molecular simulation verified by experiment to 

examine three MOF structures MIL-101-Cr (X=F-, OH-), MIL-100-Al (X=F-, OH-), and 

MOF-177-Zn for their equilibrium adsorption capacity and heat of adsorption towards 

inhalation anesthetic agents, sevoflurane and desflurane. These MOFs possess two, one 

and zero CUS per metal node, respectively. It was shown that MIL-101-Cr is currently the 

best verified MOF candidate for IAA adsorption.  

 

In this study, we combined molecular simulation with experimental 

synthesis/characterization to predict and verify how the IAA adsorption capacity of MIL-
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101-Cr (X=F-, OH-) can further be improved by assessing the following paths: (1) altering 

the metal-cluster environment by anion exchange of fluorine with chlorine ions, (2) 

functionalization of the MIL-101-Cr (X=Cl-)  linkers with amino and nitro groups, and (3) 

substituting coordinated water molecules of MIL-101-Cr  

(X=F-, OH-) with NH3 molecules. Finally, an overall ranking of the MOFs was performed. 

8.2. Materials and Methodology  

Two approaches were adopted for adsorption isotherm determinations, which included 

molecular simulation, as well as the commercial volumetric/manometric adsorption 

techniques. 

8.2.1. Adsorbent materials and synthesis  

Sevoflurane (98%) and desflurane (95%) were obtained from Blue-Zone Technologies Ltd. 

(Toronto, ON, Canada).  

MIL-101-Cr (X=F-, OH-) was prepared by Dr. Caputo research group at the University of 

Naples Federico II, Italy.  

NO2-MIL-101-Cr (X=Cl-) was synthesized at Dr. Kaskel research group at TU Dresden 

using CrCl3 and 2-nitro-terphthalic acid as precursors, respectively and hydrochloric acid 

(HCl) as modulating agent. NH2-MIL-101-Cr (X=Cl-) was synthesized by Dr. Kaskel 

research group at TU Dresden by reduction of NO2-MIL-101-Cr (X=Cl-) with SnCl2 as the 

reducing agent. 
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NH2-MIL-101-Cr (X=Cl-) was synthesized by Dr. Kaskel research group at TU Dresden 

by reduction of NO2-MIL-101-Cr (X=Cl-) with SnCl2 as the reducing agent. 

MIL-101-Cr (X=F-, OH-)@NH3 was prepared at UNB Department of Chemistry, by Dr 

Mason C. Lawrence, a Postdoctoral Fellow on the Blight Research team   

 A portion of MIL-101-Cr (X=F-, OH-) was first dried to remove coordinated water 

molecules of the saturated coordinated site (2 for MIL-101-Cr) followed by using an 

aqueous solution of ammonia to introduce NH3 molecules as coordinated ligands to the 

CUS formed during drying. Comparison of elemental analysis for carbon and nitrogen for 

the initial and final samples showed that the substitution was successful at a rate of 1.5 

coordinated NH3 per trimeric metal cluster of the MOF. Subsequent PXRD data and SEM 

images confirmed preservation of the crystal structure of the resulting compound. See 

Section I of Supplementary Information.  

MIL-101-Cr (X=Cl-, OH-) was prepared at UNB Department of Chemistry, Professor 

Barry Blight’s research group by anion exchange of the fluorine anions with chlorine using 

a 1N aqueous solution of NaCl. SEM images confirmed the preservation of the crystal 

structure and EDS mapping confirmed the presence of chlorine in the new structure. See 

Section I of Supplementary Information. 

Physicochemical properties of MIL-101-Cr (X=F-, OH-), MIL-101-Cr (X=Cl-, OH-) and 

MIL-101-Cr (X=F-, OH-)@NH3 were determined from N2 adsorption at 77K using our 

BELSORP-max instrument (BEL Japan, Inc.). The samples were pretreated by degassing 

at 383K for 10 hours. The specific surface area, the total pore volume, and the pore size 

distribution were evaluated using the data analysis software BELMaster V6.1.0.4. For 
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NO2-MIL-101-Cr (X=Cl-) and NH2-MIL-101-Cr (X=Cl-, OH-) samples, N2 physisorption 

at 77K was performed at TU Dresden. Powder X-ray diffraction (PXRD) patterns for MIL-

101-Cr samples were obtained using a Bruker D8 Advance spectrometer with a 2.2 kW Cu 

X-ray tube source, maintained at an operating current of 40 kV and 25 mA. Samples were 

scanned in the range of 5-80o 2θ. Powder X-ray diffraction (PXRD) patterns for NO2-MIL-

101-Cr (X=Cl-) and NH2-MIL-101-Cr (X=Cl-) samples were obtained at TU Dresden. 

TGA/DSC measurements for MIL-101-Cr (X=Cl-, OH-) and MIL-101-Cr (X=F-, OH-

)@NH3 and were performed using our SDT-Q600 (TA Instruments, USA). The samples 

were heated from room temperature to 600 °C at a ramp rate of 5 °C/min while being 

purged with nitrogen at a flow rate of 100 ml/min. Thermogravimetric analyses for the 

NO2-MIL-101-Cr (X=Cl-) and NH2-MIL-101-Cr (X=Cl-) samples were performed at TU 

Dresden. A Perkin Spectrum 100 FT-IR spectroscope with Diffuse Reflectance sample 

holder (DRIFTS) was used to record the middle-IR spectra for MIL-101-Cr (X=F-), MIL-

101-Cr (X=Cl-), and MIL-101-Cr (X=F-) @NH3. FTIR spectra for NO2-MIL-101-Cr 

(X=Cl-) and NH2-MIL-101-Cr (X=Cl-) samples were provided by TU Dresden. 

Characterization data and synthesis procedure for all of the samples are included in 

Sections I and IV of Supplementary Information, respectively. 

8.2.2. Molecular structure modeling and simulation of the isotherms  

For adsorption simulation, the adsorbent, adsorbate, and their interactions were modeled. 

We used the CIF file for MIL-101-Cr-primitive first published in [24] and available in 

RASPA archive of structures [123]. The CIF for NH2-MIL-101-Cr (X=Cl-), and NO2-MIL-

101-Cr (X=Cl-) were prepared using PoreModeMat.jl [168] and MOFUN [104] tools. For 
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Cr-MOF-2@NH3, we used ToBaCCo-3.0 [169] and BOVIA Materials Studio 

software[76]. To prepare CIF file for MIL-101-Cr (X=Cl-), the F atoms in the MIL-101-

Cr-primitive were manually replaced by Cl and the partial atom charges were subsequently 

calculated using the Charge Equilibration method implemented in RASPA [123]. General 

simulation details are as described in our previous paper [167]and additional information 

on simulation specific to this study can be found in Section V of Supplementary 

Information.  

8.2.3. Experimental adsorption isotherm measurement 

 The simulation results were consequently validated by comparison with experimental 

isotherms obtained from volumetric-adsorption measurements using our BELSORP-Max 

(Bell, Japan). Prior to measurement, each MOF sample was regenerated under a high 

vacuum at 110°C for 10 hours. Fresh liquid IAA were poured into small bottles (about 30 

ml) serving as adsorbate reservoir and connected to the measurement manifold. The liquid 

in the bottle was degassed through a semi-automatic procedure which involved freezing 

the liquid IAA, followed by exposing the frozen IAA to vacuum for about 5 minutes before 

stopping the vacuum and melting of IAA by immersing the bottle in a beaker containing 

warm water. This cycle was performed at least three times to make sure no dissolved air 

exists in the liquid IAA reservoir.  The IAA adsorption isotherms were measured at 298K 

for sevoflurane and 288K for desflurane, respectively. The dead volume of the adsorbent 

sample cell was also measured using helium gas automatically. The adsorption isotherm 

measurement consisted of dosing certain amount of evaporated IAA into the pre-evacuated 

sample cell before closing the admittance valve and waiting until equilibrium is achieved. 
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Equilibrium was defined when the pressure inside the sample cell changed within 0.3% for 

300 seconds. Once the equilibrium was achieved, the admittance valve was reopened to 

allow more adsorbate into the cell needed to achieve the next equilibrium point on the 

isotherm. The pressure change during each step was translated into the amount adsorbed 

in terms of STP volume, number of moles or number of mill grams adsorbed. Once the 

adsorption isotherm steps were finished, the sample cell holder containing the adsorbent is 

detached from the machine and is weighed using a microbalance and entered into the 

measurement software which reports the isotherm as moles of adsorbate per gram of 

adsorbent vs relative pressure of the adsorbate. See Figure 8.6S in the Supplementary 

Information.  

8.3. Results and Discussion 

Some degree of discrepancy between simulation and experimental data is often expected. 

Reasons may be due to a deviation of adsorbate molecule from ideally modeled structure 

and/or the adsorbent material from perfect crystallinity. Some degree of structural defects 

can be expected especially on the highly active sites to be prone to deviating from the 

expected theory. Shaping processes can also generate new crystalline phases and/or result 

in partial collapse of the original structure [143]. Moreover, amorphous phases might be 

formed as a result of residual solvents inside the cages [144]. Incomplete activation could 

be another cause of discrepancy. Finally, the random nature of functionalization during 

modifications and adsorption-induced structural deformation should also be considered.  
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8.3.1. Sevoflurane adsorption isotherms 

Figures 8.2a-d compare simulation results using RASPA with the experimental data 

obtained by Belsorp for the adsorption of sevoflurane on all studied MOF samples at 298K. 

Satisfactory agreement is observed especially at lower partial pressures, which is 

significant as dilute solutions are more often used in practical applications.  

 

 

e 8.2Figure 8.2a RASPA isotherm simulation results (blue solid spheres) for sevoflurane 

adsorption on NH2-MIL-101-Cr (X=Cl-) at 298K in comparison with experimental results 

(red solid squares) obtained from  BELSORP instrument 
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Figure 8.3 Figure 8.2b RASPA isotherm simulation results (blue solid spheres) for 

sevoflurane adsorption on NO2-MIL-101-Cr (X=Cl-) at 298K in comparison with 

experimental results (red solid squares) obtained from BELSORP instrument 
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Figure 8.4 Figure 8.2c RASPA isotherm simulation results (blue solid spheres) for 

sevoflurane adsorption on  MIL-101-Cr (X=Cl-) at 298K in comparison with 

experimental results (red solid squares) obtained from BELSORP 
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Figure 8.5 Figure 8.2d RASPA simulation results (blue solid spheres) for sevoflurane 

adsorption on MIL-101-Cr@NH3 at 298K in comparison with corresponding 

experimental results (red solid squares) obtained from BELSORP 
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Due to the different nature of structural modifications, the comparison of the adsorption 

isotherms is discussed under two categories, i.e., metal-cluster ligand/anion modification 

and linker function substitution presented in subsections 8.3.1.1 and 8.3.1.2, respectively. 

8.3.1.1. Effect of metal-cluster modification on sevoflurane uptake 

Experimental and simulation data as summarized in Figure 8.3 show that anion exchange 

of fluorine in the metal cluster with chlorine has little to no effect on the uptake of 

sevoflurane. The slight decrease for Cl replacement falls within the measurement error and 

is therefore insignificant. On the other hand, exchange of coordinated water molecules with 

ammonia at the CUS sites shows an almost 100% increase in uptake. CUS in MOFs are 

known to be Lewis acid sites and substitution with NH3 creates more favorable adsorption 

sites for sevoflurane uptake.  
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8.6 Figure 8.3 RASPA isotherm simulation results for adsorption of sevoflurane on MIL-

101-Cr (X=Cl-), MIL-101-Cr (X=F-) and MIL-101-Cr (X=F-)@NH3 at 298 K compared 

with corresponding experimental results obtained from BELSORP instrument 

 

8.3.1.2. Effect of linker modification on sevoflurane uptake 

Figure 8.4 examines the effect of linker functionalization. For the series MIL-101-Cr 

(X=Cl-), NO2-MIL-101-Cr (X=Cl-), and NH2-MIL-101-Cr (X=Cl-), it is observed that 

despite the expected steric hindrance due to the bulk of the functional groups, both NO2 

and NH2 derivatives outperform the unsubstituted form. This can be due to the fact that we 

are dealing with lower adsorption coverage and therefore, the adsorbate-adsorbent 

interactions are more significant than specific area or total pore volume which become 
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significant at medium to high adsorption coverage, where adsorbate-adsorbate interactions 

prevail [25]. 

 

e 8.7 Figure 8.4 RASPA simulation results for adsorption of sevoflurane on  MIL-101-Cr 

(X=Cl-), NO2-MIL-101-Cr (X=Cl-) and NH2-MIL-101-Cr (X=Cl-) at 298K compared 

with corresponding experimental results using BELSORP 

 

The effect of NO2 and NH2 groups on benzene ring has traditionally been explained in 

terms of the inductive and resonance effects [32]. Amine group can play two roles 

depending on the situation. When the atom of nitrogen participates through its free electron 

pair in resonance, the amine group plays the role of a donating group by conjugation; its 

inductive withdrawing effect still exists but is weaker and masked by the first effect. When 

amine groups cannot participate in conjugation through resonance, the amine group plays 
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the role of inductive electron-withdrawer group, due to the higher electronegativity of 

nitrogen atom compared to carbon atom. NO2 functional group has a lower inducive effect 

than NH2 functional group. 

8.3.2. Desflurane adsorption isotherms 

Figures 8.5a-d compare the RASPA isotherm simulation results with the experimental data 

obtained by Belsorp for the adsorption of desflurane on all MOFs. As the normal boiling 

point of desflurane is about 295K, the lower temperature of 288K was chosen as a safer 

point. Desflurane has a smaller diameter (5.4 Å) than SF (7.1 Å) and therefore more 

desflurane molecules are expected to fill the pore cages at medium to high coverages than 

sevoflurane. However, at lower adsorption coverages, adsorbent-adsorbate interactions 

become more important, resulting in weaker interaction and therefore lower adsorption 

capacity for desflurane as it is smaller, less branched, and less polar molecule than 

sevoflurane. 

 

As was the case with sevoflurane adsorption isotherms, due to the different nature of 

structural modifications, the comparison of the desflurane adsorption isotherms is 

discussed under two categories, i.e., metal-cluster ligand/anion modification and linker 

function substitution in subsections 8.3.2.1 and 8.3.2.2, respectively.  
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Figure 8.8 Figure 8.5a RASPA isotherm simulation results (blue solid spheres) for 

desflurane adsorption on NH2-MIL-101-Cr (X=Cl-) at 288K in comparison with 

experimental results (red solid squares) using BELSORP 
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e 8.9Figure 8.5b RASPA isotherm simulation results (blue solid spheres) for desflurane 

adsorption on NO2-MIL-101-Cr (X=Cl-) at 288K compared with corresponding 

experimental results (red solid squares) obtained from BELSORP instrument 
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e 8.10 Figure 8.5c RASPA isotherm simulation results (blue solid spheres) for desflurane 

adsorption of on MIL-101-Cr (X=Cl-) at 288K compared with corresponding 

experimental results (red solid squares) obtained from BELSORP instrument 
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Fi8.11 Figure 8.5d RASPA isotherm simulation results (blue solid spheres) for desflurane 

adsorption on MIL-101-Cr@NH3 at 288K compared with corresponding experimental 

results (red solid squares) obtained from BELSORP instrument 
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8.3.2.1. Effect of Metal-cluster modification on desflurane uptake 

Figure 8.6 compares experimental data from BELSORP and simulation results using 

RASPA. It shows that anion exchange of fluorine in the metal cluster with chlorine has 

little to no effect on desflurane uptake as was the case with sevoflurane. However, upon 

replacing coordinated water molecule at the CUS sites with ammonia the uptake of 

desflurane is enhanced significantly. An interesting feature of the experimental results in 

Figure 8.8S is that isotherms cross each other at around 1 kPa affecting the ranking of the 

adsorbents. As reported earlier in our publication [25], this can be explained  in terms of 

the existence and concentration-dependence of different adsorption mechanisms for IAA 

on the MOFs where solid-fluid interactions prevail at lower partial pressures (coverages) 

but the adsorbate-adsorbate interactions prevail at  medium to high coverages, where BET 

surface area and total pore volumes are determining factors. 
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8.12 Figure 8.6 RASPA isotherm simulation results for desflurane adsorption on MIL-

101-Cr (X=Cl-), MIL-101-Cr (X=F-) and MIL-101-Cr (X=F-)@NH3 at 288K compared 

with corresponding experimental results obtained from BELSORP instrument 
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8.3.2.2. Effect of linker modification on desflurane uptake  

The effect of linker functionalization on desflurane uptake is shown in Figure 8.7. For the 

series MIL-101-Cr (X=Cl-), NO2-MIL-101-Cr (X=Cl-), and NH2-MIL-101-Cr (X=Cl-), 

both NO2 and NH2 derivatives outperform the unsubstituted form.  

 

The effect of NO2 and NH2 groups on benzene ring that has traditionally been explained in 

terms of the inductive and resonance effects [32] can play two roles depending on the 

conditions of exchange. When the atom of nitrogen in amine group participates through its 

free electron pair in resonance, the amine group plays the role of a donating group by 

conjugation; its inductive withdrawing effect still exists but is weaker and masked by the 

first effect.  NO2 functional group has a lower inductive effect than NH2 functional group.  
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Figure 8.13 Figure 8.7 RASPA isotherm simulation results for desflurane adsorption of on 

MIL-101-Cr (X=Cl-), NO2-MIL-101-Cr (X=Cl-) and NH2-MIL-101-Cr (X=Cl-) at 288K 

compared with corresponding experimental results obtained from BELSORP instrument 
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8.4. Comparison and ranking of the adsorbents 

Figures 8.8 and 8.9 summarize the adsorption isotherms for all adsorbents for sevoflurane 

and desflurane, respectively. It is evident for sevoflurane that the capacity order is as 

follows: 

NH3@ MIL-101-Cr (X=F-) > NH2-MIL-101-Cr (X=Cl-) > NO2-MIL-101-Cr (X=Cl-) >  

MIL-101-Cr (X=F-) > MIL-101-Cr (X=Cl-)  

 

For desflurane the ranking is more challenging, and it depends on the choice of the partial 

pressure. At 1 kPa:  

MIL-101-Cr (X=Cl-) > MIL-101-Cr (X=F-) > NH3@ MIL-101-Cr (X=F-) > MIL-101-Cr 

(X=Cl-) > NO2-MIL-101-Cr (X=Cl-) > NH2-MIL-101-Cr (X=Cl-) 

 

As hinted in subsection 8.2.1., the isotherms can cross each other at some partial 

pressures, affecting the overall ranking. Therefore, it is imperative to report the ranking 

based on the working adsorption conditions.  
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Figure 8.14 Figure 8.8 RASPA isotherm simulation results for sevoflurane adsorption on all 

adsorbents at 298K compared with corresponding experimental results obtained from 

BELSORP instrument 

 

 

  



105 

 

 

 

Figure 8.15 Figure 8.9 RASPA isotherm simulation results for desflurane adsorption on all 

adsorbents at 288K compared with corresponding experimental results obtained from 

BELSORP instrument 
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8.5. Conclusions 

Several modifications to pristine MIL-101-Cr (X=F-, OH-) were performed and their 

capacity towards IAA molecules was assessed using volumetric experimental technique 

and molecular simulation. The results indicate that our previously successful molecular 

simulation approach [167] applies equally well for modified structures and can simplify 

the task of designing superior adsorbents and reduce the number of trials and errors during 

experimental modification and characterization procedures. Which is advantageous in 

terms of both time and expense. Our present work successfully introduced several new 

adsorbents for IAA, where grafting NH3 to the metal cluster more than doubled the capacity 

towards sevoflurane but slightly decreased capacity towards desflurane. The latter 

observation hints at the potential of MIL-101-Cr (X=F-, OH-)@NH3 to selectively remove 

sevoflurane from its binary mixture with desflurane. 
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Chapter 9. Use of the rapid ZLC experimental technique for fast 

isotherm measurement of inhalation anesthetic agent vapors 

9.1. Introduction 

An adsorption isotherm describes adsorbate-adsorbent equilibrium at a given constant 

temperature. Several techniques have been developed for adsorption isotherm 

measurements [172]. In the following subsections, traditional  methods will be described 

first, followed by the more rapid techniques [173]. Emphasis will be given to the rapid 

measurement technique called Zero-Length Column Chromatography (ZLC) which will be 

introduced and expanded  in section 9.1.3.  

9.2. Traditional techniques 

The two most common traditional techniques for isotherm measurements are gravimetric 

and volumetric methods. They are briefly discussed in sections 9.2.1 and 9.2.2. 

9.2.1.  9.2.1. Gravimetric methods 

This method is one of the oldest methods used for adsorption studies where changes in the 

weight of the adsorbent is monitored during adsorption and desorption scans. The 

measurement apparatus is often complicated because of the need to correct/compensate for 

several different effects including buoyancy. 

 

Figure 9.1 shows an automatic gravimetric adsorption analyzer (IGA, Hidden Isochema) 

available in our laboratory. It consists of a sample holder hanging from a thin metal wire 

connected to arm of a very sensitive microbalance. A metal casing surrounds the sample 
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holder and the wire and is flanged to the manifold; thus, isolating the sample from the 

ambient disturbances such as air flow, pressure, temperature, and moisture conditions. The 

manifold is equipped with admittance and exhaust valves, and it is connected to the vacuum 

tubing which consists of a roughing pump and a turbo pump. Our instrument is capable of 

handling sample pressures of up to 20 bars. It can work in static mode to measure 

adsorption isotherms as well as in the dynamic mode for kinetic studies. There is a furnace 

for outgassing the sample and a water bath to keep the sample temperature constant during 

adsorption isotherm measurements. A dedicated software controls the operations of the 

instrument and provides real-time information of the sample condition including its weight 

change, temperature, and the equilibrium pressure. 
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Figure 9.1 Intelligent Gravimetric Analyzer (IGA) from Hiden Isochema, UK. It can be 

run in static or dynamic mode. In dynamic mode, it can handle mixing two gases from 

separate inlets. 

9.2.2.  9.2.2. Volumetric/manometric methods 

These methods monitor pressure changes during uptake or release of adsorbate from the 

sample and convert them into the units of mass, STP volume or the number of moles of the 

adsorbate. Experimental setup is less complicated than those of gravimetric methods, but 

it is amenable to spurious effects that is handled in automatic systems. Examples of such 

effects are the dead volume and transpiration. 
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Figure 9.2 Belsorp Max volumetric adsorption instrument from BEL, Japan. It can 

measure both gas and vapor adsorption measurements. The liquid vapor reservoir is a 

bottle located near the sample holder ports. 

Figure 9.2 shows our automatic volumetric adsorption analyzer (BEL, Belsorp Max). It is 

capable of measuring adsorption of either permanent gas or liquid vapors up to their 

saturation pressures at the ambient pressure of 1 atm temperatures of up to 35°C. The liquid 

vapor reservoir consists of a bottle located near the sample holder ports and is connected 

to the system manifold using a pneumatic valve. It cannot handle gas mixtures, pressures 

above one atmosphere or temperatures higher than 35°C.  

9.3. Rapid measurement techniques: Zero-Length Column Chromatography (ZLC) 

Zero-Length Column Chromatography (ZLC) is another method for adsorption isotherm 

measurements. It was originally developed as a macroscopic technique for determination 
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of the intracrystalline diffusion phenomena in microporous crystals, such as zeolites [174]. 

The technique relies on a small sample size and fast detector response to eliminate 

concomitant mass and heat transfer effects such as bed and axial diffusion, allowing for 

the assumption of well-mixed conditions inside the sample cell. The technique comprises 

a brief adsorption (saturation) period followed by full desorption. It is the desorption that 

matters where its curve slope provides sufficient data for calculation of the diffusion 

constant using an appropriate mathematical model. The models are formulated based on 

the assumption of which diffusion mechanisms are dominant. Examples of these 

mechanisms are surface diffusion, pore-mouth diffusion and mesopores vs micropore 

diffusion. Using regression analysis one can then identify the best-fitting models and hence 

identify the most prominent diffusion mechanism(s) at play for a given sorbate(s)/sorbent 

system[175]. In this respect, ZLC technique, which is in principle a reverse-

chromatography method, has proven to be a time-efficient and accurate alternative  in 

comparison to its rival methodology such as volumetric and gravimetric 

measurements[176].  

The original ZLC technique described above is essentially a transient measurement 

technique relying on high flow rates of sorbates in a continuous flow arrangement. 

However, the theory of ZLC allows for smaller flow rates, too. In this case, the outlet flow 

concentration(s) of the sorbate(s) is (are) essentially in thermodynamic equilibrium with 

their adsorbed amount in the sample. This way equilibrium ZLC can be used for studying 

equilibrium phenomena i.e. measurement of adsorption isotherms. Equilibrium ZLC has 

already been attempted for adsorption of single component and binary mixture of 

hydrocarbon sorbates on zeolites[177][178]. It has also found application for fast-screening 
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of adsorbents for CO2 capture applications[179]. It has also been used for adsorption water 

vapor which is known to exhibit adsorption hysteresis [180]. This is the only example of 

using ZLC technique to measure adsorption isotherm of liquid vapors, so far. 

9.4. Use of ZLC for fast screening of adsorbents: permanent gases on zeolites and 

IAA vapors on MOFs 

Zero-Length Column Chromatography (ZLC) was first introduced in 1988 by Eić and 

Ruthven  as a macroscopic technique to measure intracrystalline diffusivity of hydrocarbon 

vapors inside zeolites [174]. It has found multiple applications which includes equilibrium 

regimes of operation  in order to obtain adsorption isotherms for permanent gases and  

liquid vapors [9]. Here, we briefly describe the theory of ZLC for adsorption. 

 

ZLC is a reverse chromatographic technique (based on desorption rather than adsorption), 

originally developed for kinetic studies[174][181]. It employs a very thin layer of sample, 

resulting in negligible axial dispersion, bed effects ,and heat transfer effects. A single layer 

of pellets/powder is exposed to adsorbate mixed in a carrier gas and then the sample holder 

cell is purged with pure carrier gas of the same flow rate. Assuming perfect mixing, we can 

write the differential mass balance for desorption inside the sample cell as in Equation 

(9.1).  

 

Differential mass balance due to desorption can be expressed as: 

 

            𝑉𝑠
𝑑𝑞̅

𝑑𝑡
+ 𝑉𝑔

𝑑𝑐

𝑑𝑡
+ 𝐹𝑐 = 0                      (9.1) 



114 

 

 

 

V
g 

= gas hold-up volume (ml) 

V
s
 = solid hold-up volume (ml) 

 𝑞̅ = Average loading inside the adsorbent particle (mmol/g) 

 F = Flow rate of the gas (ml/min) 

c = adsorbate concentration during desorption (mmol/ml) 

 

In order to get to the equilibrium-controlled regime, low purge flow rate has to be 

applied[177].  

At equilibrium, Eqn. (9.1) can be rewritten as: 

 

𝐹𝐶
𝑦

1 − 𝑦
= −𝑉𝑠

𝑑𝑞∗

𝑑𝑡

− 𝑉𝑔𝐶
𝑑𝑦

𝑑𝑡
 

                                     

(9.2) 

           

F = Flow rate of the carrier gas (ml min
-1

) 

y = molar fraction of the adsorbate in the gas phase  

q*=equilibrium loading inside the adsorbent particle (mmol/g) 

C = total gas concentration (density) (mmol/ml)  

Integrating Equation (9.2) yields: 

 

 𝑞∗ = (∫
𝑦

1 − 𝑦

∞

0

𝑑 ൬
𝐹𝑐𝑡

𝑉𝑠
൰ − ∫

𝑦

1 − 𝑦

𝑡

0

𝑑 ൬
𝐹𝑐𝑡

𝑉𝑠
൰ −

𝑉𝑔

𝑉𝑠
𝑦) 𝐶 (9.3) 
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The first term on the R.H.S. of Equation 9.3 gives the saturation (total) capacity (q* at co 

corresponding to time of desorption from t=0 to t=t∞)) and the second term is the amount 

desorbed from t0 to t1 .The sum of all three terms gives isotherm curve points.  

As it is also summarized graphically in Figure 9.3, Equation 9.3 indicates that by plotting 

c/c0 (or y/y0) from t = 0 to t = ∞, one can calculate adsorption capacities at different 

concentrations, by selecting the area under the curve and generating isotherm points. 

 

 

Figure 9.3 Graphical representation of Equation 9.3. The red area represents equilibrium 

capacity at t1 , 𝒒𝟏
∗  , whereas the double-hashed part represents the capacity between t=0 

and t=t1, 𝒒𝒕𝟏
. 𝒒𝟎

∗  is the total area between t=0 to t=∞ 
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Figure 9.4 The case of a linear ZLC response curve  𝒍𝒏
𝒄

𝒄𝟎
=

−𝑭𝒕

𝑲𝑽𝒔+𝑽𝒈
 

 

For the special cases of linear isotherm, e.g., Henry’s Law, and nonlinear single-site 

Langmuir, integration of Equation 9.3 reduces to the simplified equations summarized in 

Table 9.1.  Figure 9.4. illustrates an example of  ZLC response curve for a linear isotherm 
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ZLC response curve for linear adsorption iostherm
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Table 0.1 Isotherm Equations and corresponding ZLC desorption curves equations for 

two simplified cases 

Isotherm type 
Isotherm 

Equation 
ZLC desorption curve equation 

Linear isotherm 

(Henry’s Law) 
𝑞̅ = 𝑞*  = 𝐾𝑐                𝑙𝑛

𝑐

𝑐0
=

−𝐹𝑡

𝐾𝑉𝑠 + 𝑉𝑔
 

Nonlinear isotherm 

(Single-site Langmuir) 

𝑞 ∗

𝑞𝑠
=

𝑏𝑐

1 +  𝑏𝑐
 

 𝑙𝑛
𝑐

𝑐0
=

−𝐹𝑡

𝐾𝑉𝑠
+ 𝑙𝑛(1 − 𝜆) − 𝜆 

𝜆 =
𝑏𝑐0

1+𝑏𝑐0
 ; 𝐾 = 𝑏𝑞𝑠 

 

9.5. Experimental Procedure 

ZLC can be used for permanent gases as well as vapors from organic solvents. Experiments 

consist of two main stages: (1) an adsorption stage, also known as equilibration,  followed 

by (2) a purge (or desorption) stage. See Figure 9.5. It is the desorption step that is used to 

determine isotherm data. The desorption stage should be performed under the equilibrium-

controlled conditions. Often, a pretreatment stage that involves purging with pure carrier 

gas at elevated temperatures precedes the adsorption stage to make sure the pores of the 

adsorbent are free from residual moisture or other contaminants.  
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Figure 9.5 The two major steps of a ZLC experiment: Adsorption step and Desorption 

step. It is the data from the desorption step that is used for isotherm generation 

 

9.5.1. ZLC for permanent gases on zeolites 

 

For ZLC tests on permanent gases, we used our own in-house built setup as shown in 

Figures 9.6 to 9.7. 5-10 mg of an adsorbent was placed inside a 1/8” Swagelok compression 

union fitting closed at both ends with nickel sinter disks. The sample holder was mounted 

back onto tubing inside the GC oven. All the fittings were inspected for being airtight using 

soap water solution. The sample- and purge gas cylinders, and the MFC boxes were turned 
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on. The correct pressures and flow rates were adjusted. The cylinder regulators were set on 

a pressure of 40 psi before the pre-heat runs were started. To  shift between adsorption 

mode and desorption mode, VICI valves were used  When using the GC450 Varian, the 

VICI valve was set in desorption position corresponding to (-) or fill mode on the GC valve 

table. Then, the mass spectrometer was turned on.  

         A) Adsorption (Equilibration):  

After the preheat stage was completed, the GC method was selected and loaded. GC 

method refers to the file in which all the settings chosen for the specific experiment 

including the oven temperature and detector settings are saved. As soon as the signals were 

ready, the RGA software of the mass spectrometer was opened, and a new file was saved. 

The scan mode of P vs T was selected, and the scan parameters were set for the gases of 

interest. The RGA software for mass spectrometer was connected and the filament of the 

mass spectrometer was turned on and allowed to warm up for a couple of hours while a 

background scan was in progress. Note that a general detector such as a Thermal 

Conductivity Detector (TCD) or Flame Ionization Detector (FID) can be used as an 

alternative to the mass spectrometer. The front panel of the GC was used to turn the VICI 

valve into inject (+) position, which started adsorption step.  

 

                B) Desorption ( purging): 

When the concentration reached a plateau on mass spectrum reading, the VICI valve was 

turned back to fill (-) position. (At this stage, one can stop the adsorption flows by switching 

off the MFC boxes). The signal on mass spectrometer was monitored until full desorption 

was achieved. When the measurement is complete stop scan was stopped and the filament 
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was turned off. An ASCII version of the output file was saved before being exported to MS 

Excel for data analysis. See Appendix F. 

 

Figure 9.6 ZLC arrangement for permanent gases 

 

 

 

 

 

 

 

 



121 

 

 

 

Figure 9.7 ZLC sample cell comprises a 1/8 “ Swagelok fitting with a small amount of 

the sample    sandwiched between nickel sintered disks as mounted inside GC oven. The 

sample cell is indicated by the red arrow 

 

9.5.2. ZLC for IAA vapors on MOFs 

IAA are liquids. Therefore, to measure their vapor isotherms, some modifications were 

needed to carry out the measurements as explained further in the text. See Figure 9.8. The 

sample cell was placed inside the GC oven equipped with an FID (used range 12 for optimal 

signal sensitivity). Carrier gas (helium) was passed through a bubbler placed inside a water 

bath. The low flow rate of the carrier gas ensured that the gas/vapor mixture leaving the 
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bubbler is saturated with sevoflurane. The saturation pressure of sevoflurane at 298K is 

26.3 kPa, therefore at the operating conditions of 1 atm and 298K, the gas/vapor mixture 

has a concentration of 26% in sevoflurane vapor in helium. This saturated sevoflurane-

carrier gas/vapor mixture was further diluted with a pure flow of the carrier gas to a desired 

final concentration using mass flow controllers. This final flow constituted the sample 

(adsorption) line, while a second flow of pure carrier gas with the same flow rate as the 

sample line served as the desorption line. We used a heating-tape blanket connected to a 

circuit consisting of a thermocouple, a VARIAC powerstat, and a temperature PID 

controller to prevent sevoflurane vapor from condensing inside the tubing.  

 

 

Figure 9.8 ZLC setup used for sevoflurane adsorption measurement 

9.6. Results and Discussion 

The ZLC adsorption isotherms for small permanent gases on selected zeolites and for IAA 

vapors on selected MOF structures ( already introduced in Chapters 6 and 8 ) are shown in 

sections 9.6.1 and 9.6.2, respectively.   
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9.6.1. Permanent gases on zeolites 

ZLC response curves for desorption of CO2 from three selected zeolites is shown in Figure 

9.10. They correspond to flow rates of 5 ml/min where equilibrium conditions are met. (For 

any flow rates below 5 ml/min, the curves for log (c/c0) vs Ft superimposes the 

corresponding curve at 5 ml/min).  It should be noted the curves do not necessarily have to 

be straight lines. Straight lines occur for less polar adsorbates such as methane at low ranges 

of concentrations (Henry’s Law region). [182] For CO2 with a significant quadrupole 

interaction with the gradient of the electric field of the zeolite ( see also Chapter 2, Section 

2.2), the curve is expected to be nonlinear even for very low ranges of adsorbate 

concentration[183]. Data in Figure 9.9 is then used to generate the corresponding 

adsorption isotherms ( see Section 1.1. of Appendix F) as shown in Figure 9.10 where they 

are compared with data from gravimetric measurements performed by our IGA instrument. 

Response curves and adsorption isotherms for different gases/adsorbents were obtained as 

shown in Appendix F. They all showed good agreement with data from IGA. These 

observations suggest that ZLC can conveniently replace the volumetric instrument for 

experimental verification or simulations as well as pre-screening of candidate adsorbents 

(see Figure 9.10) with the additional advantage of being a faster and less costly technique 

especially when dealing with dilute vapor/gas mixtures.  
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Figure 0.9 ZLC response curve for 1% CO2 at 30°C for zeolites 4A, 5A and 13X 
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F 

Figure 9.10 ZLC adsorption isotherms for 1% CO2 at 30°C for zeolites 4A, 5A and 13X 

in comparison to IGA gravimetric (IGA)  results 
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Figure 9.11 Overall adsorption capacity ranking of 4A, 5A, and 13X zeolite adsorbents 

for adsorbates CO2, CH4 , and C2H4.The  results in the figure are an average between IGA 

and ZLC 

 

9.6.2. Vapors on MOFs 

The ZLC isotherms obtained for IAA vapors sevoflurane and desflurane are shown in 

Figures 9.12 and 9.13. Comparison with data from BELSORP shows good agreement. This 

observation suggests that ZLC can conveniently replace the volumetric instrument for 

experimental verification of simulated results as well as pre-screening of candidate 

adsorbents. ZLC possesses the additional advantage of being a faster and less costly 

technique especially when dealing with dilute vapor/gas mixtures. ZLC method is on 
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average 4 to 5 times faster than a traditional gravimetric or volumetric measurement due 

to much smaller sample size as well as detector choice. By replacing a detector with 

medium response time, such as a mass spectrometer, with more sensitive detectors such as 

FID or TCD, the speed of ZLC can be further enhanced viz-a-viz its traditional rivals. This 

observation was decisive in this work to shift from mass spectrometer to FID for measurement 

of isotherms for IAA vapors on MOFs. 

 

 
 

Figure 9.12 Adsorption isotherms for sevoflurane on different adsorbents at 298K are 

compared using Equilibrium ZLC, and volumetric adsorption (BELSORP) 
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Figure 0.13 Adsorption isotherms for desflurane on different adsorbents at 298K are 

compared using Equilibrium ZLC, and volumetric adsorption (BELSORP) 
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9.7. Conclusions 

ZLC response curves were used for obtaining adsorption isotherms for permanent  

adsorbate gases CO2, CH4 and C2H4 on zeolites 4A, 5A ,and 13X as well as vapors of IAA 

on  MOF MIL-101-Cr and its derivates as described in Chapter 8.  The isotherms were 

summarized and grouped based on the choice of adsorbate. The ZLC isotherms show good 

agreement with isotherms from our gravimetric and volumetric equipment. ZLC response 

curves were used to calculate and rank total adsorption capacities of the adsorbents for 

different adsorbates.  

Advantages of ZLC technique can be concluded as follows: (1) smaller sample size 

requirements and shorter measurement times compared to the traditional methods. (2) A 

single ZLC run can provide the data needed for a complete isotherm curve and  as  it is a 

continuous line, the ZLC desorption corresponds to infinite number of isotherm 

equilibrium points (pressure points) compared to the traditional measurements that are 

confined to a discrete number of pre-assigned measurement pressure points. (3) The very 

nature of a ZLC measurement which is based on desorption makes the sample inside the 

measurement cell already regenerated and ready for the next test run , saving time when a 

sequence of isotherms are being measured on the same sample.(4) As hinted in (1) , ZLC 

method is on average 4 to 5 times faster than a traditional gravimetric or volumetric 

measurement, which makes ZLC the method of choice for rapid screening and ranking of 

a group of sample. When coupled with other characterization methods e.g. kinetic ZLC, 

equilibrium ZLC provides a complete picture of adsorption on a sorbent. ZLC has the 

capability to be used for binary and multicomponent adsorption measurement if mass 

spectrometer detection is employed 
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10. Chapter 10. General Conclusions and Future Work 

10.1.Conclusions 

Metal-organic frameworks (MOFs) are an interesting alternative to zeolites and activated 

carbon for adsorptive removal of wasted inhalation anesthetic agents (IAA) due to MOFs 

higher surface areas and structural diversity. This work studied the utility of molecular 

simulation of large- molecular vapors of inhalation anesthetic agents adsorption on three 

MOFs. All MOFs in the study have mesopores large enough to accommodate the IAA 

molecules.  

 

To model the IAA molecules, use was made of forcefields specific to each adsorbate 

published by Arcario which includes parameters to account for molecular flexibility. 

Application of Continuous Fractional Component Monte Carlo (CFCMC) proved essential 

for speedy simulation of these large molecules provided that the right choice of the type 

and relative probability of the trial moves are considered. It was found that allocating 70% 

probability to the CFlambdaSwap MC trial move gives the best fit between simulation and 

experiment.  

 

The exceptionally good agreement between experiment and simulation at the lower partial 

pressures using generic FF for MOFs with CUS can be attributed to the high polarity of the 

IAA molecules (compare dipole moments of SF 2.33D, DF 1.77D with water 1.85D [184]) 

which compensates for the CUS effect of the metal clusters. The choice of the FF for IAA 
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is thought to be critical only for medium to higher pressures where adsorbate-adsorbate 

interactions become more significant.  

 

Our molecular simulation results also corroborated earlier reports on self-association of 

sevoflurane molecules [132] which is responsible for the kink observed in the isotherm of 

IAA on MOFs such as MOF-177-Zn whose structures do not contain open-metal sites. 

 

Several modifications to pristine MIL-101-Cr (X=F-, OH-) were performed and their 

capacity towards IAA molecules was assessed using volumetric experimental technique 

and molecular simulation. The results indicate that our previously successful molecular 

simulation approach [167] applies equally well for modified structures and can simplify 

the task of designing superior adsorbents and reduce the number of trials and errors during 

experimental modification and characterization procedures. Which is advantageous in 

terms of both time and expense. Our present work introduced several new adsorbents for 

IAA, where grafting NH3 to the metal cluster more than doubled the capacity towards 

sevoflurane but slightly decreased capacity towards desflurane. The latter observation hints 

at the potential of MIL-101-Cr (X=F-, OH-)@NH3 to selectively remove sevoflurane from 

its binary mixture with desflurane. 

 

ZLC response curves were used to obtain adsorption isotherms for permanent gases CO2, 

CH4 ,and C2H4 on zeolite adsorbents 4A, 5A, and 13X. The usefulness of the method was 

also demonstrated for other systems, such as vapors of sevoflurane and desflurane IAA on 

MOF MIL-101-Cr and its derivatives as described in Chapters 6 and 8. The isotherms were 
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summarized and grouped based on the choice of adsorbate. The ZLC isotherms show good 

agreement with isotherms from our gravimetric and volumetric equipments. ZLC response 

curves were used to calculate and rank total adsorption capacities of the adsorbents for 

different adsorbates.  

 

Advantages of ZLC technique can be concluded as follows: (1) smaller sample size 

requirements and shorter measurement times compared to the traditional methods. (2) A 

single ZLC run can provide the data needed for a complete isotherm curve and  as it is a 

continuous line, the ZLC desorption corresponds to infinite number of isotherm 

equilibrium points (pressure points) compared to the traditional measurements that are 

confined to a discrete number of pre-assigned measurement pressure points. (3)The very 

nature of a ZLC measurement which is based on desorption makes the sample inside the 

measurement cell already regenerated and ready for the next test run , saving time when a 

sequence of isotherms are being measured on the same sample.(4) As hinted in (1) , ZLC 

method is on average 4 to 5 times faster than a traditional gravimetric or volumetric 

measurement, which makes ZLC the method of choice for rapid screening and ranking of 

a group of sample. When coupled with other characterization methods e.g. kinetic ZLC, 

equilibrium ZLC provides a complete picture of adsorption on a sorbent. ZLC has the 

capability to be used for binary and multicomponent adsorption measurement if mass 

spectrometer detection is employed. 
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10.2.Recommendations for Future Work 

High-speed computational screening of adsorbents[185] for different applications has 

become an active area of research recently thanks to the advances in high-performance 

computing and Machine Learning Algorithms[186]. These efforts have been mainly 

applied to smaller adsorbates such as hydrogen[185], methane[187][188] and carbon 

dioxide[187]. It should be beneficial to extend it to larger molecules such as IAA. One 

important result to watch for is to assess sensitivity of the simulations and the rankings on 

the choice of force field and the method of atomic partial charge calculation[189]. 

Another interesting area as follow-up to the present thesis is to perform dynamic 

breakthrough tests[190] and kinetic tests for determination of diffusivity of IAA molecules 

inside MOF structures[191]. Use of ZLC as a fast technique can prove to be a wise choice 

for the kinetic measurements[192] as it uses very small amount of sample and can be 

performed for  large sets of adsorbents at a relatively short time using the relatively cheap 

equipment. 

 

For future work, it is also suggested to try isotherm adsorption measurements for binary 

mixtures involving IAA. The binary mixture composition could include 

sevoflurane/desflurane vs water, sevoflurane/desflurane vs carbon dioxide, and 

sevoflurane vs desflurane. Also, it would be worthwhile to try a ternary mixture of 

IAA/water/CO2. These tests will give us better idea of the selectivity of the new adsorbents 

explored in this thesis towards IAA. 

Finally, it would be worthwhile exploring other post-synthetic routes for modification of 

promising adsorbents.  
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11. Appendices 

Appendix A. Supplementary Information from Chapter 2 

6.4.1.  Section I. Examples of some traditional adsorbents discussed in 

Chapter 2 

 

Figure 11.1 Figure 2.1S   LTA and FAU zeolite structures with the locations of cations 

marked in roman numbers. With permission  from   [193] 
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Table 2.1S Comparison of the  two main types of zeolites in common use for 

adsorption[19] 

 

 Linde Type A (LTA) 
Linde Type X,Y 

(FAU*) 

Void fraction 0.2-0.5 0.2-0.5 

Window size 
4-membered oxygen 

rings 

6-membered oxygen 

rings 

Skeleton structure Cages, windows Cages, windows 

Si/Al ratio 1 
1-1.5 for X-type 

1.5-3 for Y-type 

SBU type 

Truncated  

octahedron** and 

 4-membered prism 

Truncated  octahedron  

and  

6-membered prism 

Number of tetrahedra per unit 

cell 
12 AlO4 and 12 SiO4 

192 TO4  (T=Al, Si): 

77-96 AlO4 for X type 

48-76 AlO4 for Y type 

Maximum number of water 

molecules per unit cell 

27 ( located inside the 

central cage***) 

27 ( located inside the 

central cage) 

Free diameter of the supercage 

(Å) 
11.4 13.7 

Aperture shapes of supercage 

(and number per unit cell) 

8-member oxygen 

rings (12) 

12-member oxygen rings 

(12) 

Unobstructed diameter of 

supercage apertures (Å) 
4.4 8.1 

Negative charges per unit cell 12 
Depending on # of Al 

atoms 

*Also known as faujasite ( a naturally occurring zeolite of the same structure) 

**Also known as sodalite cage and β-cage 

***Also known as supercage   
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Table 2.2S Cation distribution for different types of LTA [19] 

Structure Name 3A 4A 5A 

Cation type K+ Na+ Na+ /(Ca++) 

Type I 6 8 8 

Type II 3 3 0 

Type III 0 1 0 

other 3   

Effective aperture size (Å) 3.0 3.8 5.3 

 

Table 2.3S Cation distribution for different types of FAU [19] 

Structure Name 10X 13X 13Y LSX* 

Cation type Ca++ Na+ Na+ Li+ 

Type I 7.5 3.8 3  

Type I’ 17.3 32.3 15 27.2 

Type II 17.3 30.8 35 33.9 

Type II’ 9.0    

Type III  7.9  32.4 

total 86 53 57 95.8 

Effective aperture size (Å) 8 10 10  

*low-Si 

Table 2.4S Steps for synthesis of activated carbon 

 

Temperature 

(°C) 

purpose 

Raw material 

preparation 

ambient pelletization 

carbonization 400-500 Volatile matter elimination 

Activation ( 

gasification) 

800-1000 

Develop porosity and increase surface 

area 
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Section II.  Instruments for textural characterization 

 

 

Figure 11.2 Figure 2.2S SDT Q600 simultaneous TGA and DSC measurement instrument 

from TA Instruments, USA 

. 

 

                   e 11.3 Figure 2.3S Spectrum 100 FTIR spectroscope from Perkin-Elmer, UK 
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 11.4 Figure 2.4S FE-SEM scanning electron microscopy from Thermoscientific, USA. 
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Appendix B.  Supplementary Information from Chapter 3 

6.4.2.  Section I. Example of some common MOFs 

 

11.5 Figure 3.1S Examples of some common MOFs with their BET surface area and pore 

size(s) given. [194] Note how the metal-cluster geometry and the organic linker has 

affected the final topology and even the pore size of the resulting MOF. 
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6.4.3.  Section II. Synthesis details of the MOFs discussed in this thesis 

MIL-101-Cr (X=F, OH)  

“4.00g of Cr(NO3)3•9H2O (Baker) was dissolved in 43.20g of ultra-purified water, which 

was produced by a TKA Smart2Pure device; 1.64g of terephthalic acid (Aldrich) and 5.0 

mL of a 4 wt. % hydrofluoric acid solution, obtained by diluting a 37 wt. % pristine solution 

(Carlo Erba), were then added. These chemicals were mixed and kept in a stirrer for about 

5 min. The resulting suspension was then transferred to a Teflon-lined autoclave bomb and 

kept in an oven at 493 K for 8 hours. After equilibration at ambient temperature, the large 

terephthalic acid crystals present in the batch were eliminated by filtration using a large 

pore fritted glass filter (no. 2); the water suspension of Cr-MOF powders which passed 

through the filter was then filtered again on Whatman ashless grade 42 filtration papers. 

The retained green product was finally dried at 333 K overnight.”  

MIL-100-Al 

MIL-100-Al is the reaction product of Al(NO3)3 as metal precursor and the three-dentate 

trimesic acid as the linker ligand under strong acidic conditions (0.5<pH<0.7) . The sample 

used in this work was prepared using a new low-temperature method, leading to spherical 

agglomerates of nanocrystals [2]. Characterization data for this MOF is included in Section 

I of Supplementary Information . 

MOF-177-Zn  

Commercial MOF-177-Zn powder ( Basolite® Z377) was purchased from Aldrich[132]. 

However, the most common recipe to its preparation is as follows:  “N,N-Diethylformamide 

(DEF, BASF) is treated by addition of  0.5charcoal carbon into 1 L and stirred for 12 h at 

room temperature. The black suspension solution is filtered through a silica-gel column 
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(ca. 350 g, Silica gel 60, 230–400 mesh, EMD Chemicals) to remove carbon powder. Pure 

MOF-177 is prepared by dissolving 0.187 g of Zn(NO3)2.6H2O and 0.0395 g of 4,4’,4’’-

benzene-1,3,5-triyl-tribenzoic acid (H3BTB), 10 mL of DEF in a 20 mL vial. The vial is 

capped tightly and placed in an oven at 85 °C for two days to yield clear block crystals. 

After cooling, the yellow solution is decanted, and the crystals are washed with 3 x 20 mL 

of  N,N-dimethylformamide. The product is then immersed in 20 mL of chloroform for 

three days, during which time the activation solvent is decanted and freshly replenished 

three times. The crystals are transferred to a glass tube as a chloroform suspension by using 

a glass pipette to prevent exposure to air. The material is evacuated to 10-3 Torr at room 

temperature for 2 h, heated at a constant rate (1 °C /min) to 120 °C for 6 h, then cooled at 

a constant rate of 1 °C min-1 to room temperature. Powder X-ray diffraction patterns for 

as-synthesized and activated materials were coincident and in agreement with the simulated 

pattern, indicating the bulk purity of MOF-177 samples. Activated MOF-177 samples were 

handled using standard techniques to avoid exposure to air or moisture.” [195] 

NO2-MIL-101-Cr (X=Cl-) 

 The origin of the sample is a reaction approach containing freshly precipitated chromium 

hydroxide, 2-nitro-terphthalic acid, HCl and water at 180°C for 6 days. After this reaction, 

the solid was separated by centrifugation. The as-made product was suspended in hot DMF 

over night to remove remaining linker. The DMF was removed by extraction with ethanol 

for 24 hours before the sample was air-dried. The sample was dried in air at 150 °C. Full 

activation is done at 150-180 °C in vacuum. Characterization data for this MOF is included 

in Section I of Supplementary Information 

NH2-MIL-101-Cr (X=Cl-)  
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One part of the NO2-MIL-101-Cr (X=Cl-) sample synthesized as described in 3 above was 

used in a reduction approach with SnCl2 in ethanol to give NH2-MIL-101-Cr (X=Cl-). The 

remaining Sn residuals were washed out with concentrated HCl before the sample was 

washed with water again and dried once more. The sample was dried in air at 150 °C. Full 

activation is done at 150-180 °C in vacuum. Characterization data for this MOF is included 

in Section I of Supplementary Information. 

MIL-101-Cr (X=F-, OH-)@NH3 

A portion of MIL-101-Cr (X=F-, OH-) ( see 1 above) was first dried to remove coordinated 

water molecules of the saturated coordinated site (2 for MIL-101-Cr) followed by using an 

aqueous solution of ammonia to introduce NH3 molecules as coordinated ligands to the 

CUS formed during drying. Comparison of elemental analysis for carbon and nitrogen for 

the initial and final samples showed that the substitution was successful at a rate of 1.5 

coordinated NH3 per trimeric metal cluster of the MOF. Subsequent PXRD data and SEM 

images confirmed preservation of the crystal structure of the resulting compound. 

Characterization data for this MOF is included in Section I of Supplementary Information 

MIL-101-Cr (X=Cl-, OH-)  

300 mg of MIL-101-Cr (X=F-, OH-) ( see 1 above )  was taken and exposed to perform 

anion exchange of the fluorine anions with chlorine anions using a 1N aqueous solution of 

NaCl. The  mixture was stirred for 2 hours at room temperature. The solid was filtered off, 

washed by acetone, and finally dried over night at 80 °C. SEM images confirmed the 

preservation of the crystal structure and EDS mapping confirmed the presence of chlorine 

in the new structure. See Section I in Supplementary Information. 
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Appendix C. Supplementary Information from Chapter 6 

6.4.4.  Section I. Characterization results comparing Cr-MOF-1 and Cr-

MOF-2 

 

1. PXRD pattern for Cr-MOF-2 

 

The PXRD pattern of Cr-MOF-2 is shown in Figure 6.1S.  

 

Figure 11.6 Figure 6.1S PXRD of Cr-MOF-2 

 

 

The results are quite similar to the earlier reported patterns for Cr-MOF-1 (MIL-101-Cr) 

[196]. 
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2. SEM Image of Cr-MOF-2 

The SEM images for Cr-MOF-2 are shown in Figure 6.2S. The crystals have an average 

size of 1.25 micrometers. In addition, the elemental analysis using EDAX confirms the 

presence of chromium but no fluorine. 

 

 

Figure 11.7  Figure 6.2S SEM image of Cr-MOF-2 
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3. TGA/DSC of Cr-MOF-1 and Cr-MOF-2 

TGA/DSC results for the samples are summarized in Figures 6.3S and 6.4S. 

 

Figure 11.8 Figure 6.3S TGA of Cr-MOF-1-crushed and Cr-MOF-2-powder 

 

 

Figure 11.9 Figure 6.4S DSC of Cr-MOF-1-crushed and Cr-MOF-2-powder 
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As the MIL-101-Cr has two types of mesopores (29 Å and 34Å in diameter), there are two 

peaks/ steps expected at temperature ranges of below 100°C and 100-200°C corresponding 

to the larger pore and smaller pore, respectively. At the temperature range of 200-240°C 

coordinated water leaves the chromium and 240-300 °C corresponds to X ligands (here X= 

F, OH) leaving the structure. This latter phenomenon leads to formation of coordinated 

unsaturated sites (CUS) as evidenced by in-situ FT-IR spectroscopy[162] . At the range of 

377- 500°C corresponding to melting point of the terephthalate ligand, the decomposition 

of the MOF structure occurs. The residual substance is chromium oxide and amorphous 

carbon[146]. These phenomena are also deducible from the DSC curves. It is also 

noteworthy that TGA and DSC are sensitive to the ramp rate of the purging gas (Figure 

6.5S and 6.6S). As can be seen below, slower gas flow can cause greater weight loss due 

to the larger pore desorption and corresponding higher heat flow.  

 

 

Figure 11.1 0 Figure 6.5S Flow rate effect on TGA for Cr-MOF-2 
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Figure 11.1 1 Figure 6.6S Flow rate effect on DSC for Cr-MOF-2 

 

4. DRIFT-IR 

Infra-red spectroscopy is often used in MOF characterization to find IR-active fractions. 

The results of the FTIR spectra for the two Cr-MOF samples are summarized in Figure 

6.7S. It can be seen that the two samples have almost identical spectra. Moreover, the 

spectra match the published data for MIL-101-Cr[198] . The 1512 cm-1 and 1629 cm-1 

peaks are due to COO- and C-C in the linker. However, a shift can be observed from the 

reported 1515 cm-1 and 1640 cm-1 in the literature[199]. This could be due to some 

disconnected linkers in the MOF structure. 
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Figure 11.1 2 Figure 6.7S  DRIFT-IR spectra of Cr-MOF-1 and Cr-MOF-2 The results match 

published data [198] 

 

The results from TGA/DSC, FTIR, and Raman adequately confirm that Cr-MOF1 and Cr-

MOF-2 are indeed MIL-101-Cr samples.   
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6.4.5.  Section II. Characterization results of MIL-100(Al) 

The sample was synthesized At Materials Center TU Dresden using a new low temperature 

method, leading to spherical agglomerates of nanocrystals. The sample was then activated 

at 180°C at 10-3 mbar. The analytical data (XPRD, Nitrogen physisorption and SEM) are 

provided by TU Dresden as below. Coordinated water can be removed once the sample is 

heated to 220°C where the open metal sites will be exposed. 

 

1. PSD 

 

Figure 11.1 3 Figure 6.8S Pore Size Distribution of MIL-100-Al [1] 
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2. XPRD 

 

 

Figure 11.14  

Figure 6.9S XPRD of MIL-100-Al [1] 
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3. SEM 

 

 

 

Figure 11.1 5 Figure 6.10S Scanning Electron Micrograph of MIL-100-Al [1] 
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6.4.6.  Section III. Experimental Isotherms reported in this work 

 

1. Sevoflurane on MIL-101-Cr 

 

Figure 11.16 Figure 6.11S Adsorption isotherms for sevoflurane on MIL-101-Cr at three 

different temperatures using BELSORP 
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Figure 11.1 7 Figure 6.12aS Effect of degassing conditions on adsorption isotherms for 

sevoflurane on MIL-101-Cr at 283K 

 

 

 

1 Figure 6.12bS Effect of degassing conditions on adsorption isotherms for 

sevoflurane on MIL-101-Cr at 298K 
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2. Desflurane on MIL-101-Cr 

 

 

Figure 11.1 8 Figure 6.13S Adsorption isotherms for desflurane on MIL-101-Cr at 2 

temperatures using BELSORP 
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3. Sevoflurane on MIl-100-Al 

 

 

Figure 11.1 9 Figure 6.14S Adsorption isotherms for sevoflurane on MIL-100-Al at 3 

temperatures using BELSORP 
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4. Desflurane on MIL-100-Al 

 

 

Figure 11.20 Figure 6.15S Adsorption isotherms for desflurane on MIL-100-Al at 278K 

using BELSORP 
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5. Sevoflurane on MOF-177-Zn 

 

 

Figure 11.2 1 Figure 6.16S Experimental data for adsorption of sevoflurane on  MOF-177-Zn 

at three distinct temperatures , courtesy of  [132] 
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6.4.7.  Section IV.  Inhalation Anesthetic Agents 

Table 6.1S Clinical data for IAA 

 Sevoflurane Desflurane 

Administration concentration 

(induction) vol% 
1-2 3-11 

Administration concentration 

(maintenance) vol% 
1-3.5 

Adults: 2.5-8.5 

Children: 5.2-10 

Percentage metabolized 5 0.02 

blood/gas partition coefficient* 0.65 0.42 

MAC** 2 6-7.25 

GWP (20)***[200] 349 3714 

Maximum allowable concentration[201] 

UK:20 ppmv 

EU:50 ppmv 

US: 2  ppmv 

UK:20 ppmv 

EU:50 ppmv 

US: 2  ppmv 

Polarizability volume, 10 -24 cm3 9.3 7.4 

 

*Global-warming potential  

** Minimum alveolar concentration, a measure of partial 

pressure of the anesthetic inside the lung alveoli in 

equilibrium with its partial pressure in the blood. A 

lower MAC indicates reduced amount of anesthetic 

agent needed to induce anesthesia. 

*** For 44 ± 7 age group in 100% O2 atmosphere 
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6.4.8.  Section V.  Simulation Data             

                 Table 6.2S  Lennard-Jones parameters for studied MOF structures 

 

 

Table 6.3S Lennard-Jones parameters and partial charges for sevoflurane used in 

this work[139] 

Atom σ/Å (ε/κB)/K Charge /e 

F1C 2.90 67.93 -0.202 

F3C 2.85 48.81 -0.048 

C1F 3.38 30.19 +0.001 

C3F 4.09 10.06 +0.002 

CDFM 3.56 16.10 +0.003 

HCF1 2.35 14.09 +0.134 

HCFT 2.39 22.64 +0.300 

OEF 2.94 50.32 -0.086 

 

 

 

 

 

 

 

 

Atom σ/Å (ε/κB)/K 

Cr 2.69 7.55 

C 3.473 47.856 

O 3.033 48.158 

H 2.846 7.649 

F 3.093 36.483 

Al 3.91105 155.998 
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Table 6.4S   Lennard-Jones parameters and partial charges for desflurane used in 

this work.[139] 

 

Atom σ/Å (ε/κB)/K Charge /e 

C1F 3.385 30.1934 0.036 

C2F 3.652 21.135 0.004 

C3F 4.098 10.0644 0.008 

F1C 2.904 67.93 -0.096 

F2C 2.904 52.838 -0.0078 

HCF1 2.351 14.09 0.211 

HCF2 2.316 15.097 0.212 

OEH 2.939 50.32 -0.056 

 

5*104 equilibration cycles were followed by 1*106 production cycles. A 1-1-1-unit cell 

was used. Translation, Rotation, Regrowth and CFSwapLambda probabilities were 

defined at 1:1:1:7 ratio. Ewald and cut off was 12 Å and potentials were shifted without 

tail correction. We used Lorentz-Berthelot mixing rule for Lennard-Jones interactions. 

 

Table 6.5S Saturation vapor pressures for the inhalation anesthetic agents 

SVP/kPa Experimental Molecular simulation 

Temperature/K Sevoflurane Desflurane     Sevoflurane     Desflurane 

      278.15        10.37      53.70 - 11.87 

      283.15        12.59 - 4.85 - 

      288.15        16.67      78.14 - 20.14 

      298.15        26.29        NA 11.16 NA 

      308.15        40.37        NA 20.15 NA 

      328.15        49.26        NA 31.5 NA 
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Table 6.6S The density (g cm−3), surface area (m2 g−1), free volume (cm3 g−1) and 

porosity of the studied MOF structures [202] 

 

Property MIL-101(Cr) MIL-100(Al) 
MOF-

177(Zn) 

CSD-refcode OCUNAK CIGXIA BABRII 

SBET (m2/g) 3399.2 1687.790 3948 

Total pore volume 

(cm3/g) 
1.874 0.875 1.59 

Porosity 0.815 0.7233 0.8498 

 

Table 6.7S Comparison of affinity based on isosteric heat of adsorption (kJ/mol) 

 MIL-101-Cr MIL-100-Al MOF-177-Zn 

Sevoflurane (SF)* 52 34 45 

Desflurane (DF)** 50 30 N/A 

*298K 

**288K 

 

Table 6.8S Comparison of uptake based on isotherm loading (mmol/g) at 2 kPa 

 MIL-101-Cr MIL-100-Al MOF-177-Zn 

Sevoflurane (SF)* 5.5 2.0 9.5 

Desflurane (DF)** 6.0 2.0 N/A 

*298K 

**278K 
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Table 11.9S input file in RASPA for simulation of sevoflurane adsorption on 

MIL-101-Cr at 23.1 Pa and 298K 

SimulationType                                       MonteCarlo 

NumberOfEquilibrationCycles               50000 

    NumberOfCycles                                    1000000 

PrintEvery                                                    10 

RestartFile                                                    no 

ContinueAfterCrash                                   yes 

                     WriteBinaryRestartFileEvery                      10 

WriteEnergyEvery                                       10 

   ChargeMethod                                          Ewald 

    CutOff                                                           12.0 

 

RandomSeed                                                  1 

 

    Forcefield                                                     local 

  EwaldPrecision                                            1e-5 

 UseChargesFromCIFFile                              yes 

              Framework 0 

FrameworkName                              MIL-101-primitive 

UnitCells                                                         1 1 1 

   HeliumVoidFraction                                   0.815306 

ExternalTemperature                                  298.15 

ExternalPressure                                              23.1 

 

                  #ComputeMolecularPressure                        yes 

 

                  Movies                                                          yes 

 

Component 0 MoleculeName                     sevoflurane 

                  MoleculeDefinition                                    local 

                  BlockPockets                                              yes 

      BlockPocketsFileName             Framework_0_initial 

                  IdealGasRosenbluthWeight                  4.30563e-09 

                 TranslationProbability                                  0.1 

                 RotationProbability                                      0.1 

                  RegrowProbability                 0.1 

                 CFSwapLambdaProbability                         0.7 

                 CreateNumberOfMolecules                         0 
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Section VI. Codes 

A. MATLAB subroutines for generation of a set of simulation points 

1. MAIN code 

1. clear all 

2. clc 

3. load pp 

4. temp =transpose(278.15); 

5. pres = 1000*transpose(pp); 

6. imax = size(temp,1); 

7. jmax = size(pres,2); 

8. format long g 

9. for i = 1:imax 

10. for j = 1:jmax 

11. input = [temp(i); pres(i,j)]; 

12. Tchar = num2str(temp(i)); 

13. Pchar = num2str(pres(i,j)); 

14. Tunit = 'K'; 

15. Punit = 'Pa'; 

16. foldername = strcat('GCMC-Des-',Tchar,Tunit,Pchar,Punit,'.sml'); 

17. mkdir(foldername) 

18. texteditormethane(Tchar,Pchar) 

19. copyfile('simulation.input',foldername) 

20. copyfile('desflurane.def',foldername) 

21. copyfile('pseudo_atoms.def',foldername) 

22. copyfile('force_field_mixing_rules.def',foldername) 

23. copyfile('submit',foldername) 

24. %copyfile('MIL-101-Cr.block',foldername) 

25. end 

26. fclose('all') 

27. end  
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2. PARSING 

1. plot-prog 

set xlabel "simulation progress" font "Times-Roman,15"  

set ylabel "loading (mol/kg)" font "Times-Roman,15" 

unset key 

set title " simulation progress for adsorption of sevoflurane on MIL-101-

Cr" font "Times-Roman,15" 

plot [] [0:] '1.data' using ($0*10):1 w li ,\ 

'2.data'  using  ($0*10):1 w li ,\ 

….. 

'49.data' using  ($0*10):1 w li , 

set term png 

set output "progress-298K.emf" 

replot 

set term x11 

pause-1 "Hit return to continue 

2. ls.sh 

#!/bin/bash 

awk '{print $3/46.48}' 'MCNPT-Sevo-298.15K00023.1Pa.sml.data'  > 

1.data 

…. 

awk '{print $3/46.48}' 'MCNPT-Sevo-298.15K12554.6Pa.sml.data'  > 

42.data 
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ppp01 

#!/bin/bash 

for file in *.sml.data 

do 

tail -n 1 $file; done > plend.data 

grep 'avg.' plend.data > plend.avg.data 

awk '{print $9}' plend.avg.data > plend.avg.molkg.data 

paste p plend.avg.molkg.data > sim.avg.data 

sed -i 's/)//g' sim.avg.data 

3. ppp01-plot 

set xlabel "Pressure/ kPa" font "Times-Roman,15" 

set ylabel "loading mol/kg" font "Times-Roman,15" 

set title "sevoflurane on MIL-101-Cr at 298K" font "Times-Roman,15" 

set style data linespoints 

set key font ",15" 

set key right center 

set tics font ",20" 

plot [0:2][0:] 'sim.data' us ($1*0.001*26.30/11.16):2 lw 4 lt 3  title " 

RASPA",\ 

'setpoint-SF-101-298.data' us 1:2  lw 4 lt 4  title "BELSORP", 

set term png 

set output "isotherm-SF-MIL-101-Cr-298K.emf" 
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replot 

set term x11 

pause -1 "Hit return to continue 
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Section VII. molecular modelling of Inhalation anesthetic agents 

1. sevoflurane.def 

# critical constants: Temperature [T], Pressure [Pa], and Acentric factor [-] 

497.12 

3593000 

0.5119 

# Number Of Atoms 

15 

# Number Of Groups 

1 

# Alkane-group 

flexible 

# Number Of Atoms 

15 

# atomic positions 

0 F1C  

1 C1F  

2 HCF1  

3 HCF1  

4 OEF 

5 CDFM  

6 HCFT  

7 C3F  

8 F3C  

9 F3C  

10 F3C  

11 C3F  

12 F3C  

13 F3C  

14 F3C  

# Chiral centers Bond  BondDipoles Bend  UrayBradley InvBend  Torsion Imp. 

Torsion       Bond/Bond Stretch/Bend Bend/Bend Stretch/Torsion Bend/Torsion IntraVDW 

IntraCoulomb 
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0    14            0    25          0       0        24            0         0            0         0               0            0        66            

66 

# Bond stretch: atom n1-n2, type, parameters 

7 5   HARMONIC_BOND 275083.63730132232 1.539 

11 5   HARMONIC_BOND 275083.63730132232 1.539 

7 8  HARMONIC_BOND 399055.65861548394 1.341 

7 9  HARMONIC_BOND 399055.65861548394 1.341 

7 10  HARMONIC_BOND 399055.65861548394 1.341 

11 12  HARMONIC_BOND 399055.65861548394 1.341 

11 13  HARMONIC_BOND 399055.65861548394 1.341 

11 14  HARMONIC_BOND 399055.65861548394 1.341 

5 4  HARMONIC_BOND 365723.4398047164 1.408 

5 6  HARMONIC_BOND 350775.82797701041 1.093 

4 1  HARMONIC_BOND 367611.52121160188 1.392 

1 0  HARMONIC_BOND 337168.78233422313 1.387 

1 2  HARMONIC_BOND 356724.87681617407 1.089 

1 3  HARMONIC_BOND 356724.87681617407 1.089 

# Bond bending: atom n1-n2-n3, type, parameters 

7 5 6  HARMONIC_BEND 9670.862082375 106.895 

11 5 6  HARMONIC_BEND 9670.862082375 106.895 

7 5 4  HARMONIC_BEND 21941.353341436 108.434 

11 5 4  HARMONIC_BEND 21941.353341436 108.434 

7 5 11  HARMONIC_BEND 37732.364484372 113.899 
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5 4 1  HARMONIC_BEND 78927.881890531 116.138 

5 7 8  HARMONIC_BEND 54895.150527742 110.930 

5 7 9  HARMONIC_BEND 54895.150527742 110.930 

5 7 10  HARMONIC_BEND 54895.150527742 110.930 

5 11 12 HARMONIC_BEND 54895.150527742 110.930 

5 11 13 HARMONIC_BEND 54895.150527742 110.930 

5 11 1  HARMONIC_BEND 54895.150527742 110.930 

4 1 2  HARMONIC_BEND 42546.157110035 109.268 

4 1 3  HARMONIC_BEND 42546.157110035 109.268 

4 1 0  HARMONIC_BEND 66448.051541748 110.447 

4 5 6  HARMONIC_BEND 7161.812319511 112.341 

0 1 2  HARMONIC_BEND 29853.968357737 107.651 

0 1 3  HARMONIC_BEND 29853.968357737 107.651 

2 1 3  HARMONIC_BEND 21730.001375852 112.532 

8 7 9  HARMONIC_BEND 36110.992976961 107.959 

8 7 10  HARMONIC_BEND 36110.992976961 107.959 

9 7 10  HARMONIC_BEND 36110.992976961 107.959 

12 11 13 HARMONIC_BEND 36110.992976961 107.959 

12 11 14 HARMONIC_BEND 36110.992976961 107.959 

13 11 14 HARMONIC_BEND 36110.992976961 107.959 

# Torsion: atom n1-n2-n3-n4, type, parameters 

0     1     4     5     CVFF_DIHEDRAL       606.37885364       3.0       0.0 

1     4     5     6     CVFF_DIHEDRAL       201.79080523       3.0       0.0 
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1     4     5     7     CVFF_DIHEDRAL       79.508596577       3.0     180.0 

1     4     5     11    CVFF_DIHEDRAL       79.508596577       3.0     180.0 

2     1     4     5     CVFF_DIHEDRAL       230.47428628       1.0     180.0 

3     1     4     5     CVFF_DIHEDRAL       230.47428628       1.0     180.0 

4     5     7     8     CVFF_DIHEDRAL       685.887450217       3.0       0.0 

4     5     7     9     CVFF_DIHEDRAL       685.887450217       3.0       0.0 

4     5     7     10    CVFF_DIHEDRAL       685.887450217       3.0       0.0 

4     5     11    12    CVFF_DIHEDRAL       685.887450217       3.0       0.0 

4     5     11    13    CVFF_DIHEDRAL       685.887450217       3.0       0.0 

4     5     11    14    CVFF_DIHEDRAL       685.887450217       3.0       0.0 

6     5     7     8     CVFF_DIHEDRAL       58.876618984       1.0     180.0 

6     5     7     9     CVFF_DIHEDRAL       58.876618984       1.0     180.0 

6     5     7     10    CVFF_DIHEDRAL       58.876618984       1.0     180.0 

6     5     11    12    CVFF_DIHEDRAL       58.876618984       1.0     180.0 

6     5     11    13    CVFF_DIHEDRAL       58.876618984       1.0     180.0 

6     5     11    14    CVFF_DIHEDRAL       58.876618984       1.0     180.0 

7     5     11    12    CVFF_DIHEDRAL       616.94645192       3.0     180.0 

7     5     11    13    CVFF_DIHEDRAL       616.94645192       3.0     180.0 

7     5     11    14    CVFF_DIHEDRAL       616.94645192       3.0     180.0 

8     7     5     11    CVFF_DIHEDRAL       616.94645192       3.0     180.0 

9     7     5     11    CVFF_DIHEDRAL       616.94645192       3.0     180.0 

10    7     5     11    CVFF_DIHEDRAL       616.94645192       3.0     180.0 

# Intra VDW: atom n1-n2 
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0 5 

0 6 

0 7 

0 8 

0 9 

0 10 

0 11 

0 12 

0 13 

0 14 

1 6 

1 7 

1 8 

1 9 

1 10 

1 11 

1 12  

1 13 

1 14 

2 5 

2 6 

2 7 

2 8 

2 9 

2 10  

2 11 

2 12 

2 13 

2 14 

3 5 

3 6 

3 7 

3 8 

3 9 

3 10 

3 11 

3 12 

3 13 

3 14 

4 8 

4 9 

4 10 

4 12 

4 13 

4 14 

6 8 

6 9 

6 10 

6 12 

6 13 

6 14 

7 12 

7 13 

7 14 

8 11 

8 12 

8 13 

8 14 

9 11 

9 12 

9 13 

9 14 

10 11 

10 12 

10 13 

10 14 

# Intra Charge: 

atom n1-n2 

0 5 
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0 6 

0 7 

0 8 

0 9 

0 10 

0 11 

0 12 

0 13 

0 14 

1 6 

1 7 

1 8 

1 9 

1 10 

1 11 

1 12  

1 13 

1 14 

2 5 

2 6 

2 7 

2 8 

2 9 

2 10  

2 11 

2 12 

2 13 

2 14 

3 5 

3 6 

3 7 

3 8 

3 9 

3 10 

3 11 

3 12 

3 13 

3 14 

4 8 

4 9 

4 10 

4 12 

4 13 

4 14 

6 8 

6 9 

6 10 

6 12 

6 13 

6 14 

7 12 

7 13 

7 14 

8 11 

8 12 

8 13 

8 14 

9 11 

9 12 

9 13 

9 14 

10 11 

10 12 

10 13 

10 14 

# Number of config 

moves 

5 

# fragment 
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5    1    0    2    3    

4 

3    4    1    5 

5    5    4    6    7    11 

5    7    5    8    9 

10 

5    11    5    12    13  

2.desflurane.def 

# critical constants: Temperature [T], Pressure [Pa], and Acentric factor [-] 

496.63 

3688000 

0.5 

# Number Of Atoms 

12 

# Number Of groups 

1 

# des-group 

flexible 

# number of atoms 

12 

# atomic positions 

0 H_CF2d 

1 C_2Fd 

2 F_2Cd 

3 F_2Cd  

4 O_EHd 

5 C_1Fd 

6 F_1Cd  

7 H_CF1d  

8 C_3Fd  

9 F_3Cd  

10 F_3Cd  

11 F_3Cd  

# Chiral centers 
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Bond BondDipoles Bend  UrayBradley InvBend  Torsion Imp.Torsion Bond/Bond 

Stretch/Bend Bend/Bend Stretch/Torsion Bend/Torsion IntraVDW IntraCoulomb 

0   11     0    19      0           0            16        0            0     0     0     0      0           36           

36 

# Bond stretch: atom n1-n2, type, parameters 

0 1 HARMONIC_BOND 349153.02 1.093 

1 2 HARMONIC_BOND 394009.28 1.347 

1 3 HARMONIC_BOND 394009.28 1.347 

1 4 HARMONIC_BOND 369725.77 1.382 

4 5 HARMONIC_BOND 386173.10 1.381 

5 6 HARMONIC_BOND 344903.81 1.095 

5 7 HARMONIC_BOND 365809.69 1.371 

5 8 HARMONIC_BOND 281905.36 1.537 

8 9 HARMONIC_BOND 406766.99 1.338 

8 10 HARMONIC_BOND 406766.99 1.338 

8 11 HARMONIC_BOND 406766.99 1.338 

# Bond bending: atom n1-n2-n3, type, parameters 

0 1 2 HARMONIC_BEND 31405.12 109.347 

0 1 3 HARMONIC_BEND 31405.12 109.347 

0 1 4 HARMONIC_BEND 43599.21 112.769 

1 4 5 HARMONIC_BEND 75915.17 116.527 

2 1 3 HARMONIC_BEND 48486.51 107.878 

2 1 4 HARMONIC_BEND 69516.19 108.691 
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3 1 4 HARMONIC_BEND 69516.19 108.691 

4 5 6 HARMONIC_BEND 17734.57 112.451 

4 5 7 HARMONIC_BEND 24809.89 111.31 

4 5 8 HARMONIC_BEND 49315.82 107.727 

5 8 9 HARMONIC_BEND 53348.65 110.352 

5 8 10 HARMONIC_BEND 53348.65 110.352 

5 8 11 HARMONIC_BEND 53348.65 110.352 

6 5 7 HARMONIC_BEND 10620.01 107.836 

6 5 8 HARMONIC_BEND 21258.14 109.222 

7 5 8 HARMONIC_BEND 31621.51 108.203 

9 8 10 HARMONIC_BEND 34953.85 108.567 

9 8 11 HARMONIC_BEND 34953.85 108.567 

10 8 11 HARMONIC_BEND 34953.85 108.567 

#Torsion: atom n1-n2-n3-n4, type, parameters 

0 1 4 5 CVFF_DIHEDRAL 1136.78 1 0 

1 4 5 6 CVFF_DIHEDRAL 746.279 1 180 

1 4 5 6 CVFF_DIHEDRAL 233.495 4 0 

1 4 5 7 CVFF_DIHEDRAL 141.406 3 180 

1 4 5 8 CVFF_DIHEDRAL 1251.01 1 0 

2 1 4 5 CVFF_DIHEDRAL 1334.55 1 0 

3 1 4 5 CVFF_DIHEDRAL 1334.55 1 0 

4 5 8 9 CVFF_DIHEDRAL 848.433 2 180 

4 5 8 10 CVFF_DIHEDRAL 848.433 2 180 
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4 5 8 11 CVFF_DIHEDRAL 848.433 2 180 

6 5 8 9 CVFF_DIHEDRAL 110.206 3 0 

6 5 8 10 CVFF_DIHEDRAL 110.206 3 0 

6 5 8 11 CVFF_DIHEDRAL 110.206 3 0 

7 5 8 9 CVFF_DIHEDRAL 12.5806 3 180 

7 5 8 10 CVFF_DIHEDRAL 12.5806 3 180 

7 5 8 11 CVFF_DIHEDRAL 12.5806 3 180 

#Intra VDW: 

atom n1-n2 

0 5 

0 6 

0 7 

0 8 

0 9 

0 10 

0 11 

1 6 

1 7 

1 8 

1 9 

1 10 

1 11 

2 5 

2 6 

2 7 

2 8 

2 9 

2 10 

2 11 

3 5 

3 6 

3 7 

3 8 

3 9 

3 10 

3 11 

4 9 

4 10 

4 11 

6 9 

6 10 

6 11 

7 9 

7 10 

7 11 

#Intra Coulomb: 

atom n1-n2 

0 5 

0 6 

0 7 

0 8 

0 9 

0 10 

0 11 

1 6 
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1 7 

1 8 

1 9 

1 10 

1 11 

2 5 

2 6 

2 7 

2 8 

2 9 

2 10 

2 11 

      5 

 

3 6 

3 7 

3 8 

3 9 

3 10 

3 11 

4 9 

4 10 

4 11 

6 9 

6 10 

6 11 

7 9 

7 10 

7 11 

#Number of 

config moves 

4 

#fragments 

5 1 2 0 3 4 

3 4 1 5 

5 5 4 6 7 8 

5 8 5 9 10  
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Appendix D. Supplementary Information from Chapter 7 

6.4.9.  Section I. Protocols for modification of the CIF files 

A large number of CIFs for synthesized/hypothetical MOFs  are stored in databases such 

as COREMOF2019[37], and ARC-MOF[12]. However, things become complicated if a 

new CIF file for a proposed modification is needed. That is because CIFs are usually 

deduced from experimental Single Crystal Xray Diffraction (SCXRD) which is different 

from Powder XRD. For  SCXRD, the crystal size should be large enough. Now, if the idea 

is to predict a structure prior to actual synthesis as the case with molecular simulation of a 

given proposed structure, a different approach is needed. The subsections below show the 

measures taken for obtaining the CIFs used in Chapters 7 and 8. 

1. Organic linker modification 

For the case of functionalization of the benzene rings of the organic linkers in MIL-101-Cr 

with NO2 and NH2 functional groups respectively, the recently developed MOFUN[104] 

and/or POREMATMODE [78]were used. The basic algorithm of both methods is based on 

replacing a given fraction of the linker with a desired fraction containing NO2 or NH2 in 

the case of this study. Once the new CIF was created, the CIF was geometrically optimized 

using software such as DMOL3 as part of BOVIA Materials Studio[76].Partial charges 

were determined using ChEq tool in RASPA. 

2. Metal-cluster node modification 

For the case of metal-cluster node modification, as in the case of NH3 grafting, a different 

approach was adopted. In the node database of ToBaCCo[147] software , the node 

corresponding to the node of MIL-101-Cr was found and then it modified using the 
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Avogadro software. Next, ToBaCCo was run. The generated CIF was cubic P1. In order to 

reduce this new MOF to the irreducible primitive CIF an option in Materials studio was 

used. The remaining procedure regarding geometric optimization and partial charge 

assignment was the same as described in subsection 1 above. 
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Appendix E. Supplementary Information from Chapter 8 

6.4.10.  Section I. Characterization results 

 

1. PXRD pattern 

 

 

 

 

 

 

 

 

NH2-MIL-101-Cr-Cl 

NO2-MIL-101-Cr-Cl 

Simulated 

2θ 

   5     10      15      20     25     30     35     40     45     50                               

Figure 11.22 Figure 8.1S PXRD of Cr-MOF-2 and its derivatives 
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2. SEM Images of Cr-MOF-2 

 

 

Figure 11.23 Figure 8.2aS SEM of Cr-MOF-2 

 

 

Figure 11.24 Figure 8.2bS SEM of Cr-MOF-2@NH3 
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Figure 11.25 Figure 8.2cS SEM of NO2-MIL-101-Cr-Cl 

 

 

Figure 11.26  Figure 8.2dS SEM of NH2-MIL-101-Cr-Cl 
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Figure 11 Figure 8.2eS SEM of Cr-MOF-2-Cl 

 

3.TGA  

 

Figure 11.27  Figure 8.3S TGA of the MOFs studied in this work 
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4.DRIFT-IR 

 

Figure 11.28 Figure 8.4aS DRIFT-IR spectra of Cr-MOF-1 and Cr-MOF-2 The results match 

published data 
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Figure 11.29 Figure 8.4bS DRIFT-IR spectra of Cr-MOF-2-Cl vs Cr-MOF-2@NH3 
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Figure 11.30 Figure 8.4cS DRIFT-IR spectra of  Cr-MOF-2-Cl 
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Figure 11.31 Figure 8.4dS DRIFT-IR spectra of  Cr-MOF-2@NH3 
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7. 5. Specific surface area and total pore volume  

 

Figure 11.32  Figure 8.5aS Comparison of N2 77K isotherms for amino- and nitro-substituted 

MIL-101-Cr-Cl (Source: TU Dresden) 
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Figure 11.33 Figure 8.5bS Comparison of N2 77K isotherm for MIL-101-Cr@Cl and MIL-

101-Cr@NH3 

 

Table 8.1S Surface area (m2 g−1), pore volume (cm3 g−1) and porosity of the studied MOF 

structures 

 

MOF 
SBET 

 (m2/g) 

Total pore volume  

(cm3/g) 

MIL-101-Cr-F 3670 1.89 

NH2-MIL-101-Cl 1998 1.61 

NO2-MIL-101-Cl 1684 1.45 

MIL-101-Cr -Cl 1760 1.07 

MIL-101-Cr @NH3 6345 2.00 
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7.4.1.  Section II.  Simulation Data 

       Table 8.2S Lennard-Jones parameters for studied MOF structures 

Atom σ/Å (ε/κB)/K 

Cr 2.69 7.55 

C 3.473 47.856 

O 3.033 48.158 

H 2.846 7.649 

F 3.093 36.483 

Cl 142.562 3.51932 

N-NO2 38.949 3.262 

N-NH2 38.949 3.262 

N-NH3 38.949 3.262 

 

Table8.3S Lennard-Jones parameters and partial charges for sevoflurane used in this 

work. 

Atom σ/Å (ε/κB)/K Charge /e 

F1C 2.90 67.93 -0.202 

F3C 2.85 48.81 -0.048 

C1F 3.38 30.19 +0.001 

C3F 4.09 10.06 +0.002 

CDFM 3.56 16.10 +0.003 

HCF1 2.35 14.09 +0.134 

HCFT 2.39 22.64 +0.300 

OEF 2.94 50.32 -0.086 
          

Table 8.4S  Lennard-Jones parameters and partial charges for desflurane used in this 

work.[139] 

Atom σ/Å (ε/κB)/K Charge /e 

C1F 3.385 30.1934 0.036 

C2F 3.652 21.135 0.004 

C3F 4.098 10.0644 0.008 

F1C 2.904 67.93 -0.096 

F2C 2.904 52.838 -0.0078 

HCF1 2.351 14.09 0.211 

HCF2 2.316 15.097 0.212 

OEH 2.939 50.32 -0.056 



 

219 

 

      Table 8.5S Saturation vapor pressures for the inhalation anesthetic agents 

SVP/kPa Experimental Molecular simulation 

Temperature/K Sevoflurane Desflurane Sevoflurane Desflurane 

278.15 10.37 53.70 - 11.87 

283.15 12.59 - 4.85 - 

288.15 16.67 78.14 - 20.14 

298.15 26.29 NA 11.16 NA 

308.15 40.37 NA 20.15 NA 

328.15 49.26 NA 31.5 NA 

 

   Table 8.6S Comparison of uptake based on isotherm loading (mmol/g) at 1 kPa 

MOF Sevoflurane (SF)* Desflurane (DF)** 

MIL-101-Cr-F 4.0 3.3 

NH2-MIL-101-Cl 6.8 6.1 

NO2-MIL-101-Cl 5.3 4.4 

MIL-101-Cr-Cl 3.7 5.9 

MIL-101-Cr@NH3 7.1 5.7 

       *298K 

       **278K 
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7.4.2.  Section III: Synthesis procedures 

A. Synthesis of NO2-MIL-101-Cr-Cl 

A reaction approach containing freshly precipitated chromium hydroxide, nitro-

terephthalic acid, HCl and water at 180 °C for 6 days. Then, the solid was separated by 

centrifugation. The as-made product was suspended in hot water overnight to remove 

remaining linker. The DMF was removed by extraction with ethanol for 24 h before the 

sample was air-dried at 150 °C. Full activation shall be done at 150-180 °C in vacuum. 

B. Synthesis of NH2-MIL-101-Cr-Cl  

One part of the NO2-MIL-101-Cr-Cl sample synthesized above used in reduction approach 

SnCl2 in ethanol to give the desired product. The remaining Sn residuals were washed out 

with concentrated HCl before the sample was water and ethanol again and dried once more 

at 150 °C. Full activation shall be done at 150-180 °C in vacuum. 

C. Synthesis of Cr-MOF-2-Cl 

One part of Cr-MOF-2 was added to a 1M NaCl solution. The mixture was stirred for 2h 

at room temperature, the solid was filtered off, washed by acetone and finally dried 

overnight at 80 °C. 

D. Synthesis of Cr-MOF-2@NH3 

One part of Cr-MOF-2 was dried at 150 °C to remove the free and coordinated water 

inside the structure. Then NH3 was produced by the reaction of NaOH and NH4Cl and 

introduced into the jar containing the dissolved Cr-MOF-2 sample. 
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7.4.3.  Section IV: Volumetric adsorption setup 

 

 

Figure 11.34 Figure 8.6S Experimental Adsorption set up as shown in BELSORP-Max 

measurement software screen 
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Appendix F. Supplementary Information from Chapter 9 

Section I.  Data analysis for ZLC isotherm generation 

The raw data from the mass spectrometer is processed as follows. A semi-log graph of c/c0 

vs Ft should be prepared where   c/c0 = 
𝝈𝒕−𝝈𝒎𝒊𝒏

𝝈𝒎𝒂𝒙 − 𝝈𝒎𝒊𝒏
 , where 𝝈𝒕, 𝝈𝒎𝒊𝒏 and 𝝈𝒎𝒂𝒙 refer to the 

detector signal at time t, minimum and maximum , respectively. The graphs from two 

different flow rates are chosen. This graph should overlap. If so, the higher flow will be 

chosen. Otherwise, the test was repeated at a lower flow rate. It is preferred to run the tests 

at the threshold flow rate where the maximum possible flow rate can be used to ensure 

sufficient accuracy of the concentration values and the detector signal to noise ratio. Once 

the desired linear desorption adsorption is found, Equation 9.3, and a numerical method 

such as trapezoid integration rule was used to calculate the complete adsorption isotherm.  
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7.4.4.  Section II. ZLC response curves and adsorption isotherms for 

selected permanent gases on zeolites 

 

Figure 11.35  Figure 11.1S ZLC response curve for 1% CH4 at 30°C for zeolites 4A, 5A and 13X 

 

 

Figure 11.36 Figure 9.2S ZLC reponse curve for 1% C2H4 at 30°C for zeolites 4A, 5A and 13X 
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Figure 11.37 Figure 11.3S ZLC adsorption isotherms for 1% CH4 at 30°C for zeolites 4A, 

5A and 13X in comparison to IGA gravimetric results 
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Figure 11.3 8 Figure 11.4S ZLC adsorption isotherms for 1% C2H4 at 30°C for zeolites 4A, 

5A and 13X in comparison to IGA gravimetric results 
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