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Abstract 
 

 

Metal-organic framework materials (MOFs) are a class of porous, solid-state materials, 

important to many applications. Although MOF synthesis has received considerable 

attention, very little is known about the mechanisms of self-assembly of MOFs. The 

primary goal of this thesis is to provide molecular level insights into the mechanistic 

details of the self-assembly process for an archetypal Zn-carboxylate MOF. In this thesis, 

simplified atomistic models representing Zn-ions, carboxylate ligands, and solvents were 

designed and validated against characteristic parameters for a key MOF structure. The 

Zn-ion models were further benchmarked by comparing the potential of mean force 

profiles for Zn-Zn and Zn-carboxylate oxygen generated from classical simulations to 

those generated from ab initio simulations. An extended cationic dummy atom (ECDA) 

Zn-ion model combined with an all-atom BDC ligand model and simple dipolar solvent 

model are found to reproduce key structural motifs anticipated for the archetypal Zn-

carboxylate MOF system. The efficiency of these models provided access to relatively 

long time scale ordering processes during simulations. While a simple dipolar solvent 

model was found to exhibit structural behaviour similar to that of a more realistic DMF 

solvent, the former demonstrated a significantly faster rate of structural reorganization. A 

continuum solvent model was observed to exhibit structural behaviour similar to that of 

the dipolar solvent model, although with this model key structural motifs appear 

relatively less stable. The effect of system compositions, both increased concentrations 

and carboxylate ligand ratios, on structural behavior of the systems were also 
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investigated. Through extensive sets of simulations, fundamental insights that elucidate 

key aspects of the self-assembly mechanism for MOFs are provided. An important 

finding of this study is the characterization of a stochastic and multistage ordering 

process intrinsic to self-assembly of the Zn-carboxylate MOF system. A variety of 

transient intermediate structures consisting of various types of Zn-ion clusters and 

carboxylate ligand coordination, and featuring a range of geometric arrangements, are 

observed during structural evolution. The general features deduced here for the 

mechanism of the self-assembly of this archetypal MOF system expose the complexities 

of the various molecular level events that can occur during different stages of structural 

evolution.  
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Chapter 1: Introduction 
 

 

1.1.! Introduction to metal-organic framework materials 

Historically, the term ‘polymer’ was introduced by J. J. Berzelius [1], referring to 

compounds consisting of multiple units of a basic building block, while the term 

coordination polymer in inorganic chemistry was first used in 1916 [2] to describe 

various dimers and trimers of cobalt(II) amine nitrates. The first review on coordination 

polymers was published in 1964 by J.C. Bailar [3]. In terms of strict IUPAC terminology 

[4], coordinate polymer (CP) refers to one-dimensional periodic structures that form 

when transition metal ions are linked by ligands through coordinate bonds. The relative 

simplicity of one dimensional periodic structures and their ease of formation by self-

assembly has allowed synthetic chemists to incorporate functional properties at the metal 

centers or in the backbone of the organic ligands, thereby producing materials with 

various electrical, optical, and magnetic properties [5]. While coordination polymers can 

have either dense or porous structures, porous coordination polymers are specifically 

interesting due to additional functionalities including adsorption, separation, and 

catalysis. Zeolites [6] are classical examples of inorganic porous coordination polymers. 

Zeolites are crystalline aluminosilicates with open 3-D framework structures built from 

SiO4 and AlO4 tetrahedra linked to each other through shared oxygen atoms to form 

cavities and interconnected channels. Because of the porous nature of these solid-state 

materials, they have been used in many industrial applications including gas separation, 

water purification, adsorption, and catalysis.  
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Metal-organic frameworks (MOFs), also known as hybrid inorganic-organic 

materials, are now recognized as a special class of porous coordination polymers with 

two- and three-dimensional crystal structures. Although a relatively new class of 

materials, MOFs are conceptually related to zeolites. However, the difference between 

the traditional inorganic solids and hybrid solids arises from their different structural 

components and framework connectivity. While hybrid porous solids or MOFs consist of 

both organic (the ligands) and inorganic (the metal ions) components, inorganic porous 

solids such as zeolites are comprised exclusively of inorganic components. This primary 

difference leads to a contrast in the nature of the chemical bonding within the structural 

frameworks for these two classes of porous materials. The inorganic porous solids are 

dominated by covalent bonds between the inorganic components, whereas MOFs include 

both covalent and ionic (or coordinate) bonding interactions between the organic and 

inorganic components. Furthermore, the degree of ionic or covalent character of the 

bonding interactions between the organic and inorganic components is dependent on the 

chemical nature of the metal ions used in MOFs. With respect to structural characteristics 

and functionalities, MOFs have several advantages compared to zeolites [7, 8]: 1. MOFs 

can accept a wide variety of metal ions as the inorganic component; 2. MOFs allow 

modularity for a given structure type, e.g., the functional ligands can be substituted by 

larger ligands, thereby increasing the porosity of a MOF structure while reducing the 

possibility of formation of other structures; 3.  MOF syntheses does not require the use of 

any templates.  

Experimentalists have commonly incorporated divalent transition metal ions, e.g., 

Zn2+, Cu2+, Cd2+, Co2+, into MOF syntheses as the inorganic components. Nevertheless, 
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MOFs have also been synthesized from higher valent transition metal ions [9], 3p-metal 

ions [9], alkali and alkaline earth metal ions [10], lanthanides and actinides [11]. The 

ligands used in MOF syntheses typically include organic carboxylates, phosphonates or 

N-donating ligands or a combination of these. On account of the availability of a great 

variety of metal ions and functionalized organic ligands, a plethora of MOFs with large 

compositional and structural diversity have been reported in the literature [9-11]. As a 

matter of fact, MOFs have become a very rapidly growing class of porous solids in the 

field of material science and chemistry that are significant to many potential applications 

such as gas storage [12-14], ion-exchange [15], selective molecular adsorption [16-17], 

catalysis [18] sensors [19], non-linear optics [20], and organic magnets [21]. 

 

1.2.! Classification of MOF structures based on secondary building units  

 Structurally, MOFs consist of inorganic metal ions as vertices and polytopic‡ 

organic ligands as linkers connecting the vertices thereby forming periodic MOF crystal 

structures. The vertices consist of single or multiple metal ions arranged in specific 

geometrical arrangements. In the MOF experimental literature these metal-ion clusters 

(as vertices) are often termed as secondary building units (SBUs) [22] for the ease of 

characterization and classification of MOF structures. The concept of SBU serves two 

purposes for synthetic chemists: 1. it helps rationalize the topology of various MOF 

crystal structures; 2. it is helpful in synthesis of predetermined network topologies 

                                                

‡ Polytopic ligands have multiple interaction sites to coordinate with metal ions, e.g., a ditopic carboxylate 

ligand has two carboxylate groups available to interact with metal ions. 
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through in situ formation of specific organic and inorganic SBUs [23-24]. Therefore, 

identification of the reaction conditions, leading to in situ production of specific SBUs, is 

crucial to synthesis of a target MOF structure. Figure 1.1 shows some examples of 

commonly observed SBUs with specific coordination geometries such as triangular, 

square, tetrahedral, octahedral, and trigonal prism shapes that constitute the vertices in 

different types of carboxylate-ligand based MOFs [23]. The geometry of each type of 

SBU is defined by the points of extension, such as the carboxylate carbon atoms in 

carboxylate ligand based MOFs. These specific SBUs are linked by rigid polytopic 

ligands to produce a vast number of framework topologies, i.e., different sub-classes of 

MOF structures.  

 

1.3.! MOF Synthesis           

1.3.1.! Synthesis Methods                                                                                                                          

 The primary goal in a MOF synthesis is in situ production of predefined inorganic 

building blocks or SBUs without decomposition of the organic ligand, while also 

achieving a reasonable rate of crystallization. The resulting complex relationships can 

explain why a vast number of MOFs are synthesized through trial-and-error or 

exploratory synthesis methods, while isoreticular# series of MOFs can be obtained for 

only a few selected MOF structures [24-27]. A variety of synthetic methods and 

strategies have been used for MOF syntheses including conventional step-by-step 

methods as well as high-throughput approaches. Typically, these different synthetic 

                                                

# The term isoreticular refers to a series of MOFs with the same structural topology. 
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methods help control the reaction time, yields, and morphology, i.e., size, shape and 

crystallinity, of the final structure. Conventional syntheses can be broadly classified into 

two kinds of crystallization methods, solvothermal/hydrothermal and non-solvothermal, 

that employ two different temperature ranges. Solvothermal methods [28] use higher  

 

 

 

Figure 1.1. Examples of some commonly observed secondary building units (SBUs) in 

specific geometrical arrangements such as triangular, square, tetrahedral, octahedral, and 

trigonal prism [24]. Blue polyhedra represent the coordination geometry of each metal 

ion comprising the SBUs while the red polyhedra illustrate the overall geometry of the 

corresponding SBUs. The carboxylate oxygen and carbon atoms are represented in red 

and black CPK representations. 
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temperatures (but typically < 250 °C) that are above the boiling point temperatures of 

typical organic solvents (e.g., alcohols, dialkyl formamides, and pyridine) at autogenous 

pressure in closed reaction vessels. Non- solvothermal based reactions [29] take place 

below or at the boiling point temperatures of the organic solvents (typically < 100 °C) 

under ambient pressures, thereby simplifying synthetic requirements. Higher reaction 

temperatures are often used to attain a suitable reaction rate for systems incorporating 

kinetically more inert metal ions. Crystallization of MOFs from clear solutions requires 

establishing critical nucleation concentrations, which can be achieved through different 

methods such as changing the temperature, evaporation of solvent from the solutions, 

layering of solutions, or slow diffusion of reactants.  

 

1.3.2.! Factors influencing MOF formation 

 Some of the important chemical and physical variables guiding MOF synthesis 

include temperature, pH, nature of the solvent, metal-ion properties, counter ions, and 

ligand geometry and flexibility [30]. The reaction temperature is an important parameter 

that can influence the rate of nucleation, crystallinity, and topology of the final structure 

[31-37]. A classic example of the influence of temperature on final structure is the 

synthesis of cobalt (II) succinate. When cobalt(II) hydroxide was allowed to react with 

succinic acid in a 1:1 molar ratio at five different temperatures within the range of 60 – 

250 °C, five different phases of cobalt (II) succinate were produced [38]. It was observed 

that lower temperatures favored less dense 1-D coordination polymeric structures and 

higher temperatures favored denser hybrid structures of cobalt (II) succinate. 

Additionally, the number of coordinating water molecules per cobalt (II) ion was 
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observed to decrease with increase in temperature. Similar to the effect of increasing 

temperature, it is typically observed that increased pH of the reaction solution leads to 

higher dimensional MOF structures, e.g., change from 1-D to 2-D and 3-D structures [39-

46]. The production of higher dimensional MOF structures can be explained on the basis 

of an increase in the number of ligand deprotonation events, which in turn influence the 

coordination behaviour of ligands with the metal ions.  

 Solvents can play multiple roles during MOF synthesis, e.g., providing a common 

media for mixing the inorganic and organic reactants, acting as co-ligands [47-54], and 

determining network topology or dimensionality [9]. Lower dimensional SBUs or 

network topologies are often obtained in the presence of more polar solvents or increased 

proportion of more polar solvents in a solvent mixture, while higher dimensional network 

topologies are favored in less polar solvent media [9]. The preferred coordination number 

and geometry of metal ions play a key role in determining the final MOF structure. For 

example, metal ions with d10 orbital configuration such as Ag+ ions allow formation of 

lower dimensional (1-D) structures [55, 56]. Certain metal ions such as Cu2+ and Cr3+ 

ions have been observed to form well-defined and robust metal-ion clusters or SBUs that 

recur in many MOFs. Counter ions of metal-ion salts are also observed to influence the 

nature of resulting products and their crystal growth [57-59] owing to the chemical 

properties of the counter ions involved. Although different physical and chemical factors 

affecting MOFs formation have been recognized through experiments, the questions of 

how these factors might influence the formation of specific structures remain unresolved.    
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1.4.! Studies of MOF formation mechanisms  

 Despite the tremendous growth in the number of MOFs synthesized to-date, the 

mechanism of MOF self-assembly or formation is poorly understood. More specifically, 

a molecular-level description of MOF formation remains an open challenge. It is 

important to have a fundamental understanding of the molecular processes underlying 

MOF formation [60] in order to achieve a more rational design of MOF structures and to 

have a greater control of their properties. However, it is rather difficult to obtain direct 

evidence of self-assembly mechanisms of MOFs through experimental means as MOFs 

are quite complex materials. Some of the important questions related to MOF self-

assembly are: 1. what are the different steps associated with MOF formation; 2. how big 

a role do SBUs play in the self-assembly processes; 3. what is the nature of intermediate 

structures; 4. how do solvents influence formation of specific MOF structures; 5. how do 

different physical and chemical variables impact the self-assembly processes? 

 Only a handful of experimental studies [60-71] have been performed to date to 

provide insights into crystal growth mechanisms. To follow MOF crystallization 

processes, only a few ex situ and in situ investigations have been performed that allow the 

detection of crystalline intermediates and assessment of reaction parameters. Some key 

experimental investigations focused on MOF formation are briefly discussed in the 

following sections.  

 

1.4.1.! Investigation of MOF formation using ex situ techniques 

 Ex situ investigations involve quenching of the reaction after specific time 

intervals for structural characterization of the intermediates stages; such approaches 
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cannot guarantee that a sample will remain unchanged leading potentially to unreliable 

results [72]. Surble ́ et al. have investigated formation of iron (III) trans-trans-muconate, 

known as Fe-MIL-89 MOF, using the ex situ EXAFS technique [61]. To examine if the 

SBUs (transition metal oxide clusters) are retained during the course of synthesis, the 

reaction mixture was studied at specific time intervals. The authors reported an initial 

amorphous phase being formed prior to formation of the crystalline Fe-MIL-89 structure. 

It should be noted that amorphous intermediates are observed during synthesis of 

inorganic porous materials, such as aluminosilicate zeolites [73]. The EXAFS data, 

isolated one hour into the reaction time, for the intermediate amorphous gel precursor 

leading to the Fe-MIL-89 crystalline structure revealed a Fe-Fe distance of 3.36 Å, which 

is consistent with the Fe-Fe distance observed in oxoanion bridged trimeric Fe(III) 

clusters. While the amorphous intermediate and crystalline solid (isolated at the end of 

reaction) were observed to contain the SBUs of Fe-MIL-89 structure, the clear solution 

(isolated 4 hours into the reaction) was found to contain the precursor reagent, i.e., 

trimeric Fe(III) oxyacetates. These observations led the authors to conclude that the 

trimeric Fe(III) clusters are robust, and relatively rigid entities, and the SBUs are present 

in the reaction mixture during crystallization of Fe-MIL-89 MOF. 

 Rood et al. used ESI-MS [63] for ex situ investigation of the building units 

present in the precursor solution prior to crystallization of the target MOF, 

[Mg2(Hcam)3(H2O)3][NO3], from the reaction mixture of Mg(NO3)2.6H2O and a 

dicarboxlate ligand, (+)-camphoric acid (H2cam), in acetonitrile solution. In the final 

MOF structure, the SBU consists of two Mg2+ ions bridged by three carboxylate groups 

to form a PWC-3 motif, where each Mg2+ ion has an octahedral coordination geometry. 
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Thus, the SBUs are charged motifs while nitrate ions in the interstitial sites of the 

periodic MOF structure render it charge neutrality. Through the ESI-MS technique the 

authors reported identifying multiple types of monomeric and dimeric magnesium 

cationic complexes. While the monomeric magnesium complexes were observed to 

consist of both protonated (carboxylic acid) and partially deprotonated (mono-

carboxylate) camphoric acid molecules interacting with a single Mg2+-ion, the dimeric 

magnesium complex ions were identified as [Mg2(Hcam)3]+ or cationic PWC-3 motifs 

from which the final SBUs are derived. While the MS signal for the [Mg2(Hcam)3]+ 

complex cations were detected at different applied cone voltages, the signal intensity 

increased with increase in cone voltage, thereby indicating robustness of [Mg2(Hcam)3]+ 

complexes. The authors hypothesized that solvated [Mg2(Hcam)3]+ complexes can be 

readily assembled in the reaction solution during the self-assembly process, and these 

interact with protonated camphoric acid molecules to assemble the final SBUs followed 

by interaction between SBUs leading to formation of the final MOF structure. The 

authors proposed that the SBUs can interact through multiple coordination modes offered 

by carboxylic acid ligands. This particular ex situ investigation revealed some interesting 

aspects of this self-assembly process such as formation of multiple types of Mg2+-ion 

based complexes. Nevertheless, the ordering processes that can possibly occur in the 

reaction solution during self-assembly remain unexplored. Some of the key questions that 

remain unresolved are listed herein: 1. is there any hierarchical order in which the 

monomeric and dimeric magnesium cationic complexes are assembled, for example do 

the monomeric complexes assemble at the beginning followed by the dimeric ones or do 

these assemble simultaneously? 2. what are the different coordination complexes that can 



 

11 

possibly form in the reaction solution for these monomeric and dimeric Mg2+-ions? 3. are 

discrete [Mg2(Hcam)3]+ cationic complexes stable in the solution state? 4. what is the 

formation mechanism of [Mg2(Hcam)3]+ cationic complexes and the SBUs? 5. what is the 

role of nitrate ions during the formation of various complexes in the solution? 6. how 

does the final MOF structure assemble from the SBUs and other possible coordination 

complexes? 

 

1.4.2.! Investigation of MOF formation using in situ techniques 

  In situ approaches require continuous monitoring of the reactions in real time. A 

time resolved in situ AFM imaging study [62] was performed to shed light on the nature 

of building units during crystal growth for the HKUST-1 MOF. HKUST-1 [74] consists 

of dicopper carboxylate SBUs that resemble a four-blade paddle-wheel cluster (PWC-4) 

topology. Assuming the dicopper PWCs to be the only inorganic building blocks during 

the crystal growth stage, the step heights on the {111} facet of a HKUST-1 crystal were 

expected to be intervals of 1.1 or 1.3 nm. However, the AFM imaging using a ~50"m 

crystal revealed relatively shorter lengths of the measured step heights in many growth 

hillocks. These results were suggestive of a growing species smaller than the SBUs, i.e., 

the SBUs do not play a direct role during MOF crystallization. In a time-resolved in situ 

EDXRD study, crystallization of target Fe-MIL-53 MOF [69] was observed to occur via 

a metastable precursor, i.e., MOF-235. Metastable precursors were also observed to form 

for a Al3+-H2BDC-NH2/solvent system during in situ SAXS/WAXS measurements of 

crystal growth kinetics [70].  
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 Feŕey et al. [60] have reported in situ Al NMR investigation of the hydrothermal 

synthesis of three different MOFs (composed of three different types of SBUs), MIL-96, 

MIL-100, and MIL-110, which are obtained from the same reaction solution containing 

Al(NO3)3, 1,3,5-benzene-tri-carboxylic acids (H2-btc) in water [60] and produced by 

varying the pH and reaction time. Analysis of NMR spectra of the reaction solutions for 

these three MOF structures revealed formation of four common Al3+-based reactive 

species, with octahedral coordination geometries, during the early hours of synthesis. 

Based on a comparison between ex situ characterization of the structures in solid state 

and in situ characterization of the reaction solutions along the course of synthesis, the 

authors identified these four reactive species as Al(H2O)6
3+, Al(H2O)5(H2btc)2+, Al2(#2-

O)(H2O)2(btc)-, and Al2(#2-O)(H2O)2(btc)2
2- complexes§ in the reaction solutions with 

metal to ligand ratios of 1:1, 2:1 and 2:2, respectively, for the three latter complexes. 

These intermediate complexes were identified as “prenucleation building units” (PNBUs) 

that can act as precursor species for the final SBUs. Based on the sequential order in 

which the NMR signals corresponding to the three PNBUs were detected, a hierarchical 

structural evolution in the prenucleation stages was proposed. For example, it was 

hypothesized that the solvated Al3+ ions, i.e., Al(H2O)6
3+, act as primary precursors for 

the 1:1 complexes which in turn act as precursors for the 2:1 complexes, while the 2:1 

complexes act as precursors for the 2:2 complexes. On the basis of an initial increase in 

the signal intensities corresponding to the dimeric Al3+ complexes (i.e., 2:1 and 2:2 

complexes) followed by a sudden decrease in their intensities, the authors claimed that 

                                                

§ #2-O represents a corner shared oxygen atom, shared between two Al3+-ions. 
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the dimeric Al3+ complexes possibly act as precursors for the final SBUs (corresponding 

to the three MOF structures), although NMR signals corresponding to discrete SBUs 

(charge-neutral complexes) were not detected. The authors further suggested that the final 

SBUs are possibly structures with very short lifetimes (which can explain the absence of 

NMR signals corresponding to discrete SBUs, e.g., signals corresponding to trimeric Al3+ 

complexes), where the SBUs are stabilized only in the periodic MOF structure, and 

nucleation processes are initiated when critical concentrations of the SBUs are achieved. 

Although, the experimental observations were interpreted as evidence for formation of 

MOF structures occurring through aggregation of the corresponding SBUs, the NMR 

signals corresponding to different PNBUs are suggestive of more complex ordering 

processes. Additionally, it was not clear if the PNBUs in the solution exist as discrete 

structures or as parts of more extended structures, for example formed through joining of 

different types of complexes by carboxylic acid groups.  

 Overall the experimental investigations conducted to date do not provide 

conclusive evidence for a hypothetical self-assembly mechanism in which the periodic 

MOF structures are assumed to form through aggregation of discrete SBUs and metal-

ions. The key experimental studies (reviewed here) are suggestive of a variety of 

structures formed during MOF self-assembly processes, the details of which are not fully 

resolved. Molecular simulation studies can be beneficial in this regard.  
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1.5.!Exploring MOF self-assembly/formation mechanisms through molecular 

simulations 

  A majority of the experimental investigations exploring MOF crystallizations 

have probed the crystal growth stages, and consequently provide few insights into the 

self-assembly processes. Specifically, the underlying molecular mechanistic details of 

MOF self-assembly, such as possible intermediate structures, the links between them, and 

questions of when they might appear, remain unclear. However, the investigation of 

microscopic structures and molecular mechanisms of formation by direct experimental 

studies is often difficult. A detailed analysis of the self-assembly process in MOFs, as 

provided by molecular simulations, could in principle help reveal underlying mechanisms 

and offer significant insights into experimental observations. Computer simulations have 

been used to reveal the underlying self-assembly mechanisms in a variety of complex 

systems including proteins [75-79], lipids [80-86], biomolecules [87-89], gas-hydrates 

[90-92], and nano-materials [93-95]. Nevertheless, computer simulations of self-

assembly in nano-structured materials such as MOFs is an interesting albeit challenging 

and essentially unexplored area of research owing to the relatively complex physical and 

chemical processes that underlie the formation of such structures.  

 There are very few theoretical studies [96-100] performed to-date exploring 

formation of MOFs, where only one of these has focused explicitly on self-assembly 

processes in periodic MOF systems [100]. Based on in situ NMR investigations [60] that 

revealed multiple PNBUs (discussed in section 1.4.2), Cantu et al. [96] investigated the 

SBU formation mechanism (assuming MOF self-assembly occurs from joining of SBUs) 

from PNBUs for a Cr3+-ion based MIL-101 MOF system [101]. The authors performed 
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combined DFT calculations and ab initio MD (AIMD) simulations to propose a reaction 

pathway for the formation of SBUs starting from solvated Cr3+-ions, [Cr(H2O)6]3+, and 

partially deprotonated 1,4-BDC ligands. The metadynamics sampling technique was used 

in AIMD simulations, where the focus was to probe reaction pathways connecting 

reactants to products (i.e., formation of PNBUs from combination of [Cr(H2O)6]3+ and 

BDC ligands, formation of SBUs from PNBUs, and structural isomer transformations). 

The authors constructed potential energy curves for each reaction based on optimized 

reactant and product structures and the reaction paths observed in AIMD simulations, and 

reaction paths with the lowest energy barriers were identified. The proposed lowest 

energy reaction pathway featured sequential steps for formation of PNBUs starting from 

Cr3+-ions and monotopic BDC ligands with subsequent formation of SBUs. 

Unfortunately, the free energy surfaces were not fully constructed. Therefore, the 

possibility of other reaction pathways (involving other types of coordinated structures) 

cannot be ruled out (e.g., since the metadynamics sampling technique depends strongly 

on the choice of collective variables). Moreover, key questions related to the self-

assembly of the final MOF structure (MIL-101) remains unresolved (i.e., how does the 

self-assembly of MIL-101 occur? does self-assembly occur through aggregation of 

prenucleation building units, assembly of fully formed SBUs or combinations thereof?)  

 Yoneya et al. [98-100] have reported the self-assembly of 2-D and 3-D periodic 

MOF structures composed of metal ions (Pd(II) and Ru(II), respectively) and neutral 

4,4’-bipyridine ligands. Utilizing Langevin dynamics (LD) simulations and a continuum 

solvent model, these authors focused primarily on optimizing simulation parameters, e.g., 

tuning the continuum solvent dielectric constant, to achieve formation of the 
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corresponding discrete metal-organic material [98, 99] and periodic MOF structures that 

feature only single ion vertices [100]. To help the simulation systems evolve from 

kinetically trapped structures that arise during the self-assembly of this relatively simple 

MOF structure, the electrostatic interactions were turned off briefly at regular time 

intervals. As the important role of solvent molecules in self-assembly processes are 

known from experiments, it is unclear how the parameterized continuum solvent in these 

simulations might have impacted the observed behaviour.  

 MOFs are complex materials, typically involving multiple components in their 

structures. The fact that a majority of MOFs comprise transition metal ions and anionic 

ligands makes these extremely challenging systems to study via molecular simulations. 

Moreover, the self-assembly of MOFs is a slow process in real time. Therefore, it is not 

surprising that this research area is virtually unexplored and that even a basic 

understanding of the molecular mechanisms underlying MOF self-assembly is currently 

lacking. 

  

1.6.!Zn-carboxylate MOFs 

 The relative flexibility of a Zn2+ ion to adopt various coordination geometries in 

the presence of different ligands has given rise to a multitude of MOFs that incorporate 

Zn2+ ions (either as isolated ions or as clusters) and aromatic polytopic carboxylate 

ligands [102]. Specifically, different types of di-topic and tri-topic carboxylate ligands 

have been used in Zn2+ ion based MOFs; 1,4-bezene-dicarboxylate (BDC) ligand 

represents one of the commonly used di-topic ligands. For example, Zn2+ ions and BDC 

ligands are assembled into several different types of MOF structures, including MOF-2 
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[103], MOF-3 [104], MOF-4 [105], MOF-5 [25], and 1-D or 2-D coordination polymers 

[106-107]. Although the final MOF structure depends on the particular synthesis 

conditions, e.g., solvents, temperature, and base used for deprotonation of ligands, 

experiments have revealed formation of different metastable products during synthesis of 

a specific MOF.  

  

 

 

Figure 1.2. a) The periodic MOF-2 structure [103]; b) a four-blade paddle-wheel cluster 

(PWC-4); c) The periodic MOF-3 structure [104]; d) a trimeric Zn-ion cluster. The Zn-

ions and BDC ligands are colored white and yellow, respectively. The water molecules 

are shown in red and blue CPK representation. 

 

MOF-2 (with the structural formula, Zn(BDC)(DMF)(H2O)) was one of the first 

carboxylate-ligand based MOF structures reported in the literature [103]. MOF-2 has a 
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relatively simple structure that features a two-dimensional layered network (see Figure 

1.2 (a)). Furthermore, MOF-2 can be seen as an archetype for a sub-class of MOFs 

comprised of SBUs that are binuclear metal-ion clusters in a four-blade paddle-wheel 

cluster (PWC-4) arrangement [108]. Each PWC-4 is comprised of two Zn2+ ions bridged 

by four carboxylate units, each from a BDC ligand in a di-monodentate fashion (see 

Figure 1.2 (b)). Some experimental studies have demonstrated that formation of a MOF-

2-like structure can apparently occur in multiple types of polar solvents (e.g., DMF [109] 

and DMSO [110]) at different temperature conditions. While one particular experiment 

[111] revealed that a MOF-3-like structure (see Figure 1.2 (c)), consisting of SBUs with 

Zn-ion triplets as the vertices [104] (see Figure 1.2 (d)), was formed as a metastable 

structure prior to production of the target MOF-2 structure, metastable structures for 

other MOFs [112] have also been reported. Moreover, PWC-like structural motifs are 

found not only in infinite co-ordination polymers (1-D chains, 2-D nets, and 3-D 

framework structures), but also in discrete coordination complexes [113-115]. 

Accordingly, a system consisting primarily of Zn2+ ions and 1,4-benzene-di-carboxylate 

(BDC) ligands, with a MOF-2-like target structure, can be considered a suitable 

prototypical candidate for examining self-assembly processes to help reveal general 

aspects of the mechanism of formation.   

 

1.7.!Aim of Project 

 As discussed in previous sections, the mechanism of MOF self-assembly is poorly 

understood and a molecular-level description of MOF formation remains an open 

challenge. The primary goal of this thesis is then to provide molecular-level insights into 
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the previously unexplored behaviour of the self-assembly process for an archetypal Zn-

carboxylate MOF system (discussed in Section 1.6) through extensive classical MD 

simulations.  

 One of the important questions that was initially addressed in the current study 

was the choice of models and its influence on the observed self-assembly process. 

Specifically, the behaviour of different Zn-ion models was investigated, where a suitable 

Zn-ion model was demonstrated to reproduce the structural characteristics of Zn-

carboxylate MOFs, and was shown to aid assembly of several key structural motifs 

anticipated for the archetypal Zn-carboxylate system. Free energy calculations were 

performed to address questions related to thermodynamic factors that might affect 

formation of key structural motifs reported in experiments and observed during 

simulations. The role of solvents in MOF self-assembly is another crucial question that 

has not been addressed by previous simulation studies. In the current study, continuum 

and explicit solvent simulations (with different types of solvent models) were performed 

to investigate their influence on structural evolution. It was revealed that the general 

features of structural evolution of Zn-ion and carboxylate ligand systems in various 

solvents are reasonably robust, although the lifetimes and probabilities of specific 

molecular events were observed to vary.  

 A suitable combination of different model components (i.e., for Zn-ion, ligand 

and solvent) was then employed in simulations focused on exploring the underlying 

ordering processes during different stages of self-assembly in Zn-carboxylate MOF 

systems. These simulations revealed the general complexity associated with self-

assembly of this archetype MOF, where the self-assembly was observed to be a multi-
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stage stochastic process characterized by a variety of transient intermediate structures. 

Taken together, the results of this thesis demonstrate that simplified but suitable 

modeling approaches within the framework of classical simulations can be used 

successfully to explore complex ordering events and to understand self-assembly 

mechanisms in nanostructured materials such as MOFs. These results should serve as the 

basis for further investigations of the nucleation and growth processes in Zn-carboxylate 

and similar MOF systems characterized by complex vertex topologies.  

 

1.8.!Thesis outline  

 Chapter 2 provides a brief discussion of appropriate background behind classical 

MD and Langevin dynamics simulations, including relevant equations and underlying 

assumptions. These descriptions include important aspects of the MD simulation 

technique, such as integration algorithms, potential functions, temperature and pressure 

control, force and energy calculations, and constraint algorithms. Chapter 2 also describes 

the Thermodynamic Integration technique used for free energy calculations.  

 Chapter 3 introduces various model components examined in this study, such as 

the six Zn-ion models, two BDC ligand models, and explicit (dipolar and DMF solvent) 

and continuum solvent models. In this chapter, the model validation procedure that 

includes comparison with experimental MOF structure and determination of relative free 

energies for key structural motifs (observed in experiments and in our simulations) is 

discussed. Through model validation, suitable combinations of various model 

components were identified to probe longer time scale and larger length scale ordering 

events during the self-assembly of the archetypal Zn-carboxylate MOF system. The 
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results of this chapter are submitted to Journal of Chemical Physics (D. Biswal, P. G. 

Kusalik, J. Chem. Phys., Submitted). 

 Chapter 4 describes various ordering events underlying MOF self-assembly 

during its earlier stages. Since in experiment, MOF self-assembly typically occurs 

through slow deprotonation of carboxylate ligands, the earlier stages of self-assembly are 

anticipated to include a mixture of monotopic and ditopic BDC ligands. To mimic these 

conditions, mixtures of monotopic (i.e., partially deprotonated) and ditopic (i.e., fully 

deprotonated) carboxylate ligands were employed in different ratios in explicit and 

continuum solvent simulations, where multiple sets of trajectories were generated. The 

ratios of ligands and Zn-ions in these simulations were selected to assemble discrete 

MOF structures. The results reported in this chapter help to elucidate a mechanism for the 

MOF self-assembly process during its earlier stages, and are published in ACS Nano (D. 

Biswal and P. G. Kusalik, ACS Nano, 11, 258 (2017)).  

 Chapter 5 discusses the results obtained through simulations focused on exploring 

conditions consistent with the later stages of self-assembly in the archetypal MOF 

system. To this end, explicit solvent simulations were performed for systems that consist 

of Zn-ions and only ditopic BDC ligands, where periodic MOF-like structures were 

anticipated to form. In this chapter, the common features and differences observed during 

the earlier and later stages of MOF self-assembly are discussed and contrasted.  

 Chapter 6 examines potentials of mean force (PMF) associated with key structural 

elements of these MOF systems. The umbrella sampling technique to calculate PMF in 

classical simulations, a brief theoretical background for ab initio MD simulations (i.e., 

Car-Parrinello MD simulations) and the constrained MD method to calculate PMF 
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through CPMD simulations are described. Profiles are reported for Zn-Zn and Zn-ligand 

PMFs in a key structural motif, the PWC-4 SBU, which is commonly observed in this 

Zn-carboxylate MOF system. A comparison of the PMF profiles obtained through 

classical and CPMD simulations provide important insights into the behaviour of these 

models and suggest future improvements.  

 Chapter 7 concludes the thesis with a brief summary of its key findings. This 

pioneering work, which focuses on elucidation of the self-assembly mechanism in the 

archetypal Zn-carboxylate MOF system, now opens up opportunities for investigating 

MOF crystallization processes in other MOF systems. Several avenues for future work, as 

motivated by this study, are then discussed.  
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Chapter 2: Methods and Background 
 

 

2.1.! Introduction  
!
  Molecular dynamics (MD) simulations have been used to explore self-assembly 

processes in a variety of systems [75-95]. The MD technique is specifically well-suited to 

explore self-assembly processes that are driven by non-bonding interactions, such as van 

der Waals and electrostatic interactions. MD simulations can, in principle, be used to 

investigate self-assembly in MOFs where their assembly is typically driven by strong 

electrostatic interactions between metal-ions and ligands. The interactions between 

transition metal ions and ligands (in a majority of MOF systems) are often described in 

terms of coordinate bonding interactions, a mixture of covalent (bonded) and electrostatic 

(non-bonded) interactions. In the case of Zn2+-ion based MOFs, the interaction between 

Zn2+-ions and anionic ligands is considered to be predominantly electrostatic in nature 

[117]. A brute-force MD simulation approach was used to study the self-assembly 

process in the archetypal Zn-carboxylate MOF system of interest in this project. The goal 

of this chapter is then to provide an overview of classical MD simulation followed by a 

discussion of some of the practical aspects of MD simulations within the framework of 

the GROMACS software (version 4.5.5) [118], which was employed to perform all 

classical simulations. Additionally, section 2.9 provides a brief background on Langevin 

Dynamics, which was used to carry out the continuum solvent simulations within this 

study, and section 2.10 provides an overview of the thermodynamic integration 
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technique, which was used to calculate relative free energies (presented in Chapter 3 of 

this thesis).   

 

2.2.!Classical MD simulation 
!
 Classical MD simulation is based on the application of classical equations of 

motion to derive numerical trajectories for the evolution of microscopic systems. The 

trajectories derived from MD simulations can then be used to calculate various dynamic 

and thermodynamic properties of interest on the basis of statistical mechanics. A brief 

discussion of classical equations of motion and some key concepts in classical statistical 

mechanics, that constitute the backbone of MD simulation methodology, is presented in 

the following paragraphs.    

 In classical mechanics, equations of motion are used to describe the time 

evolution of large-scale objects [119]. The same equations of motion can also be applied 

with reasonable accuracy, since most of the atoms are massive enough, to molecular 

systems in order to predict their time evolutions. These classical equations of motion 

imply that if the positions and velocities of the constituent particles in a system are 

known at a given instant of time, the evolution of the system (either forward or backward 

in time) can be predicted. The simplest example of this is Newton’s 2nd law, F = ma, 

which can alternately be expressed as a second order differential equation [119], 

Fi = mi!",$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.1) 

where Fi is the force exerted on the ith particle, mi is its mass and !" = +,!" +-
, = ai is 

acceleration of ith particle in a classical system. Equation 2.1 is a second order differential 

equation, the solution of which requires specification of two conditions, namely the initial 
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position vector, !(0), and initial velocity, / 0  (where / =$!$= +! +-). In a molecular 

system consisting of N particles, the force Fi acting on the ith particle at a given time can 

be obtained from the interaction potential 0, which is a function of particle positions 

(!1, !,, … , !3). The force Fi (for conservative forces) in equation 2.1 is given by the 

gradient of potential energy, 

Fi =−∇"0.$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.2) 

Equations 2.1 and 2.2 can be combined to yield, 

mi!" = −∇"0.$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.3) 

For an N-particle system, equation 2.3 would become a set of 3N (considering the three 

components of a Cartesian position vector) second-order differential equations that must 

be solved, subject to the set of initial particle positions and velocities 

(!1(0), … , !3(0), /1(0), … , /3(0)), to predict the time evolution of the system. 

However, in any realistic molecular system, the inter- and intra-particle forces are non-

linear functions of particle positions. Therefore, it is highly non-trivial to obtain 

analytical solutions for this set of 3N second-order, non-linear, coupled differential 

equations. Alternatively, equation 2.3 can be solved (i.e., integrate) numerically, subject 

to two conditions: (1) the initial position and velocities of all N particles in the system 

must be defined; (2) the interaction potential, 0(!1, !,, … , !3) must be defined. Brief 

discussions of numerical integration techniques and interaction potential functions 

typically employed in MD are presented in sections 2.3 and 2.4. In the following 

paragraphs, Lagrangian and Hamiltonian equations of motion, which are more commonly 

employed in classical statistical mechanics and MD simulation, are briefly discussed.  
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 Newton’s equations of motion are limiting [119] and hence more general 

formulations of classical equations motion are required. Lagrangian and Hamiltonian 

equations of motion [119] represent two such general formulations in classical 

mechanics, which incorporate generalized coordinates (73) and their conjugate momenta 

(83) (for example, in a Cartesian coordinate system,$73= !1, !,, … , !3  and the 

momenta conjugate to the coordinates are 83= /1, /,, … , /3 ). Both Lagrangian and 

Hamiltonian formulations restrict the force, F, in the equations of motion to be 

conservative.  

 In the Lagrangian formulation of classical mechanics, the equations of motion are 

derived using a function called the Lagrangian ℒ, where ℒ is a function of generalized 

coordinates (73) and their time derivative (73), and is defined as the difference between 

kinetic and potential energies: 

ℒ 73, 73 = $: 73 − 0 73 .$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.4) 

Equations of motion are then generated by incorporating the Lagrangian function in the 

Euler-Lagrangian equation [119]: 

+

+-

<ℒ

<7
−
<ℒ

<7
= 0.$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.5) 

 The Hamiltonian formulation of equations of motion is an alternative to the 

Lagrangian formulation. A major difference between both these formulations arises due 

to the use of conjugate momenta 83by the former instead of the time derivative of 

generalized coordinates 73in the latter. A Hamiltonian >(73, 83) is defined as the total 

energy of a system, 

>(73, 83) = : 83 + 0 73 .$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.6)                                

Hamiltonian equations of motion are expressed as: 
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<8"

<-
= −

<>

<7"
,$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.7) 

<7"

<-
=
<>

<8"
.$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.8) 

Equations (2.5), (2.7) and (2.8) reveal that, for an N-particle system, the Lagrangian 

equations constitute a set of 3N second-order differential equations, while the 

Hamiltonian equations constitute an equivalent set of 6N first-order differential 

equations. Between Lagrangian and Hamiltonian equations of motion, the latter are more 

useful in the context of classical statistical mechanics and MD simulation. For example, 

introduction of thermostats and barostats in MD simulations are rigorously treated using 

Hamiltonian formulations, which are also used to construct various statistical mechanical 

integrals using generalized coordinates [120].  

 The primary aim of MD simulations is to generate numerical trajectories for 

molecular systems of interest through reasonably accurate numerical solutions to the 

equations of motion, and to use the trajectories for calculation of various equilibrium and 

time-dependent properties of interest that can be related to experimental observations 

[121]. While the number of particles (N) constituting a typical macroscopic system is of 

the order of ~1023, it is impossible to obtain numerical solutions for such system sizes in 

MD simulations. However, most of the properties of interest are known to converge well 

for smaller system sizes (often of the order of ~102 – 109) [122]. Such system sizes can be 

used in MD simulations, where classical equations of motion are solved numerically and 

the trajectories thus generated are used to extract properties on the basis of classical 

statistical mechanics. An important attribute of MD simulations is that the detailed 
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microscopic motion of individual atoms in a system can be visualized from the numerical 

trajectory.  

 As discussed previously, the classical dynamics of an N-particle system can be 

expressed by specifying the complete set of 6N of coordinates and momenta, {!1(t), 

…,$!3(t),$$C1(t), …,$C3(t)}. A specific set of 6N values, known as a microstate, can be 

employed in the equations of motion to determine a subsequent time evolution of system. 

These 6N values constitute a single point in a 6N-dimensional space called phase space 

[122]. Each point in the phase space can be described by a phase space vector, D$= 

(!1,…,$!3,$C1,…,$C3), where !" and C"$are 3-dimensional vectors. Therefore, numerical 

solutions to classical equations of motion during MD simulations will generate a set of 

points in phase space, D(-), which describe the trajectory followed by an N-particle 

system. Since the Hamiltonian equations of motions conserve the total energy, i.e., 

>(!1(t), …,$!3(t),$$C1(t), …,$C3(t)) = constant, they will impose this condition on the 

phase space trajectory. This constraint defines a 6N-1dimensional surface in the phase 

space (or a constant energy hypersurface) on which a trajectory must remain [122].  

 The link between microscopic dynamics of individual particles and observable 

macroscopic properties of a system is established through classical ensemble theory. An 

ensemble is defined as a collection of systems that share a common set of macroscopic 

properties, such as total energy (E), number of particles (N) and volume (V) [123]. Each 

system has a different microscopic arrangement, and therefore represents a unique point, 

a microstate, in the phase space [123]. According to classical ensemble theory, 

observable macroscopic properties of a system are directly connected to a unique 

function of the microscopic coordinates and momenta, and can be obtained by 



! 29!

performing averages over all systems in an ensemble. If F D"  represents a microscopic 

phase space function for a particular microstate D", which here are assumed to all be 

equally probable, then the connection between F D"  and an observable macroscopic 

property$G, is provided by the averaging procedure [122], 

G =
1

H
F D"

I

"J1

= F(D) ,$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.9) 

where F(D)  represents the ensemble average and H is the total number of systems in the 

ensemble.  

 To quantitatively describe how the systems in an ensemble are distributed in the 

phase space and how that distribution might evolve in time, a probability distribution 

function is defined, which is known as the phase space distribution function, L(D, -). The 

phase space distribution function has the property that L(D, -)+D represents the fraction 

of the total ensemble members contained in the phase space volume element$+D =

(+!1 …+!3+C1 …+C3) at time -. The phase space distribution function can then be used 

to determine values of F(D)  for the time dependent macroscopic property G(-):  

G(-) = +DL D, - F D ,$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.10) 

where +D is the differential volume element in the 6N dimensional phase space.  

 An ergodic system is defined as a system that is able to explore all microscopic 

configurations (microstates) of an ensemble given an infinite amount of time [122]. For 

an ergodic system, the ensemble average of any macroscopic property (as given by 

equation 2.9) can be replaced by time averages over a sufficiently long trajectory: 

G = F(D) = lim
P→R

1

P
+-$F DS .

P

T

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.11) 
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Equations 2.10 and 2.11 form the basis on which equilibrium thermodynamic and time 

dependent macroscopic properties of a system are determined via MD simulations in 

which a numerical integrator is used to solve classical equations motion. Subject to initial 

conditions of DT (the phase space vector at time$- = 0), the numerical integrator generates 

phase space vectors at discrete times DIUS(where H = 0,…,V) that are multiples of a time 

discretization parameter (W-), or time step used in numerical integration. Assuming 

ergodicity, the ensemble average of any macroscopic property is then related to its time 

average: 

G = F(D) =
1

V
F(DIUS)

X

YJ1

.$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.12) 

 There are three principal aspects to any MD simulation: 1) the numerical 

algorithm for integrating the equations of motion; 2) the model for describing the inter- 

and intra-particle interactions in the system; 3) efficient calculation of the energies and 

forces from the model. Each of these can strongly influence the ability to sample a 

sufficient number of microstates to obtain reliable averages. A brief description of each 

of these is provided in the three following sections.  

 

2.3.! Numerical integration algorithms 
!
 A variety of numerical algorithms have been developed to propagate a molecular 

system through time by updating the positions, momenta and forces at every MD time 

step according to the equations of motion and the interaction potential. These algorithms 

for solving differential equations are based on finite-difference methods [124] in which 

differentials, such as +! and +-, are approximated by small but finite differences, W! and 
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W-. While finite-difference based numerical algorithms are reliable and relatively easy to 

implement, they introduce two kinds of errors, namely truncation and round-off errors 

[125], which impact both the accuracy and stability of the integration algorithms. The 

truncation errors can be controlled by decreasing the time step value (W-) and round-off 

errors can be controlled by using high-precision arithmetic. Additionally, integration 

algorithms are judged by their ability to conserve energy during simulations [122, 125]. 

In this context, time reversible algorithms! [125], such as the leap frog algorithm, exhibit 

better energy conservation. A brief discussion on the leap frog algorithm, which was used 

to generate the trajectories (in GROMACS software) of this thesis, is provided below. 

  The leap frog algorithm [122, 125], like other finite-difference based integration 

algorithms, originate from Taylor expansions of positions and velocities, and it is a 

second-order method". In this algorithm, the positions and velocities leap over each other. 

This means that if the positions (!Z) are spaced at a constant time interval value of W- and 

are defined at times -Z, -Z[1, -Z[,,…, then the velocities (/Z) are determined at times 

halfway in between, i.e., at -Z\1 ,, -Z[1 ,, -Z[] ,,…, where -Z[1 − -Z[1 , = -Z[1 , −

-Z = W- 2. The positions and velocities for each particle in the system are then updated 

as, 

!Z = !Z\1 + /Z\1/,W-,$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.13) 

/Z[1 , = /Z\1 , + _ZW-,$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.14) 

where _Z$is the acceleration, and is determined from the force, Z̀, at time Z, as per 

Newton’s 2nd law of motion. According to equations 2.13 and 2.14, starting with the 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!a time reversible algorithm is one that allows one to reconstruct an exact reverse trajectory, given the 
positions and velocities at any given time. 
"!Taylor expansion series is truncated after the second-order term. 
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initial conditions !T and /T in a simulation, the velocities at half-integer time steps 

(W- 2) are calculated by taking the first term in the Taylor series expansion, 

/1 , = /T + _T W- 2.$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.15) 

After the initial step of computing the first leap value for velocity, /1 ,, equation 2.13 is 

then used to compute the first position,$!1, followed by calculation of the first 

acceleration value _1. Calculation of  _1 then enables one to use equation 2.14 to 

calculate the second leap value for velocity, /] ,. In this way, equations 2.13 and 2.14 

are employed by the leap frog algorithm to update positions and velocities of all particles, 

thereby generating a trajectory of any desired length for any molecular system of interest.  

 A suitable choice of time step (W-) in the numerical integration is key to the 

numerical stability and accuracy in conserving the total energy of a system during MD 

simulations. In principle, the value of time step should be at least an order of magnitude 

smaller than the fastest degrees of freedom in the system [125, 126]. For example, if bond 

vibrations in a molecular system are important, then W- is typically chosen in the range of 

0.5 – 1.0fs (1 fs = 10-15s). For molecular systems in which bonds are kept rigid (i.e., 

molecules having only rotational and translational degrees of freedom), a W- value of 2.0 

fs is typically employed. In our simulation study, where rigid models were employed, a 

W- value of 2.0 fs was selected.    

 

 

2.4.! Potential function  
!
 In MD simulation, a potential function or force field is necessary to represent the 

interactions in the system of interest. Through a classical treatment of inter- and intra-
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particle interactions, the potential function,$0(!3) =$0(!1, !,, … , !3), is used to 

reproduce the energy of the system as it samples the phase space during its evolution. For 

a molecular system, a force field is represented by a summation of bonded interactions 

and non-bonded interactions between the atoms in the system, namely, 

0(!3) = 0(!3)abIcdc + 0(!
3)IbI\abIcdc.$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.16)  

 

2.4.1.! Bonded interaction 
!
 The bonded interactions incorporate several components such as bond stretching, 

bond bending, and dihedral angle interaction terms. While the bond stretching is a two-

body interaction, bond angle incorporates a three-body interaction, and dihedral angle 

represents a four-body interaction term. In the following sections, each of these 

individual interaction terms is briefly reviewed. 

 

2.4.1.1.! Bond stretching interaction 
!
 Figure 2.1 (solid line) shows how the potential energy,$0a e"Y , changes as a 

function of the distance, e"Y, between two covalently bonded atoms i and j. The lowest 

energy point in this curve corresponds to the equilibrium bond length. The energy 

increases rapidly when the distance between atoms i and j is reduced or the bond is 

compressed from its equilibrium length. The energy also increases when the bond is 

stretched beyond the equilibrium value and finally disassociates. For small deviations 

from the equilibrium bond length, the energy (0a e"Y ) can be expressed as a Taylor 

series expansion in$(e"Y − f"Y),  
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0a e"Y = 0a f"Y + e"Y − f"Y
+0a

+e"Y ghiJahi

+ 

1

2
e"Y − f"Y

, +,0a

+e"Y
,

ghiJahi

+ ⋯$(2.17) 

where f"Y is the equilibrium bond length. In a harmonic approximation, the Taylor 

expansion series is truncated after the 3rd term in equation 2.17. Setting 0a f"Y = 0 and  

+0a +e"Y = 0$(when$e"Y = f"Y) results in a harmonic potential approximation for bond 

stretching, 

0a e"Y =
1

2
k"Y
a (e"Y − f"Y)

,,$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.18) 

where k"Ya = +,0a +e"Y
,

ghiJahi
, is known as the harmonic force constant for bond 

stretching. 

 

Figure 2.1. The potential energy curve, 0a e"Y , for bond stretching as a function of the 

distance between two covalently-bonded atoms,$e"Y. The solid line corresponds to 0a e"Y  

while the dotted line represents a harmonic potential approximation for the bond-

stretching interaction.  

The harmonic potential approximation does not hold for larger deviations from the 

equilibrium bond length, and more accurate potentials such as the Morse potential, which 
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includes higher order Taylor expansion terms, need to be employed in simulations to 

represent the behaviour of such systems. If the molecules are regarded as rigid bodies 

during MD simulations for the system of interest, as is the case here, a bond stretching 

potential is not required.  

 

2.4.1.2.! Bond bending potential 
!
 Similar to the bond stretching potential, the energy change due to bending of a 

bond angle in a molecule is also represented through a harmonic potential, 

0l m"Yn =
1

2
k"Yn
l (m"Yn − m"Yn

T ),,$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.19) 

where m"Yn corresponds to the angle formed between a triplet of atoms, o, p, and k, and 

m"Yn
T  represents the equilibrium value of the bond angle, and k"Ynl  is the bending force 

constant. The energy needed to bend a bond angle (formed between three atoms) is 

generally smaller than that needed to stretch a bond. Accordingly, magnitude of bending 

force constants tends to be smaller than that of bond stretching force constants. 

 

2.4.1.3.! Dihedral angle interaction 
!
 For a molecule consisting of at least four atoms bonded in sequence, the dihedral 

angle defines the angle formed between two intersecting planes, where each plane is 

defined by a set of three non-collinear atoms. Torsional motions are much less stiff than 

bond stretching and bending motions, and thus the energy barriers are typically lower. 

Therefore, torsional angles are important both to reproduce major molecular 

conformational changes due to rotations about bonds and to ensure the correct degree of 
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rigidity of a molecule. These potentials are periodic through an angle of 360° and a 

Fourier series is often used to model torsional or proper dihedral potentials, 

0Sbgr s"Ynt =
1

2
I

ku cos Hs"Ynt ,$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.20) 

where s"Ynt is the angle formed between the (o, p, k) and (p, k, y) planes (p and k$are 

connected through a covalent bond), ku is the torsional rotation force constant, and$H 

defines the number of minima or maxima between 0 and 2z. When the zero of potential, 

0Sbgr s"Ynt , is shifted and phase factors are included, equation 2.20 is expressed as, 

0Sbgr s"Ynt =
1

2
I

ku 1 + cos Hs"Ynt + WI ,$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.21) 

where WI is phase angle. The number of terms needed in the Fourier series depends on 

the complexity of the torsional potential and the desired accuracy.   

 In addition to the torsional potential, an improper dihedral potential is often 

required to maintain the planarity of certain groups of atoms, i.e., an improper dihedral 

potential describes the energy cost associated with out-of-plane motions of aromatic 

rings. A harmonic potential approximation is frequently used to represent an improper 

dihedral potential, 0"c s"Ynt , for out-of-plane bending of a dihedral angle Ψ, which is 

defined as the angle between (o, p, k) and (p, k, y) planes for a group of four atoms, (o, p, 

k,$y): 

0"c s"Ynt =
1

2
k| Ψ"Ynt − ΨT

,
,$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.22) 

where ΨT is the equilibrium value for the dihedral angle, and ΨT = 0 for a planar 

structure. 
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2.4.2.! Non-bonded interaction 
  

 In a molecular system, each atom simultaneously interacts with many other atoms 

in its surroundings. It is, however, impractical to evaluate the N-body interaction 

potential,$0(!3) (for an N-particle system), and consequently it is typically divided into a 

sum of terms depending on the coordinates of individual atoms, all pairs of atoms, 

triplets, etc. [127]: 

 

0SbS(!", !Y, … , !3) = }1(!")

3

"

+ },

3

Y~"

3

"

(!", !Y) + 

}](!", !Y, !n) + ⋯

3

n~Y~"

3

Y~"

3

"

. (2.23) 

In equation 2.23, }1(!") is the one-body potential term (that can represent, for example, 

the effect of an external electric field on the system), },(!", !Y)$is the two-body or pair 

potential term that describes the interaction between each pair of atoms o and p in the 

system, and }](!", !Y, !n) is the three-body potential term that describes the interactions 

between each atom triplet$(o, p,$k)$in the system. The contributions of the more complex 

four-body and higher interaction potential terms to the total interatomic potential,$0SbS, 

are usually much smaller compared to that of pair and three-body potentials, and are thus 

ignored in the series. Typically, a pair potential approximation gives a reasonably good 

description of liquid properties, particularly when the pair potential partially includes the 

effects of higher order interaction terms [128], in which case the pair potential is termed 

an ‘effective pair potential’. Typical MD simulations usually adopt the pair potential 
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approximation, where the total non-bonded interaction potential is represented through an 

effective pair potential,  

0(!3)IbI\abIcdc = },

3

Y~"

3

"

(!", !Y).$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.24) 

In equation 2.24, the summation, ,3
Y~"

3
"  indicates the sum over all unique atom pairs, o 

and p, in the system. 

  The non-bonded interaction potential, 0(e3)non-bonded, is usually further 

decomposed into two interaction components, namely van der Waals and electrostatic 

interactions. The van der Waals interaction potential takes into account dispersion and 

repulsion interactions, while the electrostatic potential accounts for interactions between 

atoms arising from their (permanent) charge distributions.    

 

2.4.2.1.! van der Waals interaction 
!
 van der Waals forces act between any pair of atoms belonging to different 

molecules or belonging to the same molecule when the two atoms are not bonded. The 

van der Waals interaction has two principal components, a long-range dispersion term 

and a short-range repulsion term. While the long-range dispersion term arises due to 

attractive interactions between induced multipoles, the short-range repulsion term arises 

from overlap of the electron clouds of two atoms. Among the different types of potentials 

describing the dispersion and repulsion components, the Lennard-Jones (LJ) potential 

[125] is the most commonly used pair potential in MD simulations. In the LJ potential, 

the dispersion interaction varies as 1 e"Y
�  and the repulsion interaction varies as 1 e"Y

1,, 
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where e"Y is the separation distance between atoms$o and p. The LJ potential can be 

expressed as, 

0ÄÅ e"Y = $4ÇÉÑ
ÖÉÑ

e"Y

1,

−
ÖÉÑ

e"Y

�

,$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.25) 

where ÖÉÑ is the distance at which the potential is zero, and ÇÉÑ is the depth of the 

potential well. A set of LJ parameters, corresponding to the values of ÖÉÑ$and$ÇÉÑ, for 

each unique type of atomic pairs (Α, Β) is required. The individual atomic LJ parameters, 

i.e.,  ÖÉÉ and ÇÉÉ, for each type of atom (Α) is generally provided by a particular force 

field. Various force fields typically adopt a specific combination rule to determine ÇÉÑ 

from ÇÉ and ÇÑ, and ÖÉÑ from ÖÉ and ÖÑ for atoms of types Α and Β. For example, ÇÉÑ is 

often calculated as a geometric mean, i.e., ÇÉÑ = (ÇÉÇÑ)
1 ,, and ÖÉÑ is calculated as 

either a geometric mean, ÖÉÑ = (ÖÉÖÑ)
1 ,, or as an arithmetic mean, ÖÉÑ = (ÖÉ+ÖÑ) 2.  

 

2.4.2.2.! Electrostatic interaction 
  

 In MD simulations the atoms in a molecule are typically assigned partial charges 

to represent the charge distribution. The contribution of long-range electrostatic 

interactions to the non-bonded interaction is then computed as a sum of Coulombic 

interactions. The Coulombic interaction between the two partial charges, à" and àY, on 

atoms o and p is given by,  

0â(e"Y) =
Là"àY

e"Y
,$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.26) 

where f = 1/(4πε0) = 138.935, and$e"Y is the distance between atoms o and p. The atomic 

partial charges are often extracted from ab-initio calculations, experimental data (e.g., 
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multipole moments), or through a fit of system properties to experimental thermodynamic 

data. In a periodic simulation box (discussed in the next section) the total electrostatic 

energy of N atoms and their periodic images (see Figure 2.2) is given by, 

0â(e"Y) =
L

2

à"àY

e"Y,I

3

Y

3

"IäIãIå

,$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.27) 

where the sums over (Hç,$Hé,$Hè) represent the periodic lattice sum, and e"Y,I is the 

distance between the atoms. The sum in equation 2.27 is very slowly convergent. In the 

Ewald summation method [129, 130], this slowly converging sum is rewritten as two 

much more rapidly converging sums. Therefore, the Ewald summation method has been 

commonly used in simulation studies to calculate the long-range electrostatic interaction 

energy of particles of periodic systems. In the current study the Particle-mesh Ewald 

(PME) method [131], a variant of the Ewald summation method, was used to improve the 

performance of the electrostatic interaction energy calculation. For systems of at least 

several thousand atoms, the PME algorithm, which scales as ê logê$(ê is the number of 

atoms), is significantly faster than the ordinary Ewald summation method [131].  

 

2.5.!Force and Energy calculations 
!
 A cut-off radius Rc (see Figure 2.2) is usually employed for calculation of short-

range non-bonded interactions, where interactions between a pair of particles i and j is 

calculated only when rij is less than the assigned cut-off radius Rc [127]. Typically, forces 

due to bonding interactions are generated from a fixed or static list of particles, while a 

dynamic list of neighboring particles is used to calculate the forces due to non-bonding 

interactions. To generate a neighbor list, all the particles within the neighbor list cut-off 
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must be found. A grid search method [126, 127] was used to search for neighbor list 

particles, and to form the pair list. The potential energy and forces associated with each 

interaction term are computed, and the total potential energy and the total forces are then 

summed over all interaction terms, i.e., bonded and non-bonded terms [125, 126]. In this 

study, a 12-Å cut-off distance was applied for the Lennard-Jones interactions. 

 

2.6.!Simulation details  
  

 In MD simulation the initial positions or coordinates of all atoms in a molecular 

system can be set up in a variety of ways depending on the physical state of the system. 

For example, the initial coordinates of all atoms in a molecular crystal can be obtained 

from the corresponding experimental X-ray crystal structures. For a system in liquid or 

solution state, the initial coordinates can be set up in a random fashion while making sure 

to have sufficient separation between molecules to avoid initial strong repulsions. The 

initial velocities in a simulation system are often set up by sampling the velocities from a 

Maxwell-Boltzmann distribution. In our simulations, initial velocities were generated 

through random sampling of the appropriate Maxwell-Boltzmann distribution. The 

starting point in most of the simulations reported in this thesis represent a multi-

component solution state. Details on how each of these is prepared are provided in 

subsequent chapters.  

 An MD simulation begins by defining the system of interest. The simulation 

system, which typically consist of a few thousand atoms, is contained within a 

(numerical) simulation box. Such small system sizes can be subjected to unwanted 

surface interactions, i.e., interaction between the atoms and the walls of the simulation 
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box, the effects of which can extend several atomic diameters from each side of the 

simulation box. This can be highly undesirable for a system in liquid state. To circumvent 

these surface effects, periodic boundary conditions (pbc) are regularly applied in MD 

simulations [126, 127]. Within pbc, the simulation box (containing all the atoms) is 

replicated in all three Cartesian directions to give an infinite periodic system, in which 

there are no walls or boundaries. The replicas of the primary cell are known as image 

cells. The image cells are equivalent to the primary cell in all respects, where each  

 

 

Figure 2.2. Illustration of a two-dimensional periodic system, where the primary cell 

(color shaded) is at the center and is surrounded by image cells. The arrows shown in the 

primary and image cells indicate the direction of motion (molecules are represented by 

colored circles and triangles). Molecules can enter and leave each cell across any of the 

boundaries (faces) in a periodic system.  
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particle is an image of the corresponding particle in the primary cell (see Figure 2.2). 

Since the cells are separated by open boundaries, atoms and their images can freely enter 

or leave any cell, although the total number of particles in each cell always remains 

constant. When an atom leaves the primary cell, the image of this atom enters the primary 

cell through an opposite face. The shape of the simulation box or the primary cell must be 

a space-filling polyhedron (e.g., cubic). In the GROMACS software package, pbc are 

used along with the minimum image convention, in which only one nearest image of each 

particle is considered for computation of short-range non-bonded interaction terms. For 

the truncation of non-bonded interactions, the value of the cut-off  

radius should not exceed half the shortest box vector, i.e., íì <
1

,
min$( F , f , ñ ), 

where F, f, ñ represent the three simulations box dimensions.   

 

2.7.!Constraint dynamics 
!
 Constraint algorithms [126, 132] are often used in MD simulations, where the 

intramolecular motions, e.g., bond vibrations, are neglected. This approach helps by 

increasing the integration time step, thereby increasing computational efficiency. In a 

system consisting of flexible molecules, conformational changes can result from a 

combination of different motions such as bond stretching, bending, rotation and 

translation. Often bond stretching and bending motions are not of interest, while the 

rotational and translational motions lead to major conformational changes of a system. 

Consequently, flexible molecules are often treated as rigid bodies during simulations by 

constraining the bond vibrational motions using constraint dynamics [126]. The rigid 

body motion of the molecules can be decomposed into a translation of the center of mass 



! 44!

and a rotation about the center of mass. The translational motion is governed by the total 

force acting on the center of mass, and the rotational motion depends on the total applied 

torque about the center of mass.  

 The notion of constraining molecules is an attempt at simplification, where the 

molecules are assumed to be in their vibrational ground state. The justification for 

assuming that these bond lengths and angles are constant is that at the prevailing 

temperature, there is insufficient energy to excite the associated vibrational degrees of 

freedom out of their quantum ground states. From a classical perspective, the natural 

frequency associated with the potential function describing bond length and angle 

variation is much higher than those of other kinds of motion. Consequently, such 

vibrational motion typically couples only weakly to the other motions of the molecules 

that are much more important to the structure of the system. This high frequency of 

vibrational motion would in turn necessitate an undesirably small integration time step to 

be employed during MD simulations. To avoid this situation, it is customary to eliminate 

such degrees of freedom entirely by replacing them with constraints. 

 The constraint algorithm “LINCS” [133] was used to impose constraints on 

bonds.  LINCS is a relatively stable and fast algorithm, which resets bonds to their 

correct length and angle after an unconstrained update of the positions of the atoms. 

Because bonds in molecules are coupled, resetting coupled constraints after an 

unconstrained update is a non-linear problem. The constraint equation reduces to a linear 

matrix equation if the second derivative of constraint equations are set to zero. The 

LINCS is a non-iterative method that efficiently solves the matrix equation, and applies 
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both a velocity correction to prevent rotational lengthening and a length correction to 

improve stability and accuracy. 

 

2.8.!Temperature and Pressure control in MD simulations 
!
 While most experiments are performed under constant temperature (NVT 

ensemble) or constant temperature and pressure conditions (NPT ensemble), MD 

simulations employing Newtonian equations of motion produce an NVE ensemble 

(constant energy, volume, and number of particles). To simulate constant temperature and 

pressure conditions, the simulation systems are coupled to an external thermostat and 

barostat, respectively. The particles in the systems exchange energy as heat when coupled 

to an external thermostat, while the particles exchange energy as work when coupled to 

an external barostat.  

 

2.8.1.! Temperature coupling  
!
 In this section, the working principles of three types of thermostat algorithms, 

namely Berendsen [134], velocity-rescale [135] and Nose´-Hoover thermostats [120, 

136], are briefly discussed. These three types of thermostats were employed in the 

classical simulations reported in this thesis.  

 The Berendsen thermostat [134] is a weak coupling scheme, where the system is 

connected to an external heat bath with a specific temperature, óT. As the temperature of 

the system (ó) deviates from the reference temperature of óT, it is slowly corrected 

according to the equation given by, 

+ó

+-
=
óT − ó

òô
,$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.28) 
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where$òô is the temperature coupling time constant that describes the strength of the 

coupling of the system to a hypothetical heat reservoir. In the Berendsen scheme, the heat 

flow into and out of the system is affected by rescaling the velocities of each particle at 

each time step by a time-dependent factor, ö, which is given by, 

ö = 1 +
W-

òô

ó

óT
− 1

1
,

,$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.29) 

where W- is the integration time step. A disadvantage of the Berendsen thermostat is that 

it does not correspond to any ensemble as it suppresses the fluctuations in kinetic energy 

of the system. As this error scales as 1/ê, most ensemble averages are not affected for 

very large systems. In the current study, Berendsen thermostat with a coupling constant 

of 0.1 ps was used to maintain the temperature during equilibration and production 

simulation runs reported in Chapters 3 and 4 (except free energy calculations). 

  The velocity-rescale scheme [135], also a weak coupling thermostat, is similar to 

the Berendsen thermostat with an additional stochastic term included to ensure a correct 

kinetic energy distribution. Nevertheless, it does not produce a true canonical ensemble 

behaviour. The velocity-rescale scheme was used during equilibration and production 

simulation runs reported in Chapter 5.  

 These two weak coupling thermostat schemes are useful for efficiently relaxing a 

system to the set point temperature during the equilibration of the simulation system. 

However, in order to probe correct canonical ensemble behaviour, a thermostating 

scheme such as the Nosé-Hoover thermostat [120, 136] is required. In the Nosé-Hoover 

thermostating scheme, the Hamiltonian of a system is extended by introducing a thermal 

reservoir that couples to the system. Additionally, the equations of motion are modified 

by incorporating a friction term, where the friction force is proportional to the product of 
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each particle’s velocity and a friction parameter, õ, or the heat bath variable. The heat 

bath variable is a dynamic quantity with a separate equation of motion,  

+úù

+-
= ó − óT ,$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.30) 

where úù  represents the momentum of the heat bath variable, ó is the instantaneous 

temperature, and óT$is the set point temperature. The equations of motion then become, 

+,!"

+-,
= $

û"

ü"

−
úù

†

+!"

+-
,$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.31) 

where † is the coupling parameter through which the strength of coupling of the system 

to the heat reservoir can be controlled. The Nosé-Hoover approach generates an 

oscillatory relaxation of the system to the reference temperature but a true canonical 

ensemble distribution function. Therefore, this thermostat algorithm is often used during 

the production stage of simulation after an initial equilibration of the system through a 

weak coupling scheme such as Berendsen or velocity-rescale thermostat scheme. The 

Nosé-Hoover approach can, however, leads to non-ergodic dynamics in simple systems 

or in systems with degrees of freedom that couple only weakly; Nosé-Hoover chain 

thermostating scheme was developed for this purpose. The Nosé-Hoover chain 

thermostat scheme consists of multiple coupled Nosé-Hoover thermostats, each with their 

own equations of motion. In the current study, Nosé-Hoover thermostats with a typical 

coupling constant of 2.0 ps was used during free energy calculations, reported in 

Chapters 3 and 6. 
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2.8.2.! Pressure Coupling 
!
 In this section the two barostating schemes used in our simulations are briefly 

discussed. Similar to the temperature coupling schemes, a simulation system can be 

coupled to pressure baths (or barostat) to achieve a desired pressure. In the weak coupling 

Berendsen barostat algorithm [137], the coordinates of all particles in the simulation 

system and the simulation box dimensions are rescaled every step to achieve a first order 

kinetic relaxation of system’s instantaneous pressure (°) towards a reference pressure 

(°T), according to, 

+°

+-
=
°T − °

ò¢
,$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.32) 

where ò¢ is a time constant. For isotropic pressure control (as is the case in this study), 

for example, the scaling factor £ is expressed as, 

£ = 1 −
§W-

ò¢
°T − ° ,$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.33) 

where §$is the isothermal compressibility of the system, and W- is the integration time 

step. The value of § does not affect the average pressure value but does impact the 

strength of the barostating control. Similar to the weak Berendsen temperature coupling 

scheme, the Berendsen barostat does not produce a correct NPT ensemble. To achieve 

correct NPT ensemble behaviour, the Parinello-Rahman pressure coupling scheme [138], 

which is conceptually similar to the Nosé-Hoover thermostating scheme, can be used, 

where the equations of motion for all particles in the system are modified to take into 

account the pressure coupling constant. In the current study, while a Berendsen barostat 

with a coupling constant of 1.0 ps was used to maintain the pressure during equilibrations 

of simulation systems reported in Chapters 3, 4 and 5, a Parinello-Rahman barostat 
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scheme with a coupling constant of 1.0 ps was used during free energy calculations 

reported in Chapters 3 and 6. 

 

2.9.!Langevin Dynamics  

 Langevin dynamics (LD) [121, 127] is an extension of MD in which solvent 

effects are mimicked through addition of friction and random force terms in the equations 

of motion. The stochastic differential equation is a modified form of Newton’s equation 

of motion,  

ü"

+,!"

+-,
= −ü"•"

+!"

+-
+ û" ! + Wí - ,$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.34) 

where •" is the friction constant and Wí -  is a random force term. The effect of frictional 

forces of solvent molecules on a solute molecule is mimicked by the friction term and the 

effect of the thermal motion of solvent molecules is captured by the random force term. 

The negative sign for the friction term in equation 2.34 indicates that the friction term 

opposes the solute molecule’s motion and is proportional to its velocity. According to the 

fluctuation-dissipation theorem [139], the fluctuations in the random force, Wí - , are 

related to the friction constant  •"$and temperature ó$by,  

Wí - . Wí - + -′ = 2ü"•"$kßóW -® W"Y.$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.35) 

 LD simulations can be very useful in that they can provide much more efficient 

sampling of the solute conformations of the system when compared to explicit solvent 

MD simulations. LD simulations, however, rely upon effective potentials to account for 

solvent interactions (such as the electrostatic screening of the solvent molecules). Similar 
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to MD simulations, temperature coupling schemes can be incorporated into the 

framework of LD simulations to generate a NVT ensemble. In this thesis, LD simulations 

were used with continuum solvent media, where solvent screening of the electrostatic 

interaction was achieved by varying the dielectric constant (Ç) of the continuum solvent 

medium. Specifically, three Ç values were considered, Ç = 2, 2.5, and 3, to explore their 

effects on the self-assembly processes. For all LD simulations performed in this study, a 

purely repulsive Weeks-Chandler-Andersen (WCA) potential [140] was used (in place of 

the usual Lennard-Jones potential) to model short ranged interactions between all types of 

atoms in the system except those between metal ions. For the continuum solvent 

simulations reported in Chapters 3, 4 and 5, the leapfrog stochastic dynamics integrator 

with a time step of 2 fs, and a stochastic thermostat with a time constant #t = 0.1 ps was 

used to maintain the temperature. The default friction coefficient in GROMACS was 

employed for the LD simulations. Details on the various choices made for the LD 

simulations, such as the Ç values, presented in this thesis will be discussed in Chapters 3 

and 4.  

 

2.10.!Thermodynamic integration 
  

 Thermodynamic integration (TI) [141] is one of the straightforward methods 

employed in classical simulations to calculate free energy differences between two given 

states of a system. The underlying assumption in TI method is that the Hamiltonian > of 

the system can be defined as a function of a continuously varying parameter, ö (a 

coupling parameter). As the Hamiltonian can be related to the canonical partition 
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function, which in turn is related to the free energy of the system according to classical 

statistical mechanics, an expression can be derived to calculate free energy differences 

between two states (G → ℬ) of a system [126], 

∆´G→ℬ = <> <ö ¨

¨J1

¨JT

+ö,$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$ 2.36  

where ö = 0 and ö = 1 correspond to state G and state ℬ of the system, respectively. 

Thus, the free energy difference between the two states of a system can be computed by 

evaluating the integral of the ensemble averaged derivatives of the Hamiltonian over the 

coupling parameter ö according to equation 2.36. In practice this is achieved by 

performing a series of simulations corresponding to discrete values of ö between 0$and$1. 

For each value of ö, the average of <> <ö ¨ is determined, followed by evaluation of 

the integral.  

 

2.11. Potential of mean force (PMF) 

 In statistical mechanics, the term potential of mean force was first introduced by 

Kirkwood [142] to determine the probability distribution of two molecules, o and p, 

relative to each other. The potential of mean force acting on molecule$o, when the 

configuration of the molecule p is held fixed, in a system containing N molecules, is the 

potential that gives the force that is obtained by averaging over all configurations of the 

remaining N-2 molecules. Mathematically, the potential of mean force (≠Y"), defined as 

above, is given by [142, 143],    
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−Æ"≠Y
" =

− … Ø\∞± !≤ $Æ"0 !3 +!1+!, …+!3\,

… Ø\∞± !≤ +!1+!, …+!3\,
,$$$$$$$$$$$$$$$$$$$$$$$$$$(2.37) 

where ∇" is the gradient operator associated with the coordinates of the center of mass of 

molecule$o, −∇"≠Y" is the average force acting at the center of mass of molecule$o, 

0 !3 $is the potential energy of the system (a function of the configurational coordinates 

of all the$ê molecules in the system), and § = $1 kßó.  

 The PMF can also be related to the radial distribution function between two 

particles, o and p, by [142],  

≠ e"Y = −§$yH$≥ e"Y + ñ,$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.38) 

where ñ is an integration constant, e"Y$is the distance between particles o and p, and ≥ e"Y  

is the radial distribution function between particles o and p. Equation 2.38 can be 

interpreted as follows. While$0 !", !Y  describes the interaction potential between the 

two particles o and p in isolation, ≠(e"Y) describes the effective interaction between these 

two particles in a dense fluid medium. In a fluid medium, the effective interaction 

between particles o and p is influenced by the presence of other particles in the system, 

and these indirect interactions are taken into account (in an average sense) in the PMF, 

≠(e"Y). Accordingly, the PMF depends on the temperature and density of the medium. 

As the PMF is described by an integral of force over distance, it can also be interpreted as 

the work done to bring a pair of particles in a dense fluid from infinite separation to a 

separation of e"Y at fixed N, V and T conditions. It follows that the PMF describes the 

change in Helmholtz free energy for such a process.  
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 In statistical mechanical theory, the PMF along a specific reaction coordinate (¥) 

is a key concept that describes the free energy profile of a system along that reaction 

coordinate, i.e., it describes how the free energy of a system changes as a function of the 

reaction coordinate, ¥. A reaction coordinate typically refers to a small set of generalized 

coordinates, e.g., a distance, an angle, and other complex functions of coordinates, that 

can be used to characterize chemical, mechanical and thermodynamics processes. The 

PMF along a reaction coordinate ¥ can be related to the Boltzmann weighted average 

distribution function, µ ¥ , by [142], 

≠ ¥ = ≠T − kßóyH$µ ¥ ,$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.39) 

where WT is a constant, and µ ζ = δ(ζ) − ζ !3 )  is an ensemble average over the 

phase space configuration !3 with a particular value of ζ. 

 In a MD simulation, a PMF is determined for a physically achievable process 

unlike free energy perturbation methods, which often use non-physical pathways to 

calculate free energy changes. However, for processes with high barriers that separate 

various free energy minima, the probability that thermal fluctuations will drive the 

system from one minimum to another becomes exponentially small with the ratio of the 

barrier height to kßó. In such a case, the distribution function$ µ ¥  is not likely to 

converge for such rare events if computed directly from MD simulations. Special rare 

event sampling techniques, such as the umbrella sampling technique [144], have been 

developed to calculate a PMF of a system that features large barriers along a reaction 

coordinate ¥.  
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2.12. Umbrella sampling and weighted histogram methods 

 When one or more barriers along a reaction coordinate lead to a rare-event 

problem, the free energy profile of the reaction coordinate is frequently computed using 

the umbrella sampling technique. In this approach, an artificial biasing window potential, 

π(¥), [144] is introduced during the simulation of the system of interest. This biasing 

potential is imposed to restrain the variations in the reaction coordinate, ¥, to be within a 

narrow interval around some prescribed value, thereby helping to efficiently sample this 

region of the underlying free energy landscape. The biasing potential, also known as an 

umbrella potential, is typically a harmonic potential of the form, 

π" ¥ =
1

2
k∫ ¥ − ¥"

,,$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.40) 

where ¥" is the equilibrium value of the harmonic restraining potential. Equation (8.4) is 

added to the potential energy, 0 !3 $, of the system so that the total potential becomes, 

0′ !3 $= 0 !3 $+ π" ¥ . This potential is then incorporated into the MD simulation. 

To generate the free energy profile of system between two end point values of the 

reaction coordinate ¥, a number of biasing window simulations is performed, each 

biasing the sampling around different but overlapping regions of ¥. Each biasing MD 

simulation will yield a biased probability distribution function about each point$¥". The 

ensemble average over the non-Boltzmann distribution is computed through equation 

2.39 in which 0 !3 $ is replaced by$0′ !3 . The true free energy profile across the entire 

range of the reaction coordinate must be reconstructed from this set of biased distribution 

functions, where the results of the various windows are unbiased and then recombined to 
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obtained the full PMF, ≠ ¥ .  

 The unbiased PMF from the oSª window is expressed as [145], 

≠" ¥ = $≠T − kßó ln µ ¥ "
a − π" ¥ + û".$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.41) 

In equation (2.41), û" is an undetermined constant and represents the free energy 

associated with introducing the window potential. Based on equation 2.39 the biased 

distribution function obtained from ith biased ensemble in equation 2.41 can be expressed 

as [143, 144],  

µ ¥ "
a =

$Ø\ºh ∫ nΩô µ ¥

$Ø\ºh ∫ nΩô
.$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.42) 

 Several strategies are available to recombine the results from different simulation 

windows from umbrella sampling calculations. The weighted histogram analysis method 

(WHAM) [145, 146] is a commonly used technique to construct the PMF profile along 

the reaction coordinate of interest from umbrella sampling simulations. The WHAM 

method is a computationally optimal technique. In the WHAM technique, an optimal 

estimate of the total unbiased distribution function is constructed as a weighted sum of 

the unbiased distribution functions extracted from all the individual windows of umbrella 

sampling simulations. The unbiased distribution function associated with ith umbrella 

sampling window is expressed as [144],  

µ ¥ " = $Øºh ∫ nΩô µ ¥ "
a$Ø\æh nΩô.$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.43) 

As per the WHAM method, an optimal estimate of the unbiased distribution function as a 

¥ −$dependent weighted sum over the ê individual unbiased distribution functions 
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(defined in equation 2.43) is expressed as [145, 146],  

µ ¥ = $ H" µ ¥ "

3

"J1

×$ HYØ
\
ºi ∫ \æi
nΩô

3

YJ1

\1

,$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.44) 

where H" is the total number of independent data points used to construct the biased 

distribution function in the oSª window. The free energy constants, ûY, required in 

equation 2.44 are determined by [144],  

$Ø\æh nΩô = $ +¥$$Ø\ºh ∫ nΩô µ ¥ .$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.45) 

As the distribution function depends on the set of free energy constants,$ûY, the WHAM 

equations 2.44 and 2.45 are solved iteratively until convergence is achieved. 

 

2.13. Car-Parrinello molecular dynamics (CPMD) method 

 Born-Oppenheimer molecular dynamics (BOMD) [147] and Car-Parrinello 

molecular dynamics (CPMD) [148] are two types of ab initio molecular dynamics 

methods that combine MD with electronic structure theory. In these techniques, forces 

are calculated “on-the-fly” using accurate electronic structure methods, while numerical 

solutions to classical equations of motion for the nuclei generate the trajectories. 

Although different types of complex systems can be studied by ab initio MD techniques, 

these are limited to smaller systems sizes and shorter simulation time-scales due to 

significant computational costs.  
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 CPMD is an approximation to BOMD in which the electronic degrees of freedom 

are included explicitly via fictitious dynamic variables. The CPMD method is based on 

the quantum mechanical adiabatic time scale separation of faster electronic motion and 

slower nuclear motion. According to the adiabatic approximation, the electrons do not 

undergo transitions between stationary states, i.e., electrons are thought to 

instantaneously follow the motion of nuclei while remaining always in the same 

stationary state of the electronic Hamiltonian. In other words, as nuclei follow their 

dynamics, the electrons instantaneously adjust their wave function according to the 

nuclear coordinates. To ensure adiabaticity, CPMD employs dynamics in which a 

fictitious electron mass (usually in the range of 400 – 800 atomic units) is used, thereby 

keeping the electrons close to the ground state. After an initial standard optimization of 

the electronic structure, the fictitious dynamics of the electrons keep them near the 

ground state energy surface corresponding to each new ionic (i.e., nuclear) configuration. 

In this way, accurate ionic forces are produced without the need for a costly self-

consistent iterative electronic minimization procedure at each time step.  

 As discussed in section 2.2 of this chapter, in the Lagrangian formulation of 

classical mechanics, the forces on atoms/nuclei are obtained from derivatives of the 

Lagrangian with respect to the atomic/nuclear positions. In a similar way, a functional 

derivative of a suitably defined Lagrangian with respect to the orbitals (which are 

interpreted as classical fields) should yield the correct force on orbitals. In the context of 

CPMD simulations, Car and Parrinello [148] introduced a class of Lagrangians to serve 

this purpose that is expressed as, 
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ℒâ¢ =
1

2
¿

V¿í¿
, + £

"

s¡ s¡ − ¬T >d|¬T + ñƒH≈-eFoH-≈,$$$$$$$$$$$$$$$$$$$$$$(2.46) 

where$£ is the fictitious mass of the electrons assigned to the orbital degrees of the 

freedom. The first two terms in equation 2.46 represent the total kinetic energy of the 

system, the 3rd term represents the potential energy of the system, and the constraints 

represent generalized orthonormality conditions that need to be imposed within a set of 

orbitals. The Euler-Lagrangian equations are then used to obtain the Lagrangian 

equations of motion through the use of ℒâ¢, defined in equation 2.46 [148], 

+
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=
<ℒâ¢
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Ws"
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Ws"
∗ .$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(2.48) 

 The electronic forces are then used to propagate the electronic degrees of freedom 

within fictitious Newtonian dynamics along with the real dynamics of the nuclei in the 

system. In this way, CPMD simulations produce accurate ionic forces without explicit 

electronic minimization at each time step, which in turn reduces the computational cost to 

compute the nuclear forces at each time step of the simulation. 

 

2.14. Constrained ab initio MD simulations  

 Constrained MD simulation [149] is one of the techniques that can be employed 

in ab initio simulations to obtain PMFs. In this method, geometric constraints are applied 
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along the reaction coordinate of interest and thermodynamic integration of the measured 

average forces is performed to obtain the PMF profile along that reaction coordinate. To 

obtain the PMF profile of an ion pair, for example, ab initio simulation windows are 

created at a number of ion-ion separations (e), which are constrained during ab initio 

simulations; here ‘distance’ is the reaction coordinate. For each constrained ion-ion 

separation, the constrained force, û(e), required to fix the distance between the ions is 

recorded at every time step, and the average value of û e $for each simulation window is 

calculated as a time average.  
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Chapter 3: Model dependence of self-assembly processes 
 

!
3.1.! Introduction 
 

Successful MD simulations require suitable models that can efficiently reproduce 

the key interactions within the system of interest. The development of appropriate models 

has remained a challenging problem for complex chemical systems in general. In the 

context of simulating MOF self-assembly, for example, simulation systems require at the 

least three components, i.e., metal ion, ligand, and solvent. For such systems, simulations 

employing quantum mechanical descriptions of the metal ions, e.g., QM/MM or ab-initio 

simulation techniques, can ideally help address some of the challenges involved in 

characterizing metal ion interactions. However, QM/MM and ab-initio simulation 

techniques are limited to exploring relatively short time scale events and small system 

sizes. The use of simple yet effective models in classical simulations enable exploration 

of relatively long time and large length scale events, e.g., self-assembly and 

crystallization processes [76,150-154], but such models required validation. 

 In order to reasonably reproduce experimental structures and energetics, three 

types of approaches have been implemented for modeling transition and alkaline earth 

metal ions in classical MD simulations: 1) non-bonded point charge models [155, 156]; 

2) covalent bonded models [157, 158]; 3) cationic dummy atom (CDA) models [159, 

160]. It has been observed that simple non-bonded models are usually inadequate for 

reproducing experimental structures and energetics, particularly for systems containing 

multiple metal centers and transition metal ions [161, 162]. As an alternative approach 
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for reproducing experimental structures and preserving the coordination geometry of the 

metal ions during MD simulations, bonded models, in which covalent bonds are 

introduced between metal-ions and ligands to fix the specific coordination structure, have 

been implemented. Such an approach has been widely used in biomolecular simulations 

of systems such as Zn-ion based metalloenzymes [163, 164]. However, a predefined 

metal-ligand covalent bond allows for only one specific coordination geometry around 

the metal ions, and does not allow ligand exchanges during the simulation. Accordingly, 

the covalent bonded model approach is not suitable for investigating self-assembly 

processes, where conversion between different geometries and ligand exchange for a 

metal-ion can be anticipated to be important during structural evolution. 

 The cationic dummy atom (CDA) model approach [160] was specifically 

introduced to address the limitations associated with the non-bonded point charge and the 

covalent bonded models. In this approach, dummy atom sites are arranged around a 

central atomic site to mimic the directionality of coordinate bonds, thereby helping to 

achieve the target metal-ligand coordination geometry during simulations. The total mass 

of the metal ion is distributed over the central atom and the dummy atom sites, where the 

central atomic site retains a majority of the mass. The dummy atom sites are covalently 

bonded to the central atomic site to ensure rigidity, and interact with other molecules only 

through electrostatic interactions whereas the central atomic site interacts through van der 

Waals interactions alone. The CDA model has been used successfully in bio-simulation 

studies, where the dummy atoms are arranged around the central atom in tetrahedral 

[159] and octahedral [165] geometries. Furthermore, the CDA modelling approach has 
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also been used successfully in Langevin dynamics (LD) simulations to explore the self-

assembly processes in metal-organic discrete and periodic materials [98-100]. 

 As introduced in Chapter 1, the archetypal Zn-carboxylate MOF system of 

interest in this work consists of Zn-ions and 1,4-benzene-dicarboxylate (BDC) ligands as 

primary building blocks, which can assemble into several different types of MOF 

structures such as MOF-2 [103], MOF-3 [104] and 1-D/3-D coordination polymers [106, 

107] (see Figure 1.2 in Chapter 1). In this study, an experimental MOF-2 crystal structure 

was selected for model validation, where successful potential models are also expected to 

be valid for other similar MOFs, such as a MOF-3 structure. Importantly, models 

identified as being suitable are anticipated to demonstrate assembly of structural motifs 

resembling PWCs (i.e., the SBUs in MOF-2) during simulations, as well as structural 

motifs resembling other types of SBUs, e.g., monomeric Zn-ions and trimeric Zn-ion 

clusters. 

To help identify suitable Zn-ion models for further investigation into the self-

assembly process of the archetypal Zn-carboxylate MOF system, non-bonded point 

charge and CDA models representing metal ions were examined and compared. Based on 

these observations, an extended CDA (ECDA) model was then designed and validated. It 

was demonstrated that the ECDA model, in combination with a simple dipolar solvent 

model, can be used effectively to explore the longer time scales associated with the 

complex ordering processes in the archetypal Zn-carboxylate MOF system of interest. 

The behaviour of the dipolar solvent model is compared to that of both a continuum 

solvent model and an explicit dimethyl formamide (DMF) solvent model, DMF being a 

typical solvent used in experiments. Free energy calculations were performed to provide 
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further validation of the models. The relative free energies obtained are used to help 

explain the observation of the formation of specific structural motifs (or SBUs) reported 

in experiments. In the following sections of this chapter, an introduction to various model 

components, the model validation procedure, discussion on relative free energy 

calculations and the results obtained are presented. 

 

3.2.!Models and methods 
 
3.2.1.! Primary building blocks  

 
The formation of an archetypal Zn-carboxylate MOF requires a minimum of three 

components, i.e., Zn-ions, BDC ligands and solvent. The current study examines rigid 

models corresponding to these three principal components. Acetate ions were also 

introduced as monotopic carboxylate ligands into the simulation systems. This was 

primarily because the acetate ions can serve as capping ligands to allow assembly of 

PWC motifs and discrete MOF-2-like square arrangements. We also note that the smaller 

acetate ions have a somewhat shorter residence time around Zn-ions than BDC ligands, 

thereby facilitating a faster rate of structural rearrangement. The influence of three 

different solvent models, i.e., dipolar, DMF, and continuum solvents, were investigated. 

The typical test system for explicit solvent simulations consisted of eight Zn-ions, four 

BDC ligands, four acetate ions, and appropriate numbers of dipolar/DMF solvents. 

Similarly, the typical continuum solvent test system consisted of the eight Zn-ions, four 

BDC ligands, four acetate ions. These specific test systems (with respect to number of 

metal ions and ligands) allowed exploration of behaviour of systems that can assemble 

into four PWCs or a single MOF-2-like square arrangement. The system size dependence 
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and their influences on self-assembly processes will be examined and discussed in 

Chapter 4.  

 

 

Figure 3.1. Three different Zn-ion models, two explicit solvent models, and 1,4-benzene-

di-carboxylate (BDC) ligand models used in this study. a) Non-bonded(I) Zn-ion model; 

b) CDA(I) Zn-ion model; c) ECDA(I) Zn-ion model; d) sol-0.55 dipolar solvent model; 

e) united-atom DMF solvent model; f) all-atom 1,4-BDC ligand model; g) coarse-grained 

1,4-BDC ligand model. 

 

3.2.2.!Non-bonded, CDA, and ECDA Zn-ion models 
 
To probe the behaviour of the Zn-ion models important for self-assembly, three 

types of Zn-ion models were examined, a non-bonded point charge, a CDA, and an 

ECDA model (see Figure 3.1). Since charge transfer, from coordination ligands to metal-

ions, is known to play an important role in the coordinating behaviour of transition metal-

ions [166], its effect on structural and thermodynamics behaviour of an archetypal Zn-

carboxylate system was investigated in the current study. Within a simplified (i.e., 
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effective) potential, the charge transfer effect can be implicitly incorporated by reducing 

the net charge of the model Zn-ions [167]. Accordingly, a reduced charge value of +1.4 

was assigned to the Zn-ion models, where we note that similar reduced charge values for 

Zn-ion models have been used in other simulation studies [168]. The two Zn-ion models 

carrying net charge values of +1.4 and +2 will be referred to as models (I) and (II), 

respectively. For example, the non-bonded models carrying charges +1.4 and +2 are 

termed as non-bonded(I) and non-bonded(II) models, respectively.   

The CDA model implemented in this study has a square planar geometry, where 

the dummy atom sites are 0.9 Å from the central atomic site. Each of the four dummy 

atoms possesses a charge value of +0.35 and +0.5 for the CDA(I) and CDA(II) models, 

respectively. The short-range force-field parameters (i.e., Lennard-Jones (LJ) parameters) 

of the original Zn-ion CDA model were found to be inappropriate for the current study 

(i.e., unable to reproduce experimental MOF structure) and consequently values from 

another previous simulation study [155] were adopted. The extended CDA, or ECDA, 

models (I and II) are similar to the CDA models in that a square planar geometry is 

imposed on the four dummy atom sites attached to the central atom site. However, the 

charge distribution for the ECDA model has been adjusted, where each of the dummy 

atoms carries a partial charge of +δ, while the central atom possesses a charge of (q - 4δ), 

thereby yielding a net charge of +q (q = +2 or +1.4) on the ECDA Zn-ion model. A 

partial charge value of +0.1 for the dummy atomic sites was found to work well.  

 

!
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!
3.2.3.! Ligand models 
 
 Standard OPLS force-field parameters [168] were used for the LJ interactions for 

both mono- and ditopic carboxylate ligands, i.e., acetate and BDC ligands (see Table 

3.1). Both all-atom and united atom models using OPLS force-field parameters for the 

acetate ion were explored, and were found to have no significant impact on the observed 

behaviour. The charge distributions on the carboxylate groups of the ligands were 

modified according to the net charge of the Zn-ion model in the systems. Specifically, the 

acetate and BDC ligands carry a net charge of -1 and -2, respectively, for the systems 

consisting of type II Zn-ion models (with a net charge of +2), and the acetate and BDC  

 

Table 3.1. Force field parameters for van der Waals and Coulombic interactions, 

i.e.,!", $, and q (partial charge) for the ECDA(I) Zn-ion model, all-atom BDC ligand, 

united atom acetate ligand, dipolar solvent, and united-atom DMF solvent model. 

 

Model Atom type   q   % (nm) !& (kJ/mol) 

ECDA(I)  
Zn-ion 

Zn 1.0 1.95e-01 1.04600e-00 
DZ (dummy atom) 0.1 0.0 0.0 

BDC ligand 
 
 
 
 

Ocarbox (carboxylate oxygen) -0.6 2.96e-01 8.78640e-01 
Ccarbox  (carboxylate carbon) 0.4 3.75e-01 4.39320e-01 

Cring (carbon atom in benzene ring) -0.115 3.55e-01 2.92880e-01 
Hring (hydrogen atom in benzene ring) 0.115 2.42e-01 1.25520e-01 

Cr-carbox (carbon atom attached to Ccarbox) 0.1 3.55e-01 2.92880e-01 
Acetate ligand Ocarbox (carboxylate oxygen) -0.6 2.96e-01 8.78640e-01 

Ccarbox  (carboxylate carbon) 0.6 3.75e-01 4.39320e-01 
CCH3  (CH3 group attached to Ccarbox) -0.1 3.50e-01 2.76144e-01 

Dipolar solvent 
(e.g., sol-0.55) 

O1 0.55 2.96e-01 8.78640e-01 
O2 -0.55 2.96e-01 8.78640e-01 

DMF solvent O -0.5 2.96e-01 8.78640e-01 
N -0.57 3.25e-01 7.11280e-01 
C 0.5 3.80e-01 4.81160e-01 

CH3 0.285 3.80e-01 7.11280e-01 
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ligands carry a net charge of -0.7 and -1.4, respectively, for the systems incorporating 

type I Zn-ion models (with a net charge of +1.4). The coarse grained BDC ligand model 

introduced in this study consists of a rigid, four membered rhombus-shaped ring at its 

center that embodies four carbon atoms at the four apices (see Figure 3.1g). The opposite 

pair of vertices that are joined together by the longer diagonal of the rhombus are 

connected to two oxygen atoms each, bearing a resemblance to the two carboxylate 

groups of BDC. OPLS force field parameters were used to represent van der Waals 

interaction for both the carbon and oxygen atoms. A comparison between the behaviour 

of coarse-grained and all-atom BDC ligand models is presented in the Results and 

Discussion section. 

 

3.2.4.!Solvent models 
  

As mentioned earlier, three different solvent models were examined in the current 

study. A simple dipolar solvent model (see Figure 3.1) was designed for computational 

expediency in explicit solvent MD simulations. Dipolar solvent molecules consist of two 

atomic sites carrying equal magnitude and opposite sign charges separated by a distance 

of 1Å; LJ interaction parameters of an oxygen atom from OPLS force field were 

employed for both atoms of the molecule. By varying the magnitude of the partial 

charges on both the atomic sites, solvent models with different polarities were generated. 

For example, a solv-0.2 model carries charges of ± 0.2 and has a dielectric constant of ~4 

at 300 K; a sol-0.6 model possesses charges of ± 0.6 and has a dielectric constant of ~107 

at 300 K. Table 3.2 lists the dipole moments and dielectric constants at 300 K for 

different dipolar solvent models.  
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 A united atom model for the DMF molecule (see Figure 3.1), using OPLS force-

field parameters, was employed in the explicit DMF solvent MD simulations. The 

structural characteristics and dynamics of explicit DMF solvent simulation systems were 

compared to those of explicit dipolar solvent and continuum solvent simulation systems 

to assess if a simplified solvent model could be reasonably employed to enable 

exploration of longer time scale and larger length scale ordering events. 

   

Table 3.2. The dipole moments and dielectric constants of different dipolar model 

solvents at 300 K. 

 

Dipolar solvent Partial charge Dipole moment    
(D) 

Dielectric 
constant 

Sol-0.7 ± 0.7 3.3 338.8 
Sol-0.6 ± 0.6 2.8 107.7 
Sol-0.5 ± 0.5 2.4 48.9 
Sol-0.4 ± 0.4 1.9 23.4 
Sol-0.3 ± 0.3 1.4 10.7 
Sol-0.2 ± 0.2 0.9 4.1 

 

 In the continuum solvent simulations, purely repulsive Weeks-Chandler-Andersen 

(WCA) potentials [140] were used to model short ranged interactions between all types 

of atoms except those between metal ions. Utilization of WCA potentials helps to prevent 

the collapse of the otherwise open structures formed during simulations; a similar 

approach was used in previous continuum solvent simulation studies of MOF formation 

[98-100]. The continuum solvent simulations were performed via Langevin dynamics 

(LD), where solvent screening of the electrostatic interactions was achieved by varying 

the dielectric constant ($) of the continuum solvent medium. Similar to previous work 
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[98], three $ values were considered, $ = 2, 2.5, and 3, to explore their effects on self-

assembly processes.  

 

3.2.5.!Model validation procedure 
 
The performance of the six Zn-ion models was examined by comparing their 

abilities to reproduce key structural features of an experimental MOF-2-like structure. 

Specifically, we aimed to reproduce the experimental Zn-Zn and Zn-O (carboxylate 

oxygen) distances in the PWCs that constitute the vertices of a MOF-2-like structure. 

Accordingly, a periodic unit cell of an experimental MOF-2-like crystal structure was 

constructed that consists of eight Zn-ions, eight BDC ligands and eight water molecules 

in a rectangular simulation box. Simulations of this periodic structure were performed in 

explicit dipolar (sol-0.3) solvent, explicit DMF, and continuum solvent ($ = 1) media. 

The LD simulations with $ = 1 mimic the desolvated conditions in which experimental 

crystal structures are determined, and thus should be the most appropriate for comparison 

with an experimental MOF-2 structure [103]. The simulations were performed for the 

CDA(I), ECDA(I), and non-bonded(I) Zn-ion models, and the behaviour of these systems 

were compared to those incorporating CDA(II), ECDA(II), and non-bonded(II) Zn-ion 

models. For all types of simulation systems, initial energy minimizations were performed 

using a steepest descent algorithm, which was followed by 100 ps equilibration at a 

temperature of 300 K and pressure of 1 bar. Production simulations of 1 ns (at T = 300 K, 

P = 1 bar) for each of the Zn-ion models were performed, where the trajectories were 

sampled every 1 ps to calculate the Zn-Zn and Zn-O radial distribution functions. 
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Figure 3.2. The four selected structural motifs (or SBUs in MOF structures) examined in 

relative free energy calculations. A) PWC-4 motif or the SBU of a MOF-2 structure 

[103]; B) trimeric Zn-ion cluster or the SBU of a MOF-3 structure [104]; C) monomeric 

Zn-ion complex that constitute the vertices of a 1-D coordination polymer [106]; D) 

dimeric Zn-ion cluster that constitute the vertices of a 2-D MOF structure [107]. The Zn-

ions and BDC ligands are grey and green, respectively. The water molecules at the axial 

coordination-sites of the Zn-ions are shown in blue and red CPK representation. 

 

In addition, various sets of MD simulations (typically including ten independent 

trajectories for each set) were performed to investigate the differences in structural and 

self-assembly behaviour of the systems in which different types of Zn-ion, ligand and 

solvent models were employed. These trajectories were typically at least 100 ns in length. 
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!
3.2.6.!Calculation of relative free energies (∆∆G)  

 
The archetypal Zn-carboxylate system under investigation here can produce a 

variety of cluster topologies that constitute the vertices/SBUs of various polymeric/MOF 

structures as evidenced by the multitude of Zn-carboxylate crystal structures reported by 

experimental studies [111]. For example, Zn-ions and BDC ligands have been observed 

in experimental studies to form a variety of structural motifs (see Figure 3.2) such as a 

four-blade PWC (or PWC-4), PWC-3 (three blade PWC in which two Zn-ions are 

bridged by three carboxylate groups), trimeric Zn-ion clusters (three Zn-ions bridged by  

 

 

Figure 3.3. Panel (i) presents a schematic diagram for calculation of free energy 

differences per Zn-ion (ΔΔG) between four selected Zn-ligand structural motifs, A, B, C, 

and D (see Figure 3.2). The end state, US, in each of the primary free energy calculations 

represents an ideal unstructured state, where the electrostatic interactions between the Zn-

ions and carboxylate ligands are set to zero. Panel (ii) shows a representative scheme for 

validation of ΔΔG calculations in systems employing either the CDA(I) or ECDA(I) Zn-

ion model, where ΔG1!3 must be equivalent to ΔG1!2 + ΔG2!3 (1!2 represents 

conversion of CDA(I) or ECDA(I) Zn-ions to a non-bonded(I) model; 2!3 represents 

conversion of a non-bonded(I) Zn-ion to the US state). 
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six carboxylate groups), and monomeric Zn-ion complexes (one Zn-ion coordinated to 

two carboxylate groups). To explore thermodynamic factors that might affect formation 

of these structural motifs, calculations of relative free energies were carried out on four 

selected discrete Zn-ion BDC-ligand clusters or structural motifs, i.e., A, B, C, and D, in 

Figure 3.2.  Because the four chosen motifs consist of different numbers of Zn-ions and 

BDC ligands, the free energy of formation per Zn-ion (∆G) from a common reference 

state was estimated for each motif, where the thermodynamic integration method [141] 

was employed. An ideal unstructured state, US, in which the coulombic interactions 

between Zn-ions and carboxylate ligands are turned off, was defined as the common 

reference state. Accordingly, the free energy of dissociation per Zn-ion, i.e., ∆GA!US, 

∆GB!US, ∆GC!US, and ∆GD!US, was calculated for each of the four motifs. The free 

energies of formation per Zn-ion for the four motifs were then compared by determining 

the relative free energy differences (∆∆G), e.g., ∆∆GA!B is the relative free energy 

difference between the discrete states A and B. As free energy is a state function, the 

transformation from motif A to motif B can be made via a real or fictitious 

thermodynamic path. These free energy calculations were performed in two different 

solvent media, a non-polar toluene and a polar DMF solvent, for all six Zn-ion models. 

The free energy differences (i.e., ∆∆G values) were used to characterize schematic 

thermodynamic transitions connecting the four selected clusters (see Figure 3.3).  

 

!
 

!
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3.3.!Results and Discussion 
 
3.3.1.!Zn-ion model validation 

 
The strength of electrostatic interactions between Zn-ions and carboxylate oxygens 

is greatest for systems with the CDA Zn-ion model and smallest for systems using non-

bonded Zn-ion model. The increased magnitude of electrostatic interaction for systems 

  

 

Figure 3.4. Snapshots of a periodic MOF-2-like square arrangement as seen at the end of 

Langevin dynamics (LD) simulations ($ = 1) performed at 300 K, for systems containing 

(a) non-bonded(I), (b) CDA(I), and (c) ECDA(I) Zn-ion models. The panels (d) and (e) 

show Zn-Zn and Zn-O radial distribution functions (rdfs), respectively, for the periodic 

MOF-2 structure, where the purple, cyan and blue curves correspond to systems 

employing the non-bonded(I), CDA(I), and ECDA(I) Zn-ion models, respectively. Ions 

and ligands appear as in Figure 3.2. In panel (d), the black dashed line represents the 

position of the 1st peak in the experimental Zn-Zn rdf for a MOF-2 structure [103]. Ions 

and ligands appear as in Figure 3.2.  
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with the CDA Zn-ion model arises due to the reduced distance between the positive 

charge sites (i.e., the dummy atoms) and the carboxylate oxygens compared to the 

distance between the point charge at the center of the Zn-ion and carboxylate oxygens as 

in the non-bonded Zn-ion model. The ECDA Zn-ion model exhibits characteristics 

intermediate between that of the non-bonded and CDA model as both the center site and 

dummy atom sites carry partial charges. 

Figure 3.4 shows snapshots of a periodic MOF-2-like square arrangement from 

continuum solvent ($  =1) LD simulations employing the non-bonded(I), CDA(I), and 

ECDA(I) Zn-ion models and compares the Zn-Zn and Zn-O (carboxylate oxygen) radial 

distribution functions (rdfs) for these systems. Visualization of the trajectory for the 

system using the ECDA(I) model revealed that the square pyramidal coordination 

geometry of each Zn-ion (i.e., Zn-ion coordinated to four carboxylate oxygens and one 

water oxygen) and the periodic MOF-2-like square arrangement were maintained during 

simulation (see Figure 3.4c). While the CDA(I) model was also able to maintain the 

periodic MOF-2-like square arrangement, it was not able to preserve the square 

pyramidal coordination geometries of the Zn-ions (see Figure 3.4b). Specifically, some of 

the water molecules at the axial coordination sites of the Zn-ions were displaced during 

the simulation. The non-bonded(I) Zn-ion model was unable to preserve the square 

pyramidal coordination geometry (see Figure 3.4a), rather preferring a distorted 

octahedral coordination geometry for the Zn-ions. This coordination preference in turn 

distorts the PWCs in the periodic MOF-2-like structure. 
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 Experimental MOF-2 crystal structures (desolvated) yield a Zn-Zn distance of 

~2.94 Å and a Zn-O (carboxylate oxygen) distance of ~2.01 – 2.07 Å in the PWCs [108].  

 

 

Figure 3.5. The panels (a) and (b) show Zn-Zn and Zn-O radial distribution functions 

(rdfs), respectively, obtained for a periodic MOF-2 structure, where the purple, cyan and 

blue curves correspond to explicit DMF solvent systems employing the non-bonded(I), 

CDA(I), and ECDA(I) Zn-ion models, respectively. Snapshots of MOF-2-like periodic 

arrangements in simulations performed at 300 K, for systems containing (c) non-

bonded(I), (d) ECDA(I) and (e) CDA(I) Zn-ion models. Ions and ligands appear as in 

Figure 3.2 and solvents are not shown for visual clarity. 

!
A comparison of the first peaks in the Zn-Zn rdfs for model(I) Zn-ions in 

continuum solvent gives Zn-Zn distances of ~2.57 Å, ~2.92 Å, and ~3.30 Å (see Figure  
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Figure 3.6. The panels (a) and (b) show Zn-Zn and Zn-O rdfs, respectively, obtained for 

a periodic MOF-2 structure, where the purple, cyan and blue curves correspond to 

explicit sol-0.3 dipolar solvent systems employing the non-bonded(I), CDA(I), and 

ECDA(I) Zn-ion models, respectively. Snapshots of MOF-2-like periodic arrangements 

in simulations performed at 300 K for systems containing (c) non-bonded(I) and (d) 

CDA(I), Zn-ion models. Ions and ligands appear as in Figure 3.2, and solvents are not 

shown for visual clarity.  

  

3.4d) for the CDA(I), ECDA(I), and non-bonded(I) models, respectively. Similarly, the 

first peaks in Zn-O rdfs yield Zn-O distances of ~1.95 Å, ~2.02 Å, and ~2.06 Å (see 

Figure 3.4e) for the CDA(I), ECDA(I), and non-bonded(I) models, respectively. 

Although both the ECDA(I) and non-bonded(I) Zn-ion models were able to reproduce the 

experimental Zn-O distance, the CDA(I) model apparently prefers a slightly shorter Zn-O 

distance. While these Zn-O distances are within an acceptable range for all three Zn-ion 

(I) models, only the Zn-Zn distance obtained from the ECDA(I) model system is in good 
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agreement with the experimental MOF-2 structure.  In explicit DMF (see Figure 3.5) and 

dipolar (see Figure 3.6) solvent simulations, the CDA(I), ECDA(I), and non-bonded(I) 

Zn-ion models exhibit structural characteristics similar to those observed in continuum 

solvent simulation. However, the effect of screening by polar DMF solvent molecules on 

the interactions between carboxylate oxygens and Zn-ions is apparent in all three  

 

 

Figure 3.7. Structure of MOF-2-like square arrangement as seen at the end of LD 

simulations ($ = 1) at 300 K. Frames (a) and (b) show a comparison of Zn-Zn and Zn-O 

rdfs, respectively, between simulation systems employing the non-bonded(I), CDA(I), 

ECDA(I), non-bonded(II), CDA(II), and ECDA(II) Zn-ion models. Panels (c), (d) and (e) 

show snapshots of the systems employing CDA(II), ECDA(II), and non-bonded(II) Zn-

ion models, respectively, as seen at the end of the LD simulations. 
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systems, most dramatically observed through wider peaks in the Zn-Zn rdf for the system 

with the non-bonded(I) Zn-ion model. A similar effect was also observed in explicit 

dipolar solvent simulations (see Figure 3.6) for systems with the non- bonded(I) Zn-ion 

model. 

In explicit solvent systems (see Figure 3.5 and 3.6), the first peak in the Zn-Zn rdf 

is generally wider compared to that in continuum solvent simulations, where this effect is 

most pronounced for the non-bonded(I) Zn-ion model. This is indicative of the distorted 

coordination geometry of the Zn-ions in the periodic structure of the system using 

thenon-bonded(I) Zn-ion model. Furthermore, we also observed that the polar DMF 

solvent has a more pronounced effect on the Zn-Zn distance compared to the less polar 

sol-0.3 dipolar solvent.  

  Figure 3.7 compares Zn-Zn and Zn-O rdfs and shows snapshots of the periodic 

MOF-2-like square arrangement from continuum solvent simulations employing the Zn-

ion models carrying net charge values of +1.4 and +2. Both the CDA(II) and ECDA(II) 

models exhibit characteristics similar to that of the CDA(I) and ECDA(I) models, 

respectively, whereas the non-bonded(II) model resulted in a distorted periodic structure 

with little resemblance to the MOF-2 structure. In this new structure (see Figure 3.7e), 

the Zn-ion dimers are bridged by two BDC ligands and each Zn-ion is coordinated to 

another BDC ligand.  

  A net charge value of +2 for the Zn-ions in the non-bonded(II), CDA(II) and 

ECDA(II) models further strengthens the attractive interactions between Zn-ions and 

carboxylate oxygens leading to shorter Zn-O distances for all three Zn-ion models (see 

Figure 3.7b). At the same time, the larger Zn-ion charge leads to stronger repulsion 
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between the two Zn-ions in a PWC. Therefore, Zn-Zn distances tend to be relatively 

longer for model (II) systems in comparison to those in systems employing model (I) Zn-

ions. The effect of a stronger repulsion between the Zn-ions is most pronounced in the 

system with the non-bonded(II) model (see Figure 3.7a). Specifically, the Zn-Zn 

separation increases from 3.30 Å for the non-bonded(I) model to ~4.63 Å for the non-

bonded(II) model. Our comparison of snapshots of these two systems had identified a 

distortion of the structure in the latter (namely that the 3-D PWC arrangement is modified 

into a 2-D planar arrangement).  

 Overall, our results (both visualization and comparison of rdfs) reveal that the 

ECDA(I) Zn-ion model is superior to the other models examined and performs well in 

reproducing the experimental MOF-2 structure. The performance of these models in 

predicting the relative thermodynamic stabilities of several key structures will now be 

investigated.  

 

3.3.2.!Relative free energy calculation  
 
In the simulations supporting our relative free energy calculations, transformations 

of the original structures were sometimes observed to occur for specific combinations of 

Zn-ion and solvent models. For example, the structural motifs A and D sometimes 

transformed into a fifth type of structure, labeled as motif E (see Figure 3.8). Similarly, 

structural motif B appeared to transform into a sixth type of structure, labeled as motif F, 

in toluene solvent systems employing the CDA(I) model (see Figure 3.8). The structural 

motif E has a PWC-3 like topology, where two Zn-ion are bridged by three BDC ligands  
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Figure 3.8. Zn-ion model dependence of the difference in free energy per Zn-ion (ΔΔG) 

between the four structural motifs, A, B, C and D, solvated in Toluene and DMF solvents 

at a temperature of 300 K. In this schematic diagram, the magenta, cyan, blue, green, red 

and black lines correspond to the relative free energies of the structural motifs A, B, C, 

D, E and F, respectively. Schematic representations for each of these structural motifs are 

also given in appropriately colored insets, where we note that the structural motif E is 

seen to arise from simulations starting from motifs A and D, in specific combinations of 

Zn-ion models and the simulation solvent (see discussion in text). Structural motif F is 

seen to arise from simulations starting from motif B in toluene solvent systems 

employing CDA Zn-ion model. The dotted lines, which have been added to aid 

comparison, connect values for the same structures.  

!
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with one Zn-ion being coordinated to the fourth BDC ligand. Such an arrangement 

around the Zn-ions generates a combination of tetrahedral/pseudo-octahedral or 

tetrahedral/trigonal-bi-pyramidal coordination geometries for the two Zn-ions in the 

structural motif E. Structural conversions between motif A and motif E (or structural 

variants of motif E) were observed both in explicit toluene solvent systems with the 

ECDA(I) and non-bonded(I) Zn-ion models, and in explicit DMF solvent simulations 

with all three Zn-ion (I) models. Similarly, structural conversion between motif D and 

motif E were noted both in DMF and toluene solvent systems with the non-bonded(I) and 

ECDA(I) Zn-ion models, and in an explicit toluene solvent simulation with the CDA(I) 

Zn-ion model. These structural transformations indicate that a discrete PWC-4 motif is 

apparently stable only in relatively non-polar solvents employing the CDA(I) Zn-ion 

  

Table 3.3. Free energy differences corresponding to structural transformations between 

the six motifs, A, B, C, D, E, and F and the end state US (A!US, B!US, C!US, 

D!US, E!US, F!US) for systems with non-bonded(I) (ΔGnon-bonded(I)), ECDA(I) 

(ΔGECDA(I)) and CDA(I) (ΔGCDA(I)) Zn-ion models.  

 

Structural 
Transformation 

ΔGnon-bonded(I) per 
 Zn-ion in kJ/mol 

 

ΔGECDA(I) per 
 Zn-ion in kJ/mol 

ΔGCDA(I) per 
 Zn-ion in kJ/mol 

 Toluene DMF Toluene DMF Toluene DMF 
A!US - - - - - - 

B!US 1374.8 1389.0 1366.9 1383.6 - 1293.6 

C!US 1328.2 1387.6 1323.3 1374.4 1236.0 1264.8 

D!US - - - - - 1279.6 

E!US 1365.0 1387.1 1359.3 1388.3 1274.1 1288.8 

F!US - - - - 1288.0 - 
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model. In structural motif F, the three Zn-ions with six bridging carboxylates and two 

water molecules are arranged into a trigonal shaped motif, where each Zn-ion attains a 

square planar geometry. The transformation from motif B to F in toluene solvent can be 

understood on the basis of the specific structural aspects of the CDA(I) model that 

strongly imposes a square planar geometry on the Zn-ions. As a result, it is unlikely for 

the square-planar CDA(I) model to favor the tetrahedral geometries of the two terminal 

Zn-ions in motif B. In explicit DMF solvent simulation, although structural conversion 

between motif B and F was not observed for the CDA(I) model system, the coordination 

structure of the two Zn-ions in motif B changes from tetrahedral to square planar (see 

Figure 3.8).   

Table 3.3 provides the free energies estimated for the structural transformation 

between the six motifs, namely motif A, B, C, D, E and F (see Figure 3.2), and the end 

state US, as per the scheme shown in Figure 3.3. The calculations of relative free energies 

per Zn-ion (see Figure 3.8) reveal that motifs B, B, and F represent structural entities with 

the lowest free energies in an explicit toluene solvent system employing the non-

bonded(I), ECDA(I), and CDA(I) Zn-ion models, respectively. Explicit DMF solvent 

systems with the non-bonded(I), ECDA(I), and CDA(I) Zn-ion models feature motifs B, 

E, and B, respectively, as the lowest free energy structures (see Figure 3.8). In explicit 

DMF solvent systems, the order with respect to decreasing relative free energies is C > B 

> E with the ECDA(I) model, C > D > E > B with the CDA(I) model, and E > C > B with 

the non-bonded(I) model (although the differences are small). In explicit toluene solvent 

systems, the order with respect to decreasing relative free energies is C > E > B with the 

ECDA(I) model, C > A > F with the CDA(I) model, and C > E > B with the non-
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bonded(I) model. The structural motif C, i.e., the monomeric Zn-complex, has the highest 

relative free energy in non-polar solvent systems with all three Zn-ion (I) models and in 

polar solvent systems with the ECDA(I) and CDA(I) Zn-ion models. This observation 

can be correlated to the gas-phase density functional theory (DFT) calculation of 

Bureekaew et al. [170], which reported that formation of a dimeric Zn-ion based PWC-4 

motif from two monomers is energetically downhill. Therefore, monomeric Zn-ion 

complexes (e.g., motif C) can be anticipated to form primarily as kinetic products prior to 

formation of dimeric Zn clusters (either motif A or motif E) during self-assembly 

processes in Zn-carboxylate systems.  

  While experimental estimations of the relative free energies for different 

MOFs/coordination polymers that can form from Zn-ions and BDC ligands are currently 

unknown (to the best of our knowledge), the enthalpies of formation for some specific 

discrete structural motifs and Zn-carboxylate MOFs, such as Zn(CH3COO)2.2H2O [171], 

MOF-5(DEF) [172], Zn-HKUST-DMF [172], and ZIFs [174], have been determined 

from calorimetry experiments. We note that the Zn-HKUST-DMF MOF is similar to a 

MOF-2 structure with respect to its constituent SBUs that are comprised of Zn-ions, 

1,3,5-benzene-tri-carboxylate ligands and DMF molecules arranged in a PWC. In the 

absence of experimental free energy estimations, however, qualitative free energy trends 

may be predicted from experimental enthalpies of formation and structural trends. For 

example, an in situ crystallography experiment, focused on MOF-2 synthesis at room 

temperature [111], showed evidence of formation of a MOF-3-like structure prior to 

structural conversion to MOF-2. Accordingly, a MOF-2-like structure (consisting of 

PWC-4, or structural motif A, as SBUs) can be anticipated to have lower free energy than 
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a MOF-3-like structure (consisting of trimeric Zn-ion clusters, or structural motif B, as 

SBUs). Additionally, experimental studies have revealed that PWC-3 motifs are more 

frequently observed compared to the PWC-4 motifs as vertices of Zn-ion based 

coordination polymers or discrete coordination complexes. During the free energy 

calculations, PWC-4 motifs were observed to transform into PWC-3 motifs in both polar 

and non-polar solvent systems with ECDA(I) or non-bonded(I) Zn-ion models, and in a 

polar DMF solvent system with the CDA(I) model. The conversion between a PWC-4 

and a PWC-3 motif can be explained on the basis of an entropy effect, as a four-blade 

PWC-4 motif is more ordered (i.e., appears more rigid) compared to a three-blade PWC-3 

motif. Hence, a discrete PWC-3 motif is expected to be favored in the absence of stronger 

enthalpic compensations. For systems with the CDA(I) Zn-ion model, the increased 

electrostatic interaction between the Zn-ions and carboxylate oxygens possibly outweighs 

the entropic penalty, thereby stabilizing the PWC-4 motif relative to the PWC-3 motif.  

 Based on the estimated free energy trends from Figure 3.8, the apparent structural 

preferences exhibited by the three Zn-ion (I) models can be correlated with structural 

preferences of three different divalent metal ions, such as Mg2+ ion, Zn2+ ion, and Cu2+ 

ion. In general, the non-bonded(I) model slightly favors the structural trimeric clusters, 

i.e., the motif B, and corresponds well with the behaviour typical of a Mg2+. 

Experimentally, trimeric Mg2+ ion clusters (bridged by six carboxylates) are formed 

much more frequently compared to dimeric Mg2+ ion clusters in PWC-4 motifs [175, 

176]. Similarly, the CDA(I) model, with a strong preference for square planar 

arrangements, seems to mimic the orbital directing effect of a Cu2+ ion. For example, 

Bureekaew et al. [170] reported that copper ions stabilize PWC-4 motifs, where this 
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behaviour was explained on the basis of a preference for square planar geometry arising 

from the orbital directing effects of a Cu2+-ion. The ECDA(I) model exhibits 

characteristics more consistent with a Zn-ion, which has a preference for tetrahedral 

coordination geometry, although other types of coordination geometries are also 

observed. Hence, the ECDA(I) model appears to be a superior choice for exploring self-

assembly processes in archetypal Zn-carboxylate systems. The structural influences of 

these Zn-ion models were further investigated during self-assembly processes, and will 

be discussed in the following sections.   

 

3.3.3.!Characterization of solvent relaxation 
 
Given the strong electrostatic interactions between Zn-ions and carboxylate ligands 

that drive the self-assembly processes, a dipolar solvent model with appropriate polarity 

is necessary to provide the electrostatic screening necessary for facilitation of structural 

rearrangements over reasonable time scales. To this end multiple sets of simulations were 

performed for the test systems (described in the method section) with different dipolar 

solvents, i.e., sol-0.2, sol-0.3, sol-0.4, sol-0.5, sol-0.55, sol-0.6. These test systems used 

the ECDA(I) model to represent Zn-ions. 

  To help examine how different solvents influence the dynamics of these systems, 

residence time correlation functions (RTCF) of solvents around Zn-ions were determined. 

The RTCF is given by [177], 

)*+ , = ! - .*+ / − .*+ / + , 2/ ,!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(3.1) 
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where δ N9: t − N9: t + τ = 1  when N9: t = N9: t + τ ≠ 0  and δ N9: t −

N9: t + τ  = 0 when either N9: t ≠ !N9: t + τ !or N9: t = N9: t + τ = 0. The value of 

N9: t  is equal to 1 if the solvent molecule ? at time t is found within the solvation sphere 

(defined by a cut-off radius) of the Zn-ion @, and zero otherwise. The cut-off radius was 

determined from the Zn-solvent radial distribution function and a value of 2.5 Å was 

used. The average value of the integral in equation (1) was evaluated by summing and 

averaging it over all the Zn-ions and solvent molecules in the system. Table 3.4 provides 

Zn-solvent relaxation times extracted from bi-exponential fits to the Zn-solvent residence 

time correlation functions for different dipolar solvents at 300 K and 450 K, where the 

RTCFs were averaged over three trajectories for each solvent type. In these bi-

exponential fits, A = BC + BDEFG/IJ + BKEFG/IL!, ,D  and ,M  represent the short and long 

relaxation times, and BD and BK are their corresponding weights, respectively.    

 

Table 3.4. Zn-solvent residence time as obtained from bi-exponential fits to the residence 

time correlation functions for different dipolar solvent systems at 300 K and 450 K. 

 

Dipolar 

Solvent 

Residence time at 

300 K 

Residence time 

at 450 K 

NO(PQ) NR(PQ) NO(PQ) NR(PQ) 

sol-0.3 37 1.7×102 3.0 53 

sol-0.4 83 3.8 ×102 33 86 

sol-0.5 4.7×102 2.8×103 44 1.4×102 

sol-0.6 7.1×102 8.8×103 79 3.2×102 
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  Similar to the calculation of Zn-solvent RTCFs, equation (1) was used to 

calculate RTCFs of carboxylate oxygens (i.e., where ?  is now a carboxylate oxygen) 

around Zn-ions in different solvent systems. However, the relaxation times of the ligands 

were typically too long to be reasonably quantified and compared across different dipolar 

solvents; for example, the Zn-ligand RTCF in sol-0.3 and sol-0.4 dipolar solvents were 

observed to essentially show no decay over 30 ns of simulation.  

 A comparison of the Zn-solvent relaxation times at the two temperatures studied, 

300 K and 450 K, shows shorter solvent residence times at higher temperature, as 

expected, for all types of dipolar solvents. A shorter residence time of solvent molecules 

is indirectly linked with a longer residence time of carboxylate ligands around Zn-ions, as 

observed in sol-0.3 and sol-0.4 solvent systems for example. A shorter residence time of 

ligands around the Zn-ions would imply a faster rate of structural rearrangements during 

self-assembly processes, for example as observed in sol-0.6 solvent systems. From the 

qualitative and quantitative comparison of Zn-ligand and Zn-solvent RTCFs, it appears 

that systems with relatively high polarity solvents (e.g., sol-0.6, sol-0.55, and sol-0.5) at 

high temperature (e.g., 450 K) can be suitably used to explore self-assembly processes 

within a reasonable computational time (e.g., 1 Ss). Nevertheless, a suitable solvent 

medium should also be able to produce key structures or motifs (e.g., PWC-3 motifs) 

expected for this archetypal Zn-carboxylate system, while aiding in a reasonably fast 

structural rearrangement during simulations. 

 Figure 3.9 shows Zn-Zn rdfs, each averaged over ten trajectories, in explicit DMF 

solvent systems within four different time windows (0 -10 ns, 10 – 50 ns, 50 – 250 ns,  
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Figure 3.9. Evolution of Zn-Zn rdfs, obtained within different time windows, during 

explicit solvent simulations employing the ECDA(I) Zn-ion model. Black, red, green and 

blue lines represent the Zn-Zn rdfs obtained within time windows of 0-10 ns, 10-50 ns, 

50-250 ns, and 500-1000 ns, respectively, in DMF solvent. The inset figure shows the 

evolution of Zn-Zn rdfs within two time windows (i.e., 0-10 ns (black curve), 10-50 ns 

(red curve) for dipolar solvent (sol-0.3) systems, where the rdf was observed to not 

change significantly in subsequent time windows. 

 

and 500 – 1000 ns). The inset figure shows the same in explicit sol-0.3 dipolar solvent  

systems within two time windows, i.e. 0-10 ns, 10-50 ns. A comparison of the time 

evolution of the rdfs between the DMF and sol-0.3 solvent systems shows a much faster 

rate of initial Zn- ligand aggregation in sol-0.3 solvent systems followed by a much 

slower rate of subsequent Zn-ligand rearrangement relative to the DMF solvent systems. 

This difference in the dynamics between systems employing more polar and less polar 

solvents was typical across the different dipolar solvents investigated. For example, the 

Zn-Zn rdf calculated within the 10-50 ns time window appears similar to that calculated 

within the time window of 0-10 ns in the less polar sol-0.3 solvent systems (see inset 
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figure in Figure 3.9). In more polar solvent systems, the solvent screening tends to 

slightly weaken the interactions between Zn-ions and ligands, thereby allowing structural 

reorganizations to occur, as apparent from the evolution of Zn-Zn rdfs in DMF solvent 

systems.  

 Figure 3.10 shows some representative snapshots of the structures observed at the 

end of typical (100 ns long) simulation trajectories for systems containing sol-0.3, sol-

0.4, sol-0.5, sol-0.6, and DMF solvents. Visualization analyses of simulation trajectories 

 

 

Figure 3.10. Snapshots of representative structures observed at the end of typical 

simulation trajectories for systems containing sol-0.3 (a), sol-0.4 (b), sol-0.5(c), sol-0.6 

(d), and DMF (e) solvent molecules. Dipolar solvents and DMF molecules are shown in 

CPK and line presentations, respectively, ions and ligands appear as in Figure 3.2, and 

figures are shaded by depth.  



! 90!

 

 

Figure 3.11. Solvent dependence of the normalized fraction (by maximum number 

possible) of Zn-ion clusters (.TUVWGXYZ .[\]Z ) for different cluster sizes in simulation 

systems employing the ECDA(I) Zn-ion model at 450 K. Evolution of .TUVWGXYZ .[\]Z !in 

sol-0.3, sol-0.4, sol-0.5, sol-0.6 and DMF solvent systems are shown in frames (a), (b), 

(c), (d), and (e), respectively. The black, red, green, blue and magenta curves represent 

single Zn-ions, size 2, size 3, size 4, and size 5 Zn-ion clusters, respectively. We note that 

for DMF solvent systems, the evolution of .TUVWGXYZ .[\]Z !is shown over a longer time 

window.  
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for these solvent systems again reveal that less polar solvents (e.g., sol-0.3) aid in 

formation of relatively dense, amorphous structures while more polar solvents (e.g., sol-

0.55) facilitate formation of more open, ordered structures.   

 

3.3.4.!Cluster size distributions 

3.3.4.1.!  Solvent influence  
 

To explore further the structural implications of different solvent and different ion 

models, Zn-Zn and Zn-ligand cluster size distributions were examined. The sizes of 

various Zn-ion clusters formed during self-assembly processes can be used to investigate 

and characterize the general features of ordering processes. In this analysis, Zn-ions were 

considered part of the same cluster if the Zn-Zn distance was ≤ 5 Å, where this cut-off 

value was determined from the Zn-Zn radial distribution function for these systems. Zn 

clusters of size 2, 3, 4, and 5 were identified, and the numbers of clusters (.TUVWGXYZ ) of 

size ^ were calculated. Figure 3.11 shows the time evolution of the normalized fraction 

of clusters (.TUVWGXYZ .[\]Z ) for different cluster sizes (i.e., single Zn-ions, size 2, 3, 4 and 

5 clusters), where .[\]Z  represents the maximum number of clusters possible for the 

particular cluster size, ^ . To afford reasonable sampling, these fractions were also 

averaged over 10 trajectories for each solvent system. A comparison of cluster sizes for 

the different dipolar solvent systems reveals that less polar solvents, such as sol-0.3, favor 

formation of a greater number of large cluster sizes, whereas more polar solvents, such as 

sol-0.5 and sol-0.6 favor formation of smaller cluster sizes, such as size 2 and 3 clusters. 

In more polar solvent systems large cluster sizes tend to appear as more ordered open 

structures during the later stages of structural evolution due to slower system dynamics. 
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The behaviour of .TUVWGXYZ .[\]Z  for dipolar solvent systems was also compared to that of 

DMF solvent systems. Because of very slow dynamics in explicit DMF solvent systems 

compared to the dipolar solvent systems, longer simulations were performed. The 

behaviour of the average Zn-ion cluster size distributions demonstrated by DMF solvent 

systems was found to most closely resemble to that of the sol-0.5 dipolar solvent systems 

(and sol-0.55, not shown in Figure 3.11). We note that the values of the charge on the 

oxygen atoms in the DMF model is -0.5, which corresponds to the site charge in the sol-

0.5 dipolar solvent.  

 While the cluster size distributions of Zn-ion clusters revealed important insights, 

it is also useful to explore the relationship of cluster size and ligand coordination. Figure 

3.12 and 3.13 show a comparison of time evolution of normalized fractions of Zn-ligand 

clusters (.TUVWGXY
_ .[\]_ ) for different cluster sizes (`) in different solvent systems. These 

fractions were also averaged over 10 trajectories for each solvent system. A particular 

Zn-ligand cluster size, ` , depends on the number of Zn-ions and the number of 

surrounding carboxylates, where a cut-off distance of 4 Å was used for the Zn-ion and 

carboxylate carbon atom separation. This value was determined from the Zn-carboxylate 

carbon radial distribution function for these systems. In this way, 1-1, 1-2, 1-3 clusters 

(see Figure 3.12) that correspond to single Zn-ions coordinated to one, two, and three 

ligands, respectively, were identified. Similarly, 2-2, 2-3, 2-4 clusters (see Figure 3.13) 

refer to a pair of Zn-ions coordinated to two, three, and four carboxylate groups, 

respectively. Consistent with the time evolution behaviour of Zn-ion clusters, the number 

of 1-1, 1-2, and 1-3 clusters decreased with time after a very rapid initial increase for all  
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Figure 3.12. Evolution of the normalized fraction (by maximum number possible) of Zn-

ligand clusters (.abcQdef
g .hijg ) for different cluster sizes in explicit dipolar and DMF 

solvent simulations performed at 450 K. Single Zn-ions coordinated to one, two, and 

three ligands are denoted as 1-1 (orange curve), 1-2 (green curve), and 1-3 clusters (cyan 

curve), respectively. Evolution of .abcQdef
g .hijg !in sol-0.3, sol-0.4, sol-0.5, sol-0.6 and 

DMF solvent systems are shown in panels (a), (b), (c), (d), and (e), respectively.   

 

types of solvent systems, although the extent of decrease depends on the specific solvent 

employed in that system. Although the 1-2 Zn-ligand cluster was the predominant type of 

single Zn-ion clusters for all solvent systems, sol-0.6 solvent systems exhibited 
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significant percentages of 1-1 clusters as well (see Figure 3.12). The 2-3 and 2-4 Zn-

ligand clusters, which appear to be the dominant types of Zn-ligand clusters, were 

observed to form within ~5 ns of simulation in less polar sol-0.3 and sol-0.4 solvent  

 

 

Figure 3.13. Evolution of the normalized fraction (by maximum number possible) of Zn-

ligand clusters (.abcQdef
g .hijg ) for different cluster sizes in explicit dipolar and DMF 

solvent simulations performed at 450 K. Zn-ion pairs coordinated to two, three, and four 

ligands are labelled as 2-2 (magenta curve), 2-3 (cyan curve), and 2-4 (brown curve) 

clusters, respectively. Evolution of .abcQdef
g .hijg !in sol-0.3, sol-0.4, sol-0.5, sol-0.6 and 

DMF solvent systems are shown in panels (a), (b), (c), (d), and (e), respectively.  
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systems, and within ~20, ~30 and ~100 ns in more polar sol-0.5, sol-0.6 and DMF 

solvent systems, respectively. The percentage of 2-2 Zn-ligand clusters was found to 

apparently increase with solvent polarity. 

  

 

Figure 3.14. Dielectric constant dependence of the averaged normalized fraction of Zn-

ion clusters,! .TUVWGXYZ .[\]Z  (panel a), and averaged normalized fraction of Zn-ligand 

clusters, .TUVWGXY
_ .[\]_  (panel b and c), for different cluster sizes in continuum solvent 

systems employing the ECDA(I) Zn-ion model at 450 K. Single Zn-ions coordinated to 

one, two, and three ligands are denoted as 1-1, 1-2, and 1-3 clusters, respectively. Zn-ion 

pairs coordinated to two, three, and four ligands are labelled as 2-2, 2-3, and 2-4 clusters, 

respectively. The yellow, blue and green bars correspond to ε  = 2, 2.5, and 3, 

respectively. 
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Figure 3.14 shows average values of the normalized fraction of clusters, 

.TUVWGXYZ .[\]Z  (panel a) and ! .TUVWGXY
_ .[\]_  (panel b and c), for different Zn-ion 

cluster sizes and Zn-ligand cluster sizes, respectively, in continuum solvent simulations 

with $ values 2, 2.5 and 3. The averaging was performed over 10 trajectories for each 

system within a time window of 400 – 500 ns. When the value of $ increases, the number 

of single Zn-ions increases, while the number of size 2 and other higher Zn-ion cluster 

sizes decreases. The single Zn-ion and size 2 clusters primarily form 1-2 and 2-3 type Zn-

ligand clusters, respectively, irrespective of the epsilon values in the simulations. A 

comparison of the cluster size distributions from continuum solvent simulations with 

those from explicit solvent simulations reveals that continuum solvent simulations with $ 

= 2 exhibit structural characteristics most similar to those found in explicit DMF solvent 

simulations. For higher dielectric constant values, such as $!= 3, the strength of attractive 

interactions between the Zn-ions and carboxylate groups is weakened, and consequently 

such systems generally prefer less ordered and lower dimensional structures.  

A comparison of the behaviour for dipolar solvent and DMF solvent systems, as 

analyzed through Zn-Zn rdfs and cluster size distributions, consistently demonstrated that 

sol-0.5 or sol-0.55 dipolar solvents can provide a reasonable solvent medium for 

exploring self-assembly processes for Zn-carboxylate systems. However, as a 

consequence of its slightly more polar character, a faster rate of structural rearrangements 

can be achieved through simulations employing the sol-0.55 dipolar solvent model. 

!
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!

3.3.4.2.! Comparison of Zn-ion and ligand model behaviour 
 

Figure 3.15 shows average values of the normalized fraction of clusters, 

.TUVWGXYZ .[\]Z  (panel a) and ! .TUVWGXY
_ .[\]_  (panels b and c) in sol-0.55 solvent 

systems employing non-bonded(I), CDA(I), and ECDA(I) Zn-ion models. The averaging 

was performed over 10 trajectories for each system within time windows of 200 – 300 ns. 

A comparison of these distributions for the three Zn-ion models reveals that the non-

bonded(I) model systems exhibit a strong preference for Zn-ion pair (size-2 cluster)  

 

!

 

Figure 3.15. Zn-ion model dependence of the averaged normalized fraction of Zn-ion 

clusters,! .TUVWGXYZ .[\]Z  (panel a), and the averaged normalized fraction of Zn-ligand 

clusters, .TUVWGXY
_ .[\]_  (panel b and c), for different cluster sizes in explicit dipolar 

solvent simulations at 450 K. The magenta, green, and blue bars correspond to the non-

bonded(I), CDA(I) and ECDA(I) Zn-ion model systems, respectively. 
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formation, the CDA(I) model system favors formation of larger Zn-ion clusters, i.e., size-

3, size-4, and size-5 clusters, and the ECDA(I) model system exhibits structural 

characteristics between these two limits but somewhat closely to the non-bonded(I) 

model system. 

 

 

Figure 3.16. Zn-ion model dependence of the averaged normalized fraction of Zn-ion 

clusters, ! .TUVWGXYZ .[\]Z  (panel a), and averaged normalized fraction of Zn-ligand 

clusters, .TUVWGXY
_ .[\]_  (panels b and c), for different cluster sizes in explicit sol-0.55 

dipolar solvent systems employing the ECDA(I) and (II) Zn-ion models at 450 K. Single 

Zn-ions coordinated to one, two, and three ligands are denoted as 1-1, 1-2, and 1-3 

clusters, respectively. Zn-ion pairs coordinated to two, three, and four ligands are labelled 

as 2-2, 2-3, and 2-4 clusters, respectively. The brown and grey bars correspond to 

systems employing the ECDA(I) and ECDA(II) Zn-ion models, respectively.  

 

Using an analogous comparison of the average values of normalized fraction of 

Zn-ion and Zn-ligand clusters (see Figure 3.16) in sol-0.55 solvent systems for ECDA Zn 
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(I) (i.e., with net charge of +1.4) and ECDA Zn (II) (i.e., with net charge of +2.0) models, 

it was found that ECDA Zn (II) model exhibits an increased preference for single Zn-ions 

and a reduced preference for Zn-ion pairs, relative to the ECDA Zn (I) model. 

 A comparison of cluster size distributions between systems employing all-atom 

(AA) and coarse-grained (CG) BDC ligand models in continuum solvent ( $! = 2) 

simulations revealed some apparent structural differences between the two types of 

model. In continuum solvent simulations, systems using the CG ligand model exhibit a 

greater propensity to form more collapsed structures, with larger cluster sizes (such as 

size 4 and size 5) compared to those employing the AA ligand model. We note that the 

CG ligand model employed in this study should be considered only as a starting point for 

developing appropriately parameterized CG models in future.  

!
3.3.5.!Successful exploration of self-assembly  

 
The above model validation procedure confirmed that the ECDA(I) Zn-ion model 

performs well in reproducing the experimental MOF-2 structure. Furthermore, the 

ECDA(I) Zn-ion model combined with a sol-0.55 dipolar solvent medium facilitates 

formation of key structural motifs anticipated for this Zn-carboxylate system, for example 

as revealed through free energy calculations, while also providing a relatively fast rate of 

structural rearrangements during MD simulations. To test further if this specific 

combination of models is appropriate for investigating assembly of appropriate MOF 

structures during MD simulations, multiple simulation trajectories (250 ns long) were 

generated for systems containing eight ECDA(I) Zn-ions, four BDC ligands, and four  
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Figure 3.17. Snapshots observed at the end of ten different trajectories for explicit sol-

0.55 dipolar solvent simulations performed at 450 K. Systems employing the non-

bonded(I), CDA(I) and ECDA(I) Zn-ion models are shown in frames i – x, a – j, and 1 – 

10, respectively. The Zn-ions, BDC ligands, and acetate ions are colored grey, green, and 

cyan, respectively, and solvent molecules are not shown for visual clarity. 
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acetate ions in explicit sol-0.55 solvent medium. The behaviour of the ECDA(I) Zn-ion 

model systems was then compared with that from analogous sets of runs employing the 

CDA(I) and non-bonded(I) Zn-ion models.  

 Visualization of snapshots from the simulation trajectories for the three sets of 

systems revealed the following general features (see Figure 3.17): 1. the non-bonded(I) 

model exhibits a strong preference for formation of triangular structures consisting 

mostly of Zn-ion pairs; 2. the ECDA(I) model favors formation of a variety of structures 

including triangular and square (MOF-2 like) arrangements; 3. the CDA(I) model 

exhibits a strong tendency to form larger Zn-ion clusters or aggregates that are bridged by  

carboxylate ligands in chain-like structural arrangements. Figure 3.18 presents several 

snapshots from one of the ECDA(I) system trajectories that successfully assembled a 

MOF-2 like square arrangement within 250 ns. This particular trajectory also 

demonstrates an important aspect of the self-assembly process, namely reversibility. A 

(roughly) square arrangement was observed to form within ~30 ns of simulation time (see 

Figure 12b), however unmaking and reassembly of a superior structure was achieved 

within the 250 ns simulation.   

 Both ECDA(I) and non-bonded(I) systems demonstrate a preference for formation 

of Zn-ion pairs and 2-3 Zn-ligand clusters, although the preference is more pronounced in 

systems using the latter Zn-ion model. Systems with the CDA(I) model exhibit a 

preference for polymeric structural entities, where key structural motifs such as Zn-ion 

pairs and 2-3 Zn-ligand clusters are less likely to appear. Hence, the CDA(I) model does 

not appear to represent a suitable model for exploring self-assembly processes in this 

archetypal Zn-carboxylate MOF system. While there are similarities in the behaviour of 
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the ECDA(I) and non-bonded(I) Zn-ion systems, a prominent structural difference was 

found through analysis of average coordination numbers of carboxylate oxygen atoms 

within the immediate coordination shell of the Zn-ions (see Figure 3.19).  On average, 

three carboxylate oxygens were found for the ECDA(I) model, while only two 

   

 

Figure 3.18. Snapshots of a ECDA(I) Zn-ion system at various stages (a –f) of the self-

assembly process, and featuring a MOF-2-like square arrangement, as observed during 

one of the simulation trajectories in explicit dipolar solvent simulations at 450 K.  The 

Zn-ions, BDC ligands, and acetate ions are colored as grey, green, and cyan, respectively, 

and solvents molecules are not shown for visual clarity. 
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Figure 3.19. The average carboxylate oxygen coordination number around Zn-ions for 

ECDA(I) (black curve), CDA(I) (red curve), and non-bonded(I) (green curve) Zn-ion 

models. The averaging was performed over 10 trajectories for each Zn-ion model system.  

 

carboxylate oxygens were calculated for the non-bonded(I) Zn-ion model within the 

immediate coordination shell of the Zn-ions. Increased strength of electrostatic 

interactions leads to a stronger binding of carboxylate oxygens around Zn-ions in systems 

with the ECDA(I) model compared to that in systems with the non-bonded(I) model.  

The appearance of some of the major structures during simulations of self-assembly 

can be reasonably attributed to thermodynamic factors, for example those identified 

through calculations of relative free energies. For example, the PWC-3 motif (motif E, 

see Figure 3.8) has been identified as a free energy minimum structure for systems with 

the ECDA(I) Zn-ion model. Thus, formation of a large number of PWC-3 motifs in 

systems employing the ECDA(I) Zn-ion model appears to be due to its relative stability. 

However, trimeric Zn-ion clusters and monomeric Zn-complexes also appear during 

structural evolution in these systems, and can be considered as kinetic products.  
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3.4.!Conclusion 
  

In this chapter, comparisons of the behaviour of different Zn-ion, ligand and solvent 

models are presented, where the main goal was to identify suitable model combinations 

to explore self-assembly processes in the archetypal Zn-carboxylate system. It was 

demonstrated that the ECDA(I) Zn-ion model can be effectively used to investigate 

relatively longer time-scale ordering events. Notably, the ECDA(I) Zn-ion model is 

capable of reproducing well the structural properties of a MOF-2 structure, a commonly 

occurring MOF structure observed in Zn-carboxylate systems. Also, the ECDA(I) Zn-ion 

model was found to support assembly of key structural motifs anticipated for this 

archetypal Zn-carboxylate system. Investigation of different solvent behaviour 

demonstrated that a sol-0.55 dipolar solvent model appears to be a reasonable choice for 

exploring self-assembly processes in explicit solvent simulations. Thus, a combination of 

the ECDA(I) Zn-ion model, a sol-0.55 dipolar solvent model, and BDC ligands in explicit 

solvent simulations afford a reasonable choice for probing longer time-scale and larger 

length-scale ordering events associated with the self-assembly processes for an archetypal 

Zn-carboxylate system. In the next chapter, a successful application of these models to 

the elucidation of the self-assembly mechanisms during the earlier stages of MOF self-

assembly process are presented.  
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Chapter 4: Simulations of mixed ligand systems 
 

 

4.1.!Introduction 

 A slow deprotonation of carboxylate ligands is a crucial step during experimental 

syntheses of Zn-carboxylate MOFs like MOF-2 and MOF-3, in the absence of which Zn-

ions tend to form less ordered 1-D or 2-D polymeric structures [103, 111]. Accordingly, 

the system composition (at the microscopic level) during experimental syntheses of this 

archetypal Zn-carboxylate MOF will change at different points in time. For example, 

during the earlier stages of experimental synthesis, it may be reasonably anticipated that 

the system contains a mixture of mono- and ditopic BDC ligands resulting from a slow 

deprotonation of terephthalic acid (the carboxylic acid form of BDC carboxylate ligand) 

that is initially introduced into the reaction solution. The difference in the coordinating 

nature of the mono- and ditopic BDC ligands will presumably manifest in the form of 

different microscopic structures assembled at different points in time. For example, the 

microscopic structural features exhibited by systems (leading to formation of Zn-

carboxylate MOFs) in the presence of monotopic BDC ligands will differ both from those 

resulting from a mixture of mono and ditopic BDC ligands, and from those resulting from 

ditopic BDC ligands. It is important to characterize the variation in structural behaviour 

of the MOF systems corresponding to these different stages of the self-assembly process. 

To this end, independent simulation systems with different system compositions (e.g., 

systems with monotopic carboxylates, systems with a mixture of mono and ditopic 

carboxylates, and systems with ditopic carboxylates) were designed. The main focus, in 
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the current chapter, is to present simulation results from mixed carboxylate ligand 

systems. While the simulation results from systems containing monotopic carboxylates 

(only) has also been incorporated into the discussion of the current, those from systems 

with only ditopic BDC ligands are provided in Chapter 5. 

 As discussed in Chapter 1 only a handful of experimental studies have directly 

explored formation processes of MOFs [60-63, 69, 71], where some have indicated that 

multiple intermediates [60, 63] can form during self-assembly. Nevertheless, the 

underlying molecular and mechanistic details (i.e., the specifics of possible intermediate 

structures, the links between them, and questions of when they might appear) remain 

unclear. Moreover, the investigation of microscopic structures and molecular 

mechanisms of formation by direct experimental studies is very difficult. A detailed 

analysis of the self-assembly process in MOFs, as provided by molecular simulations, 

should help reveal underlying mechanisms and offer significant insights into 

experimental observations. 

 The aim of this chapter is to shed light on the underlying ordering processes, i.e., 

kinetics during the early stages of Zn-carboxylate MOF self-assembly through 

simulations of mixed carboxylate ligand systems. To this end, both explicit and 

continuum solvent simulations were examined. The simulation details and results 

obtained are discussed in the following sections.  

 

4.2.!Simulation details 

  To construct simulation systems containing mixed carboxylate ligands, a mixture 

of monotopic acetate and ditopic BDC ligands was used primarily for two reasons: 1. to 
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allow formation of discrete MOF-2-like square arrangements of PWCs or other finite 

structures in the systems where the acetate ion serves a capping role as a monotopic 

ligand; 2. a mixture of mono- and ditopic carboxylate ligands should more appropriately 

represent the early stages of self-assembly for experimental MOF-2-like systems (as 

mentioned previously). Notably, acetates were employed, in lieu of monotopic BDC 

ligands, as these promote relatively faster structural reorganizations (revealed through 

simulations reported in Chapter 3).  

 Three different solvent models were considered, a dipolar solvent, a dimethyl 

formamide (DMF) solvent and a continuum solvent (! = 2, 2.5, and 3). While exploring 

the molecular-level self-assembly processes in explicit solvent simulations was the 

principal focus of the current study, the continuum solvent model was used to allow 

comparisons to be made to earlier simulation studies [98-100] and to assess the reliability 

of continuum solvent models. A value of ! = 2 for the continuum solvent, which has been 

used in previous MOF simulations [98-100], was found to provide behaviour most 

similar to that of explicit solvent systems. Hence, although this dielectric constant does 

not correspond to any realistic solvent, it will be used in most of the comparisons below. 

DMF is typically employed as a solvent in experiments of Zn-carboxylate MOFs. 

Therefore, DMF solvent simulations were performed both to explore the structural 

evolution in a more realistic solvent medium and to provide a basis of comparison for the 

effectiveness of the dipolar solvent model that was extensively studied. Although a sol-

0.55 solvent model was found to be suitable dipolar solvent model for the current study 

(discussed in Chapter 3), it was envisioned that a mixture of sol-0.55 and sol-0.6 might 

provide a further benefit in achieving a relatively fast Zn-ligand structural relaxation 
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during simulations. However, the simulations in mixed solvent systems, with the sol-0.6 

species as a minor component, were found to provide behaviour very similar to single 

solvent systems (sol-0.55).  

 Two system sizes were examined systematically, the smaller system containing 8 

Zn-ions together with 4 BDC and 8 acetate ligands, and the larger system containing 18 

Zn-ions with 12 BDC and 12 acetate ligands. The systems containing 8 Zn-ions in 

dipolar, DMF and continuum solvents are referred to as S8, SDMF8, and SLD8, respectively. 

Similarly, the systems containing 18-Zn-ions in dipolar, DMF and continuum solvents 

are referred to as S18, SDMF18, and SLD18, respectively. To probe larger length scale self-

assembling events, simulations both of systems containing 72 Zn-ions together with 56 

BDC ligands and 32 acetate ions in dipolar solvent and continuum solvent (labelled as S72 

and SLD72, respectively), and of a system containing 200 Zn-ions with 180 BDC ligands 

and 40 acetate ions in dipolar solvent (labelled as S200) were performed. While multiple 

trajectories were generated for the smaller S8 and S18 systems, only a limited number of 

trajectories could be generated for the larger S72 and S200 systems owing to their high 

computational cost. The sizes and mono-topic to di-topic compositional ratios for the four 

different Sn systems (n=8, 18, 72, 200) were selected so as to allow assembly of a single 

finite structure composed of discrete MOF-2-like square arrangements of PWCs during 

simulations; for example, S8 and S18 systems are capable of assembling one and four, 

respectively, structures consisting of MOF-2-like square arrangements. Table 4.1 lists 

specifics for the various systems investigated in detail, including the numbers of the 

different species in each of these systems and the respective cubic box dimensions. 
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Table 4.1. Details for the MD and Langevin dynamics (LD) simulations performed in 

explicit dipolar solvent, DMF solvent, and continuum solvent medium. The sol-0.55 and 

sol-0.6 refer to solvent models carrying charges of ±0.55 and ±0.6, respectively.  

 

            Simulations in 
          dipolar solvent 

Simulations in 
 DMF solvent 

      Simulations in  
  continuum solvent 

     Simulation type                             MD                MD               LD (! = 2) 
      System label     S8    S18    S72   S200  SDMF8  SDMF18    SLD8   SLD18   SLD72 
          Zn-ions     8    18    72   200      8    18     8    18    72 
      BDC ligands     4    12    56   180     4    12     4    12    56 
      Acetate ions     8    12    32    40     8    18     8    18    32 
   # of Sol-0.55 solvent  1692  21911 138087 110027      -      -      -     -     - 
   # of Sol-0.6 solvent    12    36    72   200      -      -     8    18    72 
    # of DMF solvent     -     -     -      -   674  1067      -     -     - 
   Box dimension (nm)  4.041  9.418 16.832  17.126   4.445  5.210  4.445  9.418  14.950  
      # of trajectories    30    10     1     1   10    10    10   10     3 
     Trajectory length 250 ns  1 µs  500 ns 1.3 µs  1 µs   1 µs   1 µs   1 µs   1 µs 

 

 

 The four selected Sn (n = 8, 18, 72, 200) systems sizes in the current study 

represent supersaturated solution systems with their Zn-ion concentrations corresponding 

roughly to those typically used in experiment. The mole fractions of Zn-ions (χZn) are 

4.6e-3, 8.2e-4, 5.2e-4, and 1.8e-3 for the S8, S18, S72, and S200 systems, respectively. 

Notably, the simulation trajectories making up this study total to more than ~184 µs of 

simulation time, and the total computational costs for these is approximately ~3 million 

core hours. 
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4.3.!Results and Discussion 

4.3.1.! Identification of topological elements 

  The behaviour of systems with each of the three solvents was examined in detail 

and the similarities and differences of their structural evolution explored. To facilitate 

these discussions, it will be advantageous to focus first on characterizing behaviour in the  

 

 

 

Figure 4.1. Common SBUs found in experiments and the current simulations. (a) 

represents the vertex of a 1-D like coordination polymer [106]; (b) and (c) correspond to 

SBUs of MOF-3 like and MOF-2 structures, respectively [104, 105, 104]; (d) represents a 

three-blade paddle-wheel cluster (PWC-3), where a pair of Zn-ions are bridged by three 

BDC ligands, and a 4th BDC ligand is seen coordinated to one of the Zn-ions. The water 

molecules shown (in red and blue CPK presentation) are typically found in experimental 

structures, and were not incorporated into the current simulations. The model Zn-ions, 

and BDC ligands are colored white and yellow, respectively. 
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S8, S18, S72 and S200 systems (i.e., systems with a dipolar solvent). It will also be useful in 

the structural discussions below to identify ‘topological elements’, where this term refers 

to a unit cell or similar assemblies featuring SBUs linked together by ligands into various 

geometric shapes such as triangles, squares, pentagons, etc. Figure 4.1 provides examples 

of different types of Zn-ion SBUs observed in experiments and in the current simulations. 

The triangle-shaped arrangement of Zn-ions and BDC ligands in a MOF-3-like structure 

and square-shaped arrangement of PWCs in a MOF-2-like structure can be identified as 

two different examples of topological elements. In the simulations reported here, multiple 

types of topological elements are observed during the self-assembly process, where these 

topological elements existed either as part of some larger structural aggregate or as 

discrete structural units. 

 

4.3.2.! General aspects of structural evolution 

 The simulations reported here reveal three critical aspects of MOF self-assembly: 

(1) various ordering processes occur in multiple stages; (2) multiple types of Zn-ion 

clusters are generated; (3) combinations of the different types of Zn-ion clusters lead to 

formation of multiple types of topological elements, thereby producing complex 

structures during the early stages of self-assembly. For the S8 (i.e., dipolar solvent) 

system seven out of the thirty simulations successfully produced a MOF-2-like square 

topological element structure within a 50-250 ns timescale. This range of times can be 

attributed to the stochastic nature of the self-assembly process. Figure 4.2 shows 

evolution of the potential energy and snapshots from a typical trajectory for a S8 system  
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Figure 4.2. Potential energy of the system (top left) and snapshots of the system at 

various stages (a – e) of the self-assembly process of a MOF-2-like square topological 

element structure observed in a typical trajectory of a S8 system. Zn-ions and BDC 

ligands appear as in Fig.4.1, and acetates ion are colored green. Solvent molecules are 

shown as points for visual clarity, and figures are shaded by depth. In the panels (b) and 

(c), the rectangular boxes in magenta color show PWC-3 motifs formed during the 

structural evolution. A near-perfect MOF-2-like square topological element structure was 

achieved in this trajectory through a quenching in the solvent polarity. The plot of 

potential energy is labelled with the corresponding molecular configurations shown in 

panels (a – e). 
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that successfully self-assembled into a discrete unit cell in ~200 ns. Snapshots from 

another trajectory for this system are provided as Figure 4.3. 

 

 

 

 

Figure 4.3. Snapshots at various stages (a – f) of the self-assembly process of a triangular 

topological element observed in another trajectory of a S8 system. The Zn-ions, BDC 

ligands, and acetate ions are colored grey, green, and cyan respectively. Solvent 

molecules have been omitted, and images are resized and shaded by depth for visual 

clarity. 
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Visualization of the trajectories revealed octahedral Zn-ions coordinated by 

dipolar solvent molecules at the beginning of the simulations (see Figure 4.4); an 

octahedral coordination geometry of Zn-ions is typical in polar solvents such as water 

[178], methanol [179], ethanol [179], and DMF [179]. Gradually, the carboxylate ligands 

replace the solvent molecules in the coordination shells of the Zn-ions in several possible 

structural combinations (see Figure 4.4) that are reminiscent of various Zn-carboxylate 

coordination modes reported in the literature [180]. The initial aggregation of Zn-ions 

and carboxylate ligands results primarily in formation of 1-D chain-like fragments, 

typically within the first ~10 ns of the simulations (see Figure 4.2b), that consist 

primarily of single Zn-ions and some Zn-ion pairs. The Zn-ion pairs formed at this stage 

are generally bridged by two carboxylate ligands. More ordered Zn-ion pairs, e.g., 

bridged by three or more carboxylate groups, are rare events during the first stage of self-

assembly in these systems. 

 Concurrent with the configurational changes of the system, the potential energy of 

the system decreases (see Figure 4.2). Within the first ~50 ns of the S8 system 

simulations, the 1-D chain-like fragments assemble and rearrange to form different types 

of Zn-ion clusters (see Figure 4.2c), such as Zn-ion pairs, triplets, and quadruplets, as 

vertices of larger assemblies. These different types of vertices or SBUs are formed as 

constituent components of the growing assemblies, and do not typically exist as 

independent units in the system. Later, a slow reorganization stage was observed in the 

structural evolution during which various topological elements composed of different 

types of linked SBUs, including a discrete MOF-2-like square topological element, were  
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Figure 4.4. Common Zn-ion and carboxylate group structures as found in experiments 

and simulations. Panels (a) – (e) show octahedral Zn-ions, and panels (f) – (h) show 

tetrahedral Zn-ions coordinated to solvent molecules and carboxylate groups. Ions and 

ligands appear as in Figure 4.3. Panels (i) – (l) show Zn-ion pairs bridged by at least two 

carboxylate groups, and coordinated to solvent molecules or other carboxylate groups. 

The two Zn-ions in these pairs have either the same or a combination of two different 

coordination geometries. A combination of trigonal bipyramidal and square pyramidal 

coordination for the Zn-ions in a pair is shown in panel (i); a combination of trigonal 

bipyramidal and octahedral coordination for the Zn-ions in a pair is shown in panel (j); an 

octahedral coordination for both the Zn-ions in a pair is shown in panel (k); a 

combination of trigonal bipyramidal and octahedral coordination for the Zn-ions in a pair 

is shown in panel (l).  
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produced. The relatively small size of S8 systems typically allowed only one particular 

type of topological element to be present at any time during this reorganization stage, 

although interconversions between different types of topological elements were observed, 

e.g., conversion of triangular topological elements (discussed below) to MOF-2-like 

square topological elements or vice versa. 

 

Figure 4.5. Potential energy of the system (top left) and snapshots of the system at 

various stages (a – f) of the self-assembly process observed in a typical trajectory of a S18 

system. The plot of potential energy of the system is labelled with the corresponding 

molecular configurations shown in panels (a – f). The model Zn-ions, acetates and BDC 

ligands are colored white, green and yellow, respectively. Panels (c - f) show enlarged 

images of the structures for visual clarity. The rectangular boxes in white (see panel d), 

purple (see panel e), and magenta (see panel f) color show examples of four Zn-ions in a 

cluster, a Zn-ion triplet, and a Zn-ion pair in PWC-3 structure, respectively. 
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Figure 4.6. Snapshots of the system at various stages (a – c) of the self-assembly process 

observed in the trajectory of the S200 system. Ions and ligands appear as in Figure 4.5. 

Solvent molecules are omitted for visual clarity. In the panel (c), the inset figures show 

enlarged images of two examples of component structures observed within the 

amorphous conglomerate. Each of these component structures consists of approximately 

18 Zn-ions. 

 

 Figure 4.5 and 4.6 show snapshots from a typical trajectory of the S18 system and 

from the trajectory of the S200 system, respectively. Snapshots from another trajectory for 

the S18 system is provided as Figure 4.7 and Figure 4.8 shows selected snapshots from the 

trajectory of the S72 system. Visualization of the trajectories along with other qualitative 

analyses demonstrate that the basic mechanistic features of the self-assembly process in 

the S18, S72, and S200 systems are generally similar to those in the S8 systems, and are  
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Figure 4.7. Snapshots at various stages (a – f) of self-assembly process observed in 

another trajectory of a S18. The Zn-ions, BDC ligands, and acetate ions are colored grey, 

green, and cyan respectively. Solvent molecules have been omitted, and images are 

resized and shaded by depth for visual clarity. 
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characterized by initial production of 1-D chain-like fragments within roughly the first 

~10ns (see Figure 4.5a and 4.6a), the emergence of various 2- and 3-D arrangements 

between ~20 -100 ns followed by a slow reorganization stage. The larger sizes of the S18, 

S72, and S200 systems enabled formation of various types of topological elements in more 

complex structural arrangements (see Figure 4.5(c–f) and 4.6c) during the reorganization 

stage, e.g., triangular topological elements are found to share their edges with other 

triangular or square-shaped topological elements. During the third reorganization stage of 

the S72 and S200 systems, the Zn-ions and carboxylate ligands were observed to form a 

single conglomerate (see Figure 4.6c), composed of various component structures (see 

insets in Figure 4.6c) that are in turn comprised of combinations of topological elements. 

The component structures identifiable within the conglomerate shown in Figure 4.6(c) are 

reminiscent of the structures assembled in smaller S18 systems (see Figure 4.5 and 4.7). 

Similar observations can be made for the S72 (see Figure 4.8) and SLD72 systems, and 

provide confirmation of the common mechanistic features of the self-assembly process 

across the range of system sizes. It is generally observed that the overall level of 

complexity of the amorphous entity produced during the reorganization stage increases, 

as expected, with increasing numbers of Zn-ions and carboxylate ligands in the system as 

more topological elements become linked together.  

 The slight variations in mole fraction values of Zn-ions (χZn) across various Sn 

(n=8, 18, 72, 200) systems investigated was observed to influence slightly the apparent 

rates of various ordering events, where higher compositions tended to favor a more rapid 

initial aggregation of ligands and Zn-ions. An additional set of explicit dipolar solvent 

simulations, with an increased χZn value (χZn = 2.6e-3), was performed for S18 systems 
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(referred to as S&'( ) to investigate the possible effects of increased Zn-ion concentration 

on the self-assembly processes. A roughly 3-fold increase in χZn value for the S&')( systems 

was found to increase the general rate of self-assembly (as measured by the rate of 

formation of Zn-ion pairs) by a similar factor relative to S18 systems without otherwise 

impacting to the underlying mechanisms. 

 

 

Figure 4.8. Snapshots of the S72 system at various stages (a – d) of the self-assembly 

process observed during the trajectory, where solvents are omitted to allow the Zn-ions 

and ligands to be seen and images are shaded by depth. The model Zn-ions, BDC ligands, 

and acetate ions are colored white, yellow, and green, respectively. Panel (c) and (d) 

show enlarged images of the structures formed in the simulation box. 
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4.3.3.!Competing kinetic structures  

 Figure 4.9 shows several of the commonly observed topological elements among 

which three-membered rings (see Figure 4.9 (a - d)) were most abundant across the 

different system sizes, e.g., seen at the end of ~70% of the trajectories for the S8 system. 

These three-membered ring structures contained vertices consisting of either single Zn-

ions, Zn-ion pairs, or Zn-ion triplets. The two Zn-ions in a pair are usually bridged by 

either two or three carboxylates while the three Zn-ions in a triplet are typically bridged 

by five or six carboxylates. Based on the number of Zn-ions at its vertices, either 

triangular (see Figure 4.9c) or triangle-with-an-arm like topological elements (see Figure 

4.9a and 4.9b) were observed. Triangular topological elements as well as other  

 

 

Figure 4.9. Common topological elements (a – f) found in the simulations of S8 and S18 

systems (in addition to a MOF-2-like square arrangement of PWCs). Ions and ligands 

appear as in Fig.1. Panels (a – d) show examples of triangular topological elements, panel 

(e) a square topological element, and panel (f) a layered topological element. 
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topological elements such as squares (see Figure 4.9e) and layered structures (see Figure 

4.9f) found in the simulations can be interpreted as competing kinetic structures. Notably 

triangular structures are known to constitute the unit cell structures in several MOF 

structures, e.g., MOF-3 [104] and analogous MOF structures [109, 111, 181]. Similarly, 

layered arrangements of metal ions and di-topic carboxylate ligands are observed in 

several MOFs or coordination polymers (e.g., Na-ion, K-ion, Mg-ion, Zn-ion etc. [10, 

111, 182]). 

 

4.3.4.! Potential energy of the system  

 Analysis of the evolution of the potential energy (PE) can also help reveal aspects 

of the underlying relaxation stages of these systems. Figure 4.10 shows the time 

evolution of PE distributions and of the average PE with respect to the thirty and ten 

trajectories for S8 and S18 systems, respectively. A single exponential smoothing 

technique was applied to time series data to help remove noise due to fluctuations. 

Smoothing was achieved by applying, *+ = ,-+ + 1 − , *+1&, where " is the smoothing 

factor, -+)is the ith element of the time series data, and *+ is the ith element of the time 

series data after smoothing. For the exponential smoothing of the potential energy of the 

system, a smoothing factor of 0.01 was used. In Figure 4.11, the average, minimum, and 

maximum values of the potential energy (PE) of system with respect to the set of 

independent trajectories (of that specific system) provide a measure of the distributions of 

the PE values.  
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 As can be seen from Figure 4.10 (b) and (d), the average PEs, representative of an 

ensemble of structures, exhibit apparent exponential decay for both S8 and S18 systems.  

 

 

Figure 4.10. Frames (a) and (c) show the time evolution of potential energy (PE) 

distributions for S8 and S18 systems, respectively. Frames (b) and (d) display the time 

evolution of the average PEs along with their exponential fits for S8 and S18 systems, 

respectively. 

 

Table 4.2. Coefficients of exponential fits of the average PEs for S8 and S18 systems. 

Coefficient) )))))))S8) )))))))S18)

))##$%(ns)) ))))))))7) ))))))))8)
####$& )(ns)) ))))))49) ))))))25)
####$' )(ns)) ))))))))5) ))))180)

)
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Figure 4.11. Average (black curve), maximum (red curve) and minimum (green curve) 

potential energies (PEs) from thirty trajectories of S8 (a) and ten trajectories of S18 (b) 

systems. 

 

Therefore, multi-exponential fitting of the average S8 and S18 PE curves, namely 2 =

34 + 3&5
16 78 + 395

16 7: + 3;5
16 7<, was performed and Table 4.2 lists the relaxation 

times obtained. The multi-exponential fits revealed two and three modes of relaxation for 

S8 and S18 systems, respectively. Notably, a tri-exponential fit for the S8 systems resulted 

in no clear improvement in the fit and two fast relaxation times of essentially the same 

value. The apparent absence of a third relaxation mode (characterized by the relaxation 

time)=;) for the S8 systems can presumably be attributed to its relatively small size and 

lack of structures composed of multiple topological elements. It is interesting to note that 

the fast relaxation times for S18 and S8 systems are in good agreement, thereby indicating 

the occurrence of similar events in the initial stage of self-assembly; when compared with 

visualizations of the simulation trajectories, this fast relaxation mode appears to 

correspond to the production of 1-D chain-like fragments at the first stage of structural 

evolution. Similar multi-exponential fits of the PE curves resulting from the single 



 

 125 

trajectories for the S72 and S200 systems again revealed at least three relaxation modes, 

where the fast relaxation times were found to be in good agreement with that of S18 and 

S8 systems. The multi-exponential behaviour in the PE signals the existence of a series of 

relaxation processes in these model systems, where such behaviour is typical for systems 

with complex free energy landscapes such as proteins [183]. 

 

4.3.5.! Cluster size distributions 

  The sizes of the Zn-ion clusters can be used to investigate and further 

characterize the general ordering processes in both S8 and S18 systems. Although an 

experimental MOF-2-like structure would consist exclusively of Zn-ion pairs and PWC 

(or PWC-4) SBUs (i.e., a PWC with four bridging carboxylates), several other types of 

SBUs were also found to form during these simulations. To help characterize the Zn-ion 

clusters that appear as components of topological elements, cluster size distributions and 

their time evolutions were examined. In this analysis, Zn-ions were considered part of the 

same cluster if the Zn-Zn distance was ≤ 5Å, where this cut-off value was determined 

from the Zn-Zn radial distribution function for these systems. In this way Zn clusters of 

size-2, size-3, size-4, and size-5 were identified, and the numbers of clusters (>?@AB6CDE ) of 

size " were calculated. 

 Figure 4.12 shows the time evolution of normalized fractions of 

clusters)(>?@AB6CDE >GHI
E ) for different cluster sizes (i.e., single Zn-ions, size-2, size-3, 

size-4 and size-5 clusters), where >GHIE  represents the maximum number of clusters 

possible for the particular cluster-size, ". It should be noted that values obtained for these 

normalized fractions would also equal the ratio of the number of Zn-ions found in 
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clusters of size " to total number of Zn-ions in the system. These fractions were again 

averaged over the 30 trajectories for S8 and the 10 trajectories for S18 systems. A single 

exponential smoothing technique (with a coefficient factor of 0.03) was applied to the 

time series data.  

 

 

Figure 4.12. Evolution of the normalized fraction (by maximum number possible) of Zn-

ion clusters (>JKLMNOPQ >RST
Q ) for different cluster sizes in both S8 (top panel) and S18 

(bottom panel) systems. 
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The overall growth trends appear similar for both the S8 and S18 systems. A prominent 

feature in both the systems is the predominance of size-2 clusters (~50%) relative to other 

sizes. This is suggestive of a greater propensity for Zn-ions to form pairs. Initially, the 

fraction of single Zn-ions in the systems decreases rapidly with time while clusters (size-

2, size-3, size-4 and size-5) begin to appear (see Figure 4.12), although the initial growth 

rate of size-2 clusters is much higher than that of larger cluster sizes. The curve for the 

size-2 clusters reaches a slower relaxation stage at ~25 ns for the S8 systems and ~100 ns 

for the S18 system. The curves of other cluster sizes also exhibit slow relaxation stages, 

indicating the onset of very slow reorganization dynamics in these systems that resembles 

a pseudo-steady state (i.e., the overall relaxation time appears long in comparison with 

the time scale of the ongoing rearrangements of the topological elements). A multi-

exponential fitting (similar to the average PE) was also applied to the apparent 

exponential decay in the evolution of the population of single Zn- ions for both S8 and S18 

systems. These fits revealed multiple relaxations, where the fastest relaxation modes 

(with times of 9 ns and 6 ns for the S18 and S8 systems, respectively) were consistent with 

those obtained from average PEs (see Table 4.2). 

 While the cluster size distributions of Zn-ion clusters revealed important insights, 

it is useful to explore the relationship of cluster size and ligand coordination. Figure 4.13 

(a) and (b) show time evolution of normalized fractions of Zn-ligand 

clusters)(>?@AB6CD
U

>GHI
U

))for different cluster sizes (V) for the S8 system and Figure 4.13 

(c) and (d) provides the same for the S18 system. A particular Zn-ligand cluster size,)V, 

depends on the number of Zn-ions and the number of surrounding carboxylates, where a 

cut-off distance of 4 Å was used for the Zn-ion and oxygen atom separation. This value 
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was determined from the Zn-O radial distribution function for these systems. In this way, 

1-1, 1-2, 1-3 clusters (see Figure 4.13a and c) that correspond to single Zn-ions 

coordinated to one, two, and three ligands, respectively, were identified. Similarly, 2-2, 

 

 

Figure 4.13. Evolution of the normalized fraction (by maximum number possible) of Zn-

ligand clusters (>JKLMNOP
W

>RST
W

) for different cluster sizes. Single Zn-ions coordinated to 

one, two, and three ligands are denoted as 1-1, 1-2, and 1-3 clusters, respectively. Zn-ion 

pairs coordinated to two, three, and four ligands are labelled as 2-2, 2-3, and 2-4 clusters, 

respectively. Panels (a) and (c) show 1-1, 1-2, and 1-3 clusters for S8 and S18 systems, 

respectively. Panels (b) and (d) show 2-2, 2-3 and 2-4 clusters for S8 and S18 systems, 

respectively.   
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2-3, 2-4 clusters (Figure 4.13b and d) refer to a pair of Zn-ions coordinated to two, three, 

and four carboxylate groups, respectively. Consistent with the time evolution behaviour 

of Zn-ion clusters, the number of 1-1, 1-2, and 1-3 clusters decreased with time after a 

very rapid initial increase for both the systems. The time evolutions of 2-2 clusters, 

representing less ordered structures, displayed an initial increase followed by a gradual 

decrease in number, where such behaviour is consistent with visual analyses. The 1-1 or 

1-2 clusters formed during the earlier stages coordinate to additional carboxylate groups 

or other Zn-ligand clusters, and then rearrange to produce more ordered structures, such 

as the 2-3 and 2-4 clusters. It is evident from the Figure 4.13 that 2-3 and 2-4 clusters 

constitute the major type of Zn-ligand clusters in both S8 and S18 systems, with 2-3 

clusters having a slightly higher probability of forming. The topology of a 2-4 cluster, as 

revealed from visualization of simulation trajectories in both S8 and S18 systems, is 

typically not that of a PWC-4 but rather tends to resemble a PWC-3 motif (i.e., a PWC 

bridged by three carboxylates) with an extra non-bridging carboxylate group coordinated 

to one of the Zn-ions (see Figure 4.1d). Furthermore, 2-3 clusters were mostly PWC-3 

SBUs that are components of triangular, square, or pentagonal topological elements. 

Notably, PWC-3 motifs are known to form in several coordination polymers and MOFs 

composed from a wide variety of metal ions, including Zn-ions [108], and carboxylate 

ligands. 

 Figure 4.14 shows averaged values of >?@AB6CDE >GHI
E )for different cluster sizes for 

the S8, S18, S72, and S200 systems. These fractions were averaged over the last 100 ns of 

the corresponding trajectories for each of these system sizes; while these values are 

averaged over 30 and 10 trajectories for S8 and S18 systems, respectively, averages 
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correspond to the single trajectories for both S72 and S200 systems. Figure 4.14 together 

with other cluster size analyses reveal that the basic structural characteristics of the larger 

systems are in accord with those observed in the smaller S8 and S18 systems. For 

example, size-2 Zn-ion clusters (see Figure 4.14) and 2-3 Zn-ligand clusters (see Figure 

4.15) remain generally the predominant type of clusters in these systems, although S72 

and S200 systems exhibit a slightly higher propensity to form larger cluster sizes, e.g., 

size-4 and size-5 clusters. In general, it can be anticipated that for smaller system sizes 

the limited number of Zn-ions available will impact the probability of observing larger 

Zn clusters, e.g., in a S8 system the probability of a size-5 cluster is very low. However, 

given the single trajectory statistics associated with the S72 and S200 system results, the  

 

 

Figure 4.14. Average normalized fractions (by maximum number possible) of Zn-ion 

clusters (>JKLMNOPQ >RST
Q ) for different cluster sizes in S8 (orange bars), S18 (green bars), 

S72 (cyan bars), and S200 (purple bars) systems. The averaging was performed over last 

100ns in 30 trajectories for S8, 10 trajectories for S18, and single trajectories each for the 

S72 and S200 systems resulting in larger uncertainties in the results for the latter systems. 



 

 131 

apparent differences in cluster size distribution behaviour for these systems (relative to 

S18 system) cannot be distinguished from errors arising from insufficient sampling. 

 

 

Figure 4.15. Evolution of the normalized fraction (by maximum number possible) of Zn-

ion clusters, >JKLMNOPQ >RST
Q , (panels a and d) and normalized fraction (by maximum 

number possible) of Zn-ligand clusters, >JKLMNOP
U

>RST
U , (panels b, c, e and f) for S72 and 

S200 systems. Panels a and d show values for isolated Zn-ions (black curve), size-2 (red 

curve), size-3 (green curve), size-4 (blue curve), and size-5 (and higher) clusters 

(magenta curve) for S72 and S200 systems, respectively. Panels b and e show 1-1 (black 

curve), 1-2 (red curve), and 1-3 (green curve) Zn-ligand clusters for S72 and S200 systems, 

respectively. Panels c and f show 2-2 (black curve), 2-3 (red curve), and 2-4 (green 

curve) Zn-ligand clusters for S72 and S200 systems, respectively.  
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An additional factor influencing the Zn-ion cluster size distributions in the four Sn 

systems (illustrated in Figure 4.14), is the ratio of ditopic (BDC) to monotopic (acetate 

ion) ligands in the system. The numbers of monotopic and ditopic carboxylate ligands in 

the different simulation systems were initially chosen so as to facilitate formation of 

finite structures composed of specific numbers of discrete structures with MOF-2-like 

square arrangements of PWCs in an ideal situation. With an increasing number of Zn-

ions in the four Sn systems, this ligand ratio increased significantly; specifically, the 

ratios of ditopic BDC to monotopic acetate ligands are 1:2, 1:1, 1.75:1, and 4.5:1 in S8, 

S18, S72, and S200 systems, respectively. This increasing ratio of ditopic BDC to 

monotopic acetate ligands in these systems can also be regarded as a preliminary 

investigation of the possible effects of a slow deprotonation process (i.e., the slow 

conversion of carboxylic acids to carboxylate ligands, common to most experiments) on 

the structural behaviour of the system during the early stages of the self-assembly 

process. To explore this behaviour more directly, i.e., the effect of increasing numbers of 

ditopic relative to monotopic ligands on the structural organization process, additional 

simulations were performed (see Table 4.3). 

 In particular, three different ratios of BDC to acetate ligands, 1:2, 1:1, 1.75:1, 

were examined for S18, SLD18 and SLD72 systems in explicit and continuum solvent 

simulations, where multiple simulation trajectories were generated for each. Also, 

explicit solvent systems incorporating 18 Zn-ions and 36 monotopic carboxylate ligands 

(both monotopic acetates and monotopic BDCs) were carried out to investigate the 

influence of mono-topic carboxylate ligands on structural behaviour in the absence of 

ditopic carboxylate ligands. Table 4.3 lists specifics for additional explicit dipolar and 
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continuum solvent simulations examining systems with different ratios of monotopic and 

ditopic ligands that include the numbers of the different species in each system, the 

number of trajectories, and the respective cubic box dimensions for each system.  

 

Table 4.3. Details for explicit dipolar solvent MD and continuum solvent (! = 2.5) LD 

simulations performed with different ratios of di-topic BDC to acetate or mono-topic 

BDC ligands, where the latter is denoted as mono-BDC, performed at a temperature of 

450 K.  

 

System  
label 

Zn 
ions 

BDC 
ligands 

Mono- 
BDC 
ligands 

Acetate 
ions 

Box 
dimension 

Number of 
Trajectories 

Trajectory 
length 

Ditopic : 
Monotopic 

S18  18      -     -    36    6.026          5    0.5 µs         - 
S18  18     9     -    18    6.014         5      1 µs       1 : 2 
S18  18    12     -    12    6.039         5      1 µs      1 : 1  
S18  18    14     -     8    6.037         5      1 µs 1.75 : 1 
S18  18     9     18     -    6.339         5      1 µs       1 : 2 
S18  18    12     12     -    6.044         5      1 µs      1 : 1  

S18  18    14      8     -    6.043         5      1 µs 1.75 : 1 
SLD18  18      -     -    36    7.000         5    0.5 µs         - 
SLD18  18     9     -    18    7.000        10      1 µs       1 : 2 
SLD18  18    12     -    12    7.000        10      1 µs       1 : 1 
SLD18  18    14     -     8    7.000        10      1 µs  1.75 : 1 
SLD18  18      -    36     -    7.000        10      1 µs         - 
SLD18  18      -     -    36    7.000        10      1 µs         - 
SLD18  18     9     18     -    7.000        10      1 µs       1 : 2 
SLD18  18     9      -    18    7.000        10      1 µs       1 : 2 
SLD18  18    12     12     -    7.000        10      1 µs       1 : 1 
SLD18  18    14      8     -    7.000        10      1 µs  1.75 : 1 
SLD18  18    14      -     8    7.000        10      1 µs  1.75 : 1 
SLD72  72    36      -    72   14.950         3      1 µs       1 : 2 
SLD72  72    48      -    48   14.950         3      1 µs       1 : 1 
SLD72  72    56      -    32   14.950         3      1 µs  1.75 : 1    
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Figure 4.16. Evolution of the normalized fraction (by maximum number possible) of Zn-

ion clusters, >JKLMNOPQ >RST
Q , (panels a, d and g) and normalized fraction (by maximum 

number possible) of Zn-ligand clusters, >JKLMNOP
W

>RST
W , (panels b, c, e, f, h, and i) for 

different BDC to acetate ligand ratios in SLD72 systems. Panels a, d and g show values for 

isolated Zn-ions (black curve), size-2 (red curve), size-3 (green curve), size-4 (blue 

curve), and size-5 (and higher) clusters (magenta curve) in systems, where the ratios of 

BDC to acetate ligands are 1:2, 1:1, and 1.75:1, respectively. Panels b, e and h show 1-1 

(black curve), 1-2 (red curve), and 1-3 (green curve) Zn-ligand clusters in systems, where 

the ratios of BDC to acetate ligands are 1:2, 1:1, and 1.75:1, respectively. Panels c, f and i 

show 2-2 (black curve), 2-3 (red curve), and 2-4 (green curve) Zn-ligand clusters in 

systems, where the ratios of BDC to acetate ligands are 1:2, 1:1, and 1.75:1, respectively. 
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 Cluster size distribution analyses (see Figure 4.16) of SLD72 systems revealed that 

when the ratio between BDC and acetate ligands is 1:2, the number of single Zn-ions 

remains relatively high (and here roughly equal to the proportion of size-2 clusters). As 

the number of BDC ligands increases relative to the acetates, the number of size-2 Zn-ion 

clusters increases in the system. When the ratio between BDC and acetate ligands is 1:1 

or 1.75:1, size-2 Zn-ion clusters and 2-3 Zn-carboxylate clusters become the predominant 

type of vertices in the system. Additionally, the proportion of 2-4 Zn-ligand clusters 

relative to 2-3 clusters also increases with increasing numbers of BDC ligands in the  

system. Similar structural evolution features were also observed for the S18 and SLD18 

systems, i.e., the number of size-2 Zn-ion clusters tends to increase when the ratio of 

BDC to acetate ligands increases. These characteristic trends were observed to be 

apparently independent of the type of mono-topic carboxylate ligand employed in the 

systems, i.e., the systems incorporating mono-topic BDC ligands exhibited structural 

behaviour very similar to those incorporating mono-topic acetate ligands. A strong 

inclination towards formation of size-2 Zn-ion clusters was also exhibited by systems 

incorporating mono-topic carboxylate ligands exclusively, where these systems strongly 

favoured formation of smaller cluster sizes.  

 

4.3.6.! Solvent dependence 

  To investigate how, in general, different solvent models may affect MOF self-

assembly, dipolar, DMF, and continuum solvents were each examined in sets of 

simulations. In accord with experimental observations of formation of MOF-2-like 

structures from Zn-ion and BDC containing systems in a variety of solvent environments, 
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successful formation of MOF-2-like square arrangements of PWCs was observed in 

simulations with each of these three different solvents. In the continuum solvent 

simulations, the electrostatic interaction strength between Zn-ions and carboxylate 

ligands is scaled by the dielectric constant of the solvent medium. The selected value (! = 

2) helps to promote a relatively fast structural reorganization, and therefore a higher rate 

of sampling of the underlying free energy landscape, as compared to the explicit solvent 

simulations. Yet, continuum solvent simulations with ! > 2 exhibit formation of 

structures somewhat different from those observed with ! = 2 (e.g., increased populations 

of single Zn-ions for ! = 2.5). Consistent with these continuum solvent simulations, 

results from simulations employing explicit dipolar solvents indicate that more polar 

solvents tend to destabilize various ordered structures (e.g., PWCs), whereas less polar 

solvent systems (compared to those using sol-0.55) exhibit considerably slower 

relaxation dynamics. 

 Figure 4.17 (a), (b) and (c) show the time evolution of the normalized fraction of 

clusters (>?@AB6CDE >GHI
E ) for different cluster sizes for the S18, SDMF18, and SLD18 systems, 

respectively. Figure 4.18 shows an analogous comparison for different cluster sizes in S8, 

SDMF8, and SLD8 systems. When the evolution is compared for the three solvent systems, a 

temporal shift in the occurrences of similar events is typically observed, e.g., the rates of 

various ordering processes in systems with a discrete solvent are decreased by a factor of 

~5-10 compared to the systems with a continuum solvent.      
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Figure 4.17. Solvent dependence of the normalized fraction (by maximum number 

possible) of Zn-ion clusters (>?@AB6CDE >GHI
E ) for different cluster sizes in systems 

containing 18 Zn-ions.  Evolution of >?@AB6CDE >GHI
E )in S18, SDMF18 and SLD18 systems are 

shown in (a), (b), and (c), respectively. In panels (a), (b), and (c), the black, red, green, 

blue and cyan curves represent single Zn-ions, size-2, size-3, size-4, and size-5 clusters, 

respectively. Panel (d) shows a comparison of the average normalized fraction of 1-1, 1-

2, and 1-3 Zn-ligand clusters for S18 (green bar), SDMF18 (blue bar), and SLD18 (orange bar) 

systems. Panel (e) shows a comparison of the average normalized fraction of 2-2, 2-3, 

and 2-4 Zn-ligand clusters for S18 (green bar), SDMF18 (blue bar), and SLD18 (orange bar) 

systems. The averaging in panels (d) and (e) was performed between 25-30 ns (shaded 

area in (c)), 125-160 ns (shaded area in (a)), and 350-450 ns (shaded area in (b)) for SLD18, 

S18, and SDMF18 systems, respectively. The time windows for averaging, in different 

solvent systems, were selected for when the fractional population of single Zn-ions in 

these systems had decayed to 0.2.     
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Figure 4.18. Evolution of the normalized fraction (by maximum number possible) of Zn-

ion clusters (>?@AB6CDE >GHI
E ) for different cluster sizes in S8 (panel a), SDMF8 (panel b) 

and SLD8 (panel c) systems, respectively. In panels (a), (b) and (c), the black, red, green, 

blue and cyan curves represent single Zn-ions, size-2, size-3, size-4, and size-5 clusters, 

respectively.  

 

 In order to explore the specific differences of clustering events in these systems, 

relative time windows were used to calculate and compare the average normalized 

fraction of Zn-ligand clusters, >?@AB6CD
U

>GHI
U , for different cluster sizes,)V. Specifically, 

the averaging was performed over all trajectories within time windows of 25-30 ns, 125-

160 ns, and 350-450 ns for the SLD18, S18, and SDMF18 systems, respectively; these times 

were chosen since they each correspond to when the fractional population of single Zn-

ions had decayed to ~0.2. Figure 4.17 (d) and (e) show comparisons of these average 
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values for various Zn-ligand cluster sizes in these systems. Figures 4.19 and 4.20 show 

the average normalized fractions of Zn-ligand clusters for different cluster sizes in S8, 

SDMF8, and SLD8 systems. A comparison of these distributions for the three solvent models 

reveals that they have general similarities (e.g., the 1-2 and 2-3 clusters being preferred). 

However, differences are apparent in the specific fractions of various Zn-ligand cluster 

sizes, suggestive of differences in relative stabilities of the various arrangements (i.e., Zn-

ion clusters and topological elements). 

 Visualization of simulation trajectories for the systems with DMF and continuum 

solvents revealed mechanistic features of the self-assembly process similar to those 

observed with the dipolar solvent. All these systems demonstrate formation of 1-D chain-

like fragments, the assembly of topological elements, and then the interconversion of the 

topological elements during a slow reorganization stage. It can be inferred from these 

observations that the general features of structural evolution of Zn-ion and carboxylate 

ligand systems in various solvent media (e.g., importance of size-2 clusters) are 

reasonably robust, although the details of the self-assembly (e.g., the fraction of different 

cluster types) can be sensitive to solvent choices. Analysis of the topological elements 

that appear at the end of trajectories reveals that triangular and square topological 

elements (as in Figure 4.9e) are the predominant types. However, better statistics (i.e., a 

significantly larger number of trajectories particularly for larger systems) would be 

required to characterize such differences quantitatively. 

 It should be noted that ~80% and ~10% of the trajectories in the SLD8 and SDMF8 

systems, respectively, produced a MOF-2-like square topological element at the end of 

their respective simulations in comparison with the ~20% observed in the S8 system. The 
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persistence time of a MOF-2-like square topological element also depends on the choice 

of solvent. For example, it was observed in the SLD8 system that a discrete MOF-2-like 

square topological element is not a long-lived structure once formed but rather converts 

readily into other types of topological elements. Considering the longer time scales 

associated with reorganizational events in the SDMF8 system (relative to those with the 

two other solvent types), comparatively longer trajectories would be expected to produce 

a greater number of MOF-2-like square topological element in this system. 

 

 

Figure 4.19. Evolution of the normalized fraction (by maximum number possible) of Zn-

ligand clusters (>?@AB6CD
U

>GHI
U ) for different cluster sizes. Panels (a), (b) and (c) show 1-

1 (violet curve), 1-2 (cyan curve), and 1-3 (orange curve) Zn-ligand clusters for S8, 

SDMF8, and SLD8 systems, respectively.  
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Figure 4.20. Evolution of the normalized fraction (by maximum number possible) of Zn-

ligand clusters (>?@AB6CD
U

>GHI
U ) for different cluster sizes. Panels (a), (b) and (c) show 2-

2 (magenta curve), 2-3 (brown curve) and 2-4 (green curve) Zn-ligand clusters for S8, 

SDMF8, and SLD8 systems, respectively.  

 

 

4.3.7.! Characterization of the self-assembly pathway  

 Across the various systems examined here, with different numbers of Zn-ions and 

carboxylate ligands as well as different solvents, the simulations revealed several 

common features during the early stages of MOF self-assembly. These include multistage 

ordering processes characterized by different relaxation modes, and formation of a 

mixture of transient structures featuring multiple types of topological elements. The 1st 
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stage of structural evolution (corresponding to a time scale of roughly the first ~10 ns) 

involves the initial aggregation of Zn-ions and carboxylate ligands leading to formation 

of 1-D chain-like structural fragments. The 1-D chain-like fragments evolve further to 

form generally larger and more complex (2-D or 3-D) assemblies, composed of various 

topological elements during the 2nd stage of structural evolution (occurring between ~10-

100 ns). The vertices within these topological elements consist of different Zn-ion 

clusters or SBUs. During subsequent structural evolution, interconversion between 

different topological elements occurs within the assemblies as a 3rd stage of the self-

assembly. As the system size increases, e.g., in S72 and S200 systems, this 3rd stage 

structure is manifested as a more complex and evolving conglomerate composed of 

different interconnected topological elements linked together in manners reminiscent of 

the structures observed in smaller S8 and S18 systems. The 3rd stage is a slow 

rearrangement process that is captured by the slowly decaying region of the PE with a 

relaxation time of hundreds of ns. During this 3rd stage the interconversion of topological 

elements in the system is suggestive of an apparent pseudo-steady state. It is conjectured 

that the fluctuation corresponding to the critical nucleus would then arise from this 3rd 

stage. However, the behaviour exhibited by all three model solvent systems indicates that 

one or two MOF-2-like square topological elements are apparently not of sufficient size 

to serve as a critical nucleus. Importantly, the stochastic nature of the ordering events 

observed during the relatively slow structural evolution can further explain why in 

experiments MOF-2 crystallization is a slow process. We also note that the three 

identified stages of structural evolution can exhibit significant temporal overlap. 
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 Finally, it is noteworthy that the observed structural evolution in all three solvents 

is inconsistent with a hypothesis that assumes formation of MOFs occurring through self-

assembly of pre-formed SBUs. To help confirm this observation, additional simulations 

were performed to verify the role of SBUs during the self-assembly processes in this 

archetypal Zn-carboxylate MOF system. The Zn-ions were constrained to form pairs and 

trimers in two different sets of explicit DMF solvent and continuum solvent simulations, 

where multiple trajectories were generated for each set. In these constrained Zn-cluster 

systems, formation of more organized structures was observed, e.g., a greater number of 

MOF-2-like square topological elements for systems containing constrained Zn-ion pairs. 

However, the exclusive formation of MOF-2-like square topological elements was not 

seen, rather other types of topological elements such as triangular (more frequently) and 

five-membered rings (less frequently) also appeared. In simulation systems containing 

constrained Zn-ion trimers, triangular topological elements were common, consistent 

with a MOF-3 like structure, but other structural elements, e.g., square or five-membered 

rings and other polymeric Zn-ion structures, were also observed. These observations 

further support the conclusion that SBUs do not apparently play a direct role in the self-

assembly of the archetypal Zn-carboxylate MOF system of interest here. 

 

4.4.!Conclusions 

 In this Chapter, explicit and continuum solvent simulation results focused on 

exploring self-assembly in the archetypal Zn-carboxylate MOF system corresponding to 

conditions that are consistent with the earlier stages of experimental MOF synthesis are 

provided. Reproducible representative results were achieved through simulation of 
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multiple independent trajectories where the behaviour in three different solvents was 

compared. The influence of system size was also examined and was found to apparently 

influence the formation of various Zn-ion and Zn-ligand clusters. These simulations 

reveal the general complexity associated with self-assembly of this archetype MOF. Self-

assembly is observed to be a multi-stage stochastic process characterized by a variety of 

transient intermediate structures. Time scales of < 10 ns, 10-100 ns, and > 100 ns were 

identified as key stages during the structural evolution. While the general underlying 

mechanism for self-assembly was similar in the three solvent systems examined, the 

lifetimes and probabilities of specific molecular events were observed to vary. The 

competing kinetic structures that emerge during the structural evolution are indicative of 

many local minima in the underlying free energy landscape of the system, and suggest a 

process that achieves ordering in stages akin to systems such as proteins [183] and gas 

clathrate hydrates [91]. Furthermore, multi-stage ordering processes are also observed in 

other nanostructured materials. Although the presence of multiple local minima in the 

free energy landscape of an archetypal Zn-carboxylate system can be hypothesized 

(considering the multiple structures reported in the literature that can form from the 

combinations of Zn-ions and BDC ligands), the current simulation results provide direct 

evidence for the same.  
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Chapter 5: Simulations of single component ligand systems 
!
!
!

5.1.!Introduction 
!
 In this chapter, explicit and continuum solvent simulation results are discussed 

that focus on exploring self-assembly in the archetypal Zn-carboxylate MOF system with 

conditions that are consistent with the later stages of experimental MOF synthesis. The 

complex structural evolution observed for conditions consistent with the earlier stages of 

self-assembly (discussed in Chapter 4) raise further questions on the nature of the 

ordering processes during later stages in which the system contains fully deprotonated 

(ditopic) carboxylate ligands. The ditopic BDC ligands combined with Zn-ions in a 

system should, in principle, lead to formation of more extended structures as compared to 

mixed ligand systems (i.e., systems containing a mixture of monotopic, or partially 

deprotonated, and ditopic BDC ligands). To investigate the structural and dynamic 

features, explicit and continuum solvent simulations were performed for systems that 

consist of Zn-ions and ditopic BDC ligands. In this chapter, details of the results obtained 

are presented. Simulation trajectories were subject to qualitative and quantitative 

analyses, such as visualization of system configurations and profiles for the evolution of 

average potential energies and cluster size distributions. These results are compared to 

those of the mixed ligand systems discussed in Chapter 4. The simulation details and 

results obtained are provided in the following sections. 
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5.2.!Simulation Details 
  

Three system sizes were examined systematically: systems containing 18 Zn-ions 

together with 18 (ditopic) BDC ligands; systems containing 32 Zn-ions with 32 BDC 

ligands; systems containing 72 Zn-ions with 72 BDC ligands. The systems containing 18, 

32 and 72 Zn-ions will be referred to as P18, P32 and P72, respectively, to distinguish these 

from the S18 and S72 systems discussed in Chapter 4. All explicit solvent simulations were 

performed with sol-0.55 dipolar solvent. Continuum solvent (! = 2) LD simulations, 

performed for the three different systems, are labelled as PLD18, PLD32 and PLD72.  

 Anticipating periodic MOF-like structures to form during these simulations, the 

simulation box dimensions were adjusted to allow formation (in the XY-plane) of 

periodic MOF-2-like structures that consist of a specific number of square topological 

elements for each of the three different Pn systems (n =18, 32, 72). Specifically, P18, P32 

and P72 systems, in principle, are capable of assembling 9, 16 and 36 MOF-2-like square 

topological elements, respectively. Rectangular simulation boxes (instead of cubic boxes 

as used in earlier simulations) were constructed for the three Pn systems with significantly 

longer box dimensions along the Z-axis. Additionally, to investigate the possible effects 

of a smaller box size, two simulation box sizes were considered for the 18 Zn-ion 

systems, namely P18-small and P18, where the former used cubic simulation boxes. Both P18-

small and P18 systems will be referred to as P18 systems in the discussion below unless there 

is a significant difference in their behaviour to be noted.   
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Table 5.1. Details for the explicit dipolar (sol-0.55) solvent MD and continuum solvent 

LD simulations (! = 2) performed for various system sizes, namely P18, P32, P72, PLD18, 

PLD32, and PLD72, with 20 independent (~2 !s long) simulation trajectories generated for 

each system size. All simulations were performed at 450 K. 

 
 P18-small P18 PLD18 P32 PLD32 P72 PLD72 

Zn-ions 18 18 18 32 32 72 72 

BDC ligands 18 18 18 32 32 72 72 

Sol-0.55  907 1885 - 3261 - 6065 - 

Box 
dimension 

(nm) 

3.204 
3.204 
3.324 

3.204 
3.204 
7.484 

3.204 
3.204 
7.484 

4.272 
4.272 
9.308 

4.272 
4.272 
4.272 

6.408 
6.408 
5.081 

6.408 
6.408 
6.408 

 

 Table 5.1 provides details for the MD and LD simulations performed in explicit 

and continuum solvent systems. For each system size, energy minimization was initially 

performed followed by a 1 ns NPT equilibration run (at T = 450 K and P = 1 bar) during 

which a sol-0.8 dipolar solvent was employed in explicit solvent systems to ensure a 

reasonable initial solution mixture. Initial configurations were extracted for subsequent 

NVT production runs (at T = 450 K). During LD simulations, the initial configurations 

for continuum solvent systems were obtained by equilibrating the systems at ! = 25. It 

should be noted that multiple simulations (20 independent trajectories for each system 

size) were performed for each system to achieve reasonable statistical averages. As 

ditopic BDC ligands are exclusively included in the systems, the structural rearrangement 

processes are anticipated to be slower as compared to that in mixed ligand systems, 

discussed in Chapter 4. Therefore, significantly longer simulation trajectories (each 2 µs 

long) were generated to help assess key structural features during the simulations. It 

should be noted that the concentrations of Zn-ions in the three Pn (n=18,32,72) systems 
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are significantly higher compared to that in Sn (n=8, 18, 72, 200) systems discussed in 

Chapter 4. The mole fractions of Zn-ions (χZn) in the three selected Pn (n = 18, 32, 72) 

systems are 9.5e-3, 9.7e-3, and 1.2e-2 for the P18, P32, and P72, systems, respectively, 

which are at least an order of magnitude higher than the χZn values for the Sn systems 

(e.g., 8.2e-4 for S18 systems). 

 

5.3.!Results and Discussions 

5.3.1.!General aspects of structural evolution  
  

Visualization of simulation trajectories for different systems revealed structural 

evolution features generally similar to those observed in mixed ligand systems (i.e., S8, 

S18, S72, S200 systems) exploring the earlier stages of MOF self-assembly, such as 

multistage ordering, formation of multiple types of Zn-ion clusters, and combinations of 

the different types of Zn-ion clusters leading to formation of multiple types of topological 

elements. These aspects are discussed in detail below for various systems.  

 Figures 5.1 and 5.2 show snapshots from a typical trajectory of P18 and P 32 

systems, respectively. Figures 5.3 and 5.4 show snapshots as seen at the end of 

simulations from four representative trajectories for the P32 and P72 systems, respectively. 

Visualization of the trajectories demonstrate that the basic mechanistic features of the 

self-assembly process are relatively robust across the various simulation systems 

explored. In general, two distinct stages of structural evolution were observed during the 

explicit solvent simulations. During the initial stages, aggregation of Zn-ions and 

carboxylate ligands leads to formation of interconnected chain structures (see Figure 5.1a 

and 5.2a), typically within the first ~10 ns of the simulations. These interconnected chain  
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Figure 5.1. Snapshots of the system at various stages (a – e) of the self-assembly process 

observed in a typical trajectory of a P18 system at 450 K. The model Zn-ions and BDC 

ligands are colored white and yellow, respectively and solvent molecules are omitted for 

visual clarity. The panels (a – d) show structures observed in the primary simulation cell, 

while panel e shows the connectivity of the periodic structures formed in the primary cell 

(shaded green) across the image cells.  
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Figure 5.2.  Snapshots of the system at various stages (a – g) of the self-assembly 

process observed in a typical trajectory of a P32 system at 450 K. Ions and ligands appear 

as in Figure 5.1. Solvent molecules are omitted for visual clarity. The panels (a – f) show 

structures observed in the primary simulation cell, and the panel g shows the connectivity 

of the periodic structures formed in the primary cell (shaded green) across the image 

cells.  
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structures consist primarily of single Zn- ions coordinated to two BDC ligands. During 

this stage of structural evolution, formation of Zn-ion pairs or higher ordered structures 

are rather rare occurrences. The interconnected chain structures quickly rearrange to form 

different types of Zn-ion clusters, such as Zn-ion pairs and triplets as vertices within the 

growing assemblies, and various ring structures or topological elements composed of 

different types of linked SBUs, such MOF-2-like square topological elements, triangular 

and five-membered ring structures (see Figure 5.1b-d and Figure 5.2b-d). The 2nd stage of 

structural evolution corresponds to a very slow reorganization process (see Figure 5.1b-d 

and Figure 5.2e-g) during which interconversion between topological elements occurs. It 

should be noted that similar features were observed for the mixed ligand systems, i.e., S8, 

S18, S72, S200 systems discussed in Chapter 4, where three stages of structural evolution 

were identified. An intermediated stage of structural evolution is apparently missing for 

the Pn (n = 18, 32 and 72) systems discussed in this chapter. This can be attributed to the 

higher Zn-ion concentrations in these systems and the specific coordinating nature of the 

ditopic BDC ligands. The increased concentration was observed to enhance the apparent 

rates of various ordering events (relative to Sn systems), including a more rapid initial 

aggregation of ligands and Zn-ions, while the imposed periodicity in these systems and 

the presence of only ditopic BDC ligands resulted in subsequent slow reorganizations. 

More details on how the Zn-ion concentration of various systems may influence their 

structural behaviour are provided in later sections of this chapter.  

 The effects of system size were apparent for different ordering processes. For 

example, the number of larger Zn-ion clusters was observed to be the highest for larger  
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Figure 5.3.  Snapshots of systems observed at the end of explicit solvent simulations 

performed at 450 K for four different trajectories (a – d) of the P32 system. Ions and 

ligands appear as in Figure 5.1. Solvent molecules are omitted for visual clarity. 

 

P72 systems and tended to be associated with more complex structural arrangements (see 

Figure 5.4a–d). The P32 systems generally exhibited structural behaviour intermediate 

between those of P18 and P72 systems, where the probability of formation of larger Zn-ion 

clusters, such as trimeric Zn-ion clusters, is higher as compared to those in the P18 

systems. P32 systems tended to assemble into superior structures (see Figure 5.3a-d) as 

compared to P72 systems within the accessible simulation time. Considering their slower 

structural reorganizations, the larger P72 systems are anticipated to form better structures 



! 153!

eventually, e.g., structures similar to those observed in P32 systems, given sufficient time 

(i.e., more than ~10 µs) for these systems to sample their free energy landscape.  

 

 

Figure 5.4. Snapshots of systems observed at the end of explicit solvent simulations 

performed at 450 K for four different trajectories (a - d) of the P72 system. Ions and 

ligands appear as in Figure 5.1. Solvent molecules are omitted for visual clarity. 

 

 Figure 5.5 shows snapshots from one of the trajectories for the PLD18 system that 

successfully produced the target structure (a periodic MOF-2 like structure) in ~2 µs. As 

mentioned earlier, the electrostatic interaction strength between Zn-ions and BDC ligands 
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in continuum solvent systems is scaled by the dielectric constant (! = 2) 

of the solvent medium. This dielectric screening helps establish much faster structural 

reorganizations during simulations (relative to explicit solvent simulations), and  

 

 

Figure 5.5. Snapshots of the system at various stages (a – f) of the self-assembly process 

observed in a trajectory of a PLD18 system at 450 K. Ions and ligands appear as in Figure 

5.1. Panel f shows nine MOF-2-like square topological elements (color shaded) in a 

periodic structural arrangement along the X-Y plane of the simulation box.  

 

consequently a higher rate of sampling of the underlying free energy landscape. As is the 

case with explicit solvent systems, although larger PLD32 and PLD72 systems need longer 

times for structural reorganization processes, the continuum solvent media aid production 
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of more ordered structures (see Figure 5.6, for example), in general, as compared to 

explicit solvent systems (see Figure 5.4, for example) within accessible simulation times.  

 

 

Figure 5.6. Snapshots of systems (a and b) observed at the end of continuum solvent 

simulations performed at 450 K for two different trajectories of the PLD72 system. Ions 

and ligands appear as in Figure 5.1.  
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 Visualization of continuum solvent systems revealed that the general mechanistic 

features of self-assembly are similar to those observed for systems with explicit solvents. 

All continuum solvent systems, PLD18, PLD32, and PLD72, demonstrate the two-stage self-

assembly mechanism, namely the formation of interconnected chain structures (see 

Figure 5.5a) during initial stages followed quickly by assembly of Zn-ion clusters and 

various topological elements, and then interconversion of the topological elements during 

a much slower reorganization stage. The primary difference in structural behaviour 

between explicit and continuum solvent systems arises from an apparently increased rate 

of various ordering processes and consequently a temporal shift in occurrences of similar 

events, such as formation of various Zn-ion clusters and topological elements.  

 

5.3.2.!Potential energy of the system 
 
The potential energies (PE) of explicit solvent systems (P18, P32, P72) were analyzed 

to explore further the underlying relaxation stages, and to investigate if the PE analyses 

conform with visualization analyses. Figure 5.7 shows the time evolution of the PEs, 

averaged over twenty trajectories, for the P18, P32, and P72 systems. As evident from 

Figure 5.7, the average PEs for these systems exhibit an apparent exponential decay. To 

extract the underlying relaxation stages, multi-exponential fitting of the average PEs, 

namely"# = %& + %(( )*+ ,-, was performed for these systems. Although tri-exponential 

functions provided superior fits, these fits identified only two distinct modes of relaxation 

(with relaxation times"./ and .0) during the self-assembly processes. Based on the 

visualization analysis of simulation trajectories, the fastest mode of relaxation, ./, 

appears to correspond to the initial stage of formation of interconnected chain structures 
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leading to subsequent assembly into various topological elements. The slow mode of 

relaxation, .0, corresponds to slow structural reorganization. We can note that values for 

fast relaxation times for the Pn systems (e.g., ~8 ns for P18) are similar to those obtained 

from mixed ligand systems, i.e., Sn systems discussed in Chapter 4. It can be reasonably 

anticipated that the values of relaxation times, corresponding to various stages of the self-

assembly processes, will depend on the number of Zn-ions, the ligand composition, and 

the overall concentrations in the system. This can then explain, for example, the increase 

in the slow mode of relaxation from the BDC ligand, Pn, systems relative to the mixed 

ligand, Sn, systems.  

 

 

Figure 5.7. Frames (a), (b), (c) and (d) illustrate the time evolution of the average PEs 

along with their exponential fits for P18-small, P18, P32, and P72 systems, respectively.   
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5.3.3.!Cluster size distribution  
!

To further characterize the specifics of ordering processes, cluster size distributions 

and their time evolutions were examined for Zn-ion and Zn-ligand clusters in the explicit 

and continuum solvent systems. As discussed in the previous chapter, Zn-ions were 

considered part of the same cluster if the Zn-Zn distance was ≤ 5Å. In this way Zn 

clusters of size-2, -3, -4, and -5 were identified, and the numbers of clusters (12345+678 ) of 

size " were calculated. The numbers of clusters were averaged over the 20 independent 

trajectories for the explicit and continuum solvent systems. The average value of the Zn-

ion clusters (12345+678 ) were then normalized with respect to the maximum number of 

clusters possible (19:;8 ) for a particular cluster-size ". Figures 5.8(a), 5.9(a), 5.10(a), 

5.11(a), and 5.12 show the time evolution of these average values for the various systems 

studied. Similarly, Zn-ligand clusters of size <, 12345+67
= , were defined based on the 

number of Zn-ions and the number of coordinating carboxylates in the cluster, where a 

cut-off distance of 4 Å was used for the Zn-ion and carboxylate carbon atom separation. 

While 1-1, 1-2, 1-3 Zn-ligand clusters correspond to single Zn-ions coordinated to one, 

two, and three carboxylates, respectively, 2-2, 2-3, and 2-4 Zn-ligand clusters refer to a 

pair of Zn-ions coordinated to two, three, and four carboxylate groups, respectively. The 

calculated numbers of clusters,"12345+67
= , were averaged over the 20 trajectories for each 

system followed by normalization with respect to the maximum number of clusters 

possible (19:;
= ) for a particular Zn-ligand cluster-size, <. Figures 5.8(b, c), 5.9(b, c), 

5.10(b, c), 5.11(b, c), and 5.13 show the time evolution of these average values for the 

various systems studied.  
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Figure 5.8. Panel (a) shows the time evolution of the normalized fraction of Zn-ion 

clusters (1>?@ABCDE 1FGHE ) for different cluster sizes in P18 systems. Panels (b) and (c) show 

the time evolution of the normalized fraction of Zn-ligand clusters (1>?@ABCD
I 1FGH

I ) for 

different cluster sizes in P18 systems. In panel (a), the black, red, green, blue, and 

magenta curves represent single Zn-ions, size-2, -3, -4 and -5 clusters, respectively. In 

panel (b), the black, red, and green curves correspond to 1-1, 1-2, and 1-3 Zn-ligand 

clusters, while in panel (c), the black, red, and green curves correspond to 2-2, 2-3 and 2-

4 Zn-ligand clusters, respectively.  
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Figure 5.9. Panel (a) shows the time evolution of the normalized fraction of Zn-ion 

clusters (1>?@ABCDE 1FGHE ) for different cluster sizes in P18-small systems. Panels (b) and (c) 

show the time evolution of the normalized fraction of Zn-ligand clusters (1>?@ABCD
I 1FGH

I ) 

for different cluster sizes in P18-small systems. In panel (a), the black, red, green, blue, and 

magenta curves represent single Zn-ions, size-2, -3, -4 and -5 clusters, respectively. In 

panel (b), the black, red, and green curves correspond to 1-1, 1-2, and 1-3 Zn-ligand 

clusters, respectively, while in panel (c), the black, red, and green curves correspond to 2-

2, 2-3 and 2-4 Zn-ligand clusters, respectively. 
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Figure 5.10. Panel (a) shows the time evolution of the normalized fraction of Zn-ion 

clusters (1>?@ABCDE 1FGHE ) for different cluster sizes in P32 systems. Panels (b) and (c) show 

the time evolution of the normalized fraction of Zn-ligand clusters (1>?@ABCD
I 1FGH

I ) for 

different cluster sizes in P32 systems. In panel (a), the black, red, green, blue, and 

magenta curves represent single Zn-ions, size-2, -3, -4 and -5 clusters, respectively. In 

panel (b), the black, red, and green curves correspond to 1-1, 1-2, and 1-3 Zn-ligand 

clusters, respectively, while in panel (c), the black, red, and green curves correspond to 2-

2, 2-3 and 2-4 Zn-ligand clusters, respectively. 
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Figure 5.11. Panel (a) shows the time evolution of the normalized fraction of Zn-ion 

clusters (1>?@ABCDE 1FGHE ) for different cluster sizes in P72 systems. Panels (b) and (c) show 

the time evolution of the normalized fraction of Zn-ligand clusters (1>?@ABCD
I 1FGH

I ) for 

different cluster sizes in P72 systems. In panel (a), the black, red, green, blue, and 

magenta curves represent single Zn-ions, size-2, -3, -4 and -5 clusters, respectively. In 

panel (b), the black, red, and green curves correspond to 1-1, 1-2, and 1-3 Zn-ligand 

clusters, respectively, while in panel (c), the black, red, and green curves correspond to 2-

2, 2-3 and 2-4 Zn-ligand clusters, respectively. 
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 A comparison of time evolution of the normalized fraction of Zn-ion clusters, 

12345+67
8 19:;8 , reveals a predominance of Zn-ion pairs in the explicit solvent systems. 

Specifically, ~40-50 % of the Zn-ions were identified as belonging to size-2 clusters in 

P18-small, P18, P32 and P72 systems. The percentage of single Zn-ions initially present within 

the systems decreases rapidly with time, while the percentage of Zn-ion pairs grows 

rapidly. An increase in numbers of larger Zn-ion cluster sizes (i.e., for cluster sizes larger 

than 2) is more gradual. The curves for the size-2 clusters plateau (i.e., indicating a 

slower relaxation stage) at ~500 ns and ~1.5 µs for the P18 and P32 systems, respectively. 

A similar leveling out was not observed within 2 µs of simulation time for the larger P72 

systems, where the number of size-2 clusters continued to decrease slowly after its initial 

rapid growth. As discussed previously in Chapter 4, the slower relaxation stages observed 

for the P18 and P32 systems resemble a pseudo steady state, the onset of which appears to 

require longer time than investigated in this study for larger P72 systems. In general the 

P32 and P72 systems have greater propensity to form larger cluster sizes, such as size-3 

and -4 clusters. Based on these observations, it is apparent that the probability of 

formation of larger Zn-ion clusters is affected by the number of Zn-ions in the system, 

although Zn-ion pairs are anticipated to remain the predominant Zn-ion clusters 

considering the thermodynamic factors discussed in Chapter 3. 

 The time evolution of the normalized fraction of Zn-ligand clusters, 

12345+67
= 19:;

= , revealed that the number of 1-1, 1-2, and 1-3 clusters, after an initial 

rapid increase, decreased with time and subsequently reach a pseudo-steady state, where 

the curves corresponding to these Zn-ligand clusters plateau.  This behaviour is consistent 

across the time evolution of single Zn-ions in all three sizes of explicit solvent systems. It 
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was observed that both 1-2 and 1-3 clusters were likely to form with roughly equal 

probability, while 1-1 clusters were the least likely to form. For the Zn-ion pairs 

assembled in the systems during the self-assembly processes, it was observed that these 

are less likely to be coordinated to two carboxylate ligands only, as evident from the 

small number of 2-2 Zn-ligand clusters (see Figure 5.8(c), 5.9(c), 5.10(c) and 5.11(c)). 

The 2-3 and 2-4 clusters constitute the major type of Zn-ligand clusters in these systems. 

Furthermore, it was observed that the 2-3 clusters have a slightly higher probability of 

forming relative to the 2-4 Zn-ligand clusters. Visualization analysis of these Zn-ligand 

clusters revealed that the 2-3 clusters were mostly PWC-3 type motifs.  

  Cluster size distributions along with their time evolutions were also analyzed for 

the continuum solvent systems, PLD18, PLD32, and PLD72 (see Figure 5.12 and 5.13), and 

were compared to those observed in explicit solvent systems. Consistent with 

visualization of trajectories, the rates of various ordering processes in the former systems 

were observed to increase by roughly a factor of 10 compared to the latter systems. 

Consequently, a shift in the occurrences of similar events was found in the time evolution 

of the normalized fraction of Zn-ion clusters, 12345+678 19:;8  (see Figure 5.12), and Zn-

ligand clusters, 12345+67
= 19:;

= "(see Figure 5.13). The similarities between the cluster size 

distribution behaviour for continuum and explicit solvent systems include preference for 

Zn-ion pairs (~60-70 %), and 1-2 and 1-3 Zn-ligand clusters. The preference for Zn-ion 

pairs was even more strongly pronounced in the continuum solvent systems, and this 

behaviour was observed to be independent of system sizes. The structural preferences 

exhibited by the continuum solvent systems can be explained on the basis of dielectric 
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scaling of Zn-ligand electrostatic interactions that in turn appears to affect the relative 

stabilities of various Zn-ion and Zn-ligand clusters in these systems. 

 

 

Figure 5.12. Panels (a), (b) and (c) show the time evolution of the normalized fraction of 

Zn-ion clusters, 1>?@ABCDE 1FGHE , for different cluster sizes in PLD18, PLD32, and PLD72 

continuum solvent systems, respectively. The black, red, green, blue, and magenta curves 

represent single Zn-ions, size-2, -3, -4 and -5 clusters, respectively. 
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Figure 5.13. Time evolution of the normalized fraction of Zn-ligand clusters, 

"1>?@ABCD
I 1FGH

I , for different cluster sizes in P18 (panels a and d), P32 (panels b and e), and 

P72 (panels c and f) systems. In panels a, b, and c, the black, red, and green curves 

correspond to 1-1, 1-2, and 1-3 Zn-ligand clusters, respectively. In panels d, e, and f, the 

black, red, and green curves correspond to 2-2, 2-3, and 2-4 Zn-ligand clusters, 

respectively. 

  

 



! 167!

5.3.4.!Topological elements 
 
The topological elements observed within these explicit and continuum solvent 

simulations, exploring conditions consistent with the later stages of self-assembly in Zn-

carboxylate MOF systems, are very similar to those observed in simulations of Sn 

systems (i.e., during the earlier stages of self-assembly) discussed in Chapter 4. It was 

generally found that more complex varieties of topological elements, such as layered 

structures, were favoured by larger systems (e.g., P72) with explicit solvent. The common 

topological elements observed in explicit and continuum solvent systems include three-

membered ring (or triangular), four-membered ring (or square), and five-membered ring 

(or pentagonal) structures. The vertices in these ring structures consisted mostly of Zn-

ion pairs in P18 systems, or a mixture of single Zn-ions, Zn-ion pairs, and Zn-ion triplets 

in larger systems, P32 and P72. The number of triangular, square and pentagonal ring 

structures, as seen at the end of each trajectory in these systems, were extracted and 

averaged over all trajectories. Figure 5.14 shows the average number of ring structures 

for the explicit solvent systems and for the PLD72 systems, where the values are 

normalized to be consistent with the P18 system. While the average numbers of these ring 

structures appear to increase for continuum solvent systems as compared to explicit 

solvent systems, larger systems were found to produce relatively fewer ring (ordered) 

structures.  

 

5.3.5.!Effects of concentration and composition on structural behaviour 
!
 The effect of Zn-ion concentrations on behaviour of Sn (n = 8, 18, 32, 72) systems 

was discussed in Chapter 4, where it was noted that an increasing Zn-ion concentration 

tends to increase the general rate of self-assembly. Similar, but more dramatic, behaviour 
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was also exhibited by the three Pn (n = 18, 32, 72) systems examined in this chapter, 

where the Zn-ion concentrations are at least an order of magnitude larger than those of 

the Sn systems. Consequently, an enhanced rate of initial aggregation of Zn-ions was 

apparent in the Pn systems relative to the Sn systems. Figure 5.15 shows time evolution of 

the average numbers of single Zn-ions, size-2, and -3 Zn-ion clusters in explicit solvent 

S18 and P18 systems. It is evident that increased Zn-ion concentrations in the P18 systems 

lead to a much faster initial rate of decay of single Zn-ions and formation of Zn-ion 

clusters (size-2 and -3) as compared to those in the S18 systems. The effect of increased 

Zn-ion concentration was also apparent from the relaxation times obtained from 

exponentials fits to the average PEs of the Sn and Pn systems. 

 

 

Figure 5.14. The relative count of triangular, square, and pentagonal topological 

elements, as seen at the end of trajectories, for P18, P32, P72 and PLD72 systems, where the 

values for P32, P72 and PLD72 systems are normalized to be consistent with the P18 system. 

The green, orange and purple bars correspond to triangular, square, and pentagonal ring 

structures, respectively.   
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While three modes of relaxation were apparent for diluted S18 systems (χKL=8.2e-4), two 

modes of relaxation were obtained for more concentrated S´18 systems (χKL=2.6e-3) and 

for all the more concentrated Pn systems. It can be reasonably assumed that the 

intermediate mode of relaxation, observed for more diluted Sn systems, apparently 

merges with the fast initial aggregation mode, thereby exhibiting only two modes of 

relaxation for the more concentrated systems (such as in S´18 and P18 systems).  

 

 

Figure 5.15. Comparison of cluster size distribution behaviour between S18 systems 

containing mixed (monotopic and ditopic) ligands and P18 systems containing ditopic 

BDC ligands (exclusively) in explicit solvent simulations. The black, red and green 

curves correspond to time evolution of the average normalized fraction of Zn-ion 

clusters, 1>?@ABCDE 1FGHE , for single Zn-ions, size-2, and size-3 clusters, respectively, in 

S18 systems (reported in Chapter 4). The orange, cyan and brown curves correspond to 

time evolution of the average normalized fraction of Zn-ion clusters, 1>?@ABCDE 1FGHE , for 

single Zn-ions, size-2, and size-3 clusters, respectively, in P18 systems. 
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 The ratio of ditopic to monotopic BDC ligands in both explicit and continuum 

solvent simulations were observed to influence the slow relaxation times of the systems. 

When the ratio of ditopic to monotopic BDC ligands was increased for S18 systems (while 

keeping the χKL values constant), the magnitude of slow relaxation times was increased. 

For example, when the ratio of ditopic to monotopic BDC ligands in the S18 systems are 

1:1 and 1.75:1, the slow relaxation times were estimated as ~80 ns and ~114 ns, 

respectively. Consistent with the trends observed for S18 systems, the slow relaxation 

time in the P18 systems, which contain ditopic ligands exclusively, more than doubles to 

~250 ns. An increasing value of the slow relaxation time with increasing proportion of 

ditopic BDC ligands in the system can be explained on the basis of the coordinating 

nature of ditopic BDC ligands. While the interaction between Zn-ions and monotopic 

BDC ligands occurs through a single carboxylate group (at one end of the ligand), the 

ditopic BDC ligands are anchored by two carboxylate groups, thereby resulting in more 

rigid structures in the system and longer times for reorganization.  

 Figure 5.16 shows time evolution of average normalized fractions of single Zn-

ions, size-2, and -3 Zn-ion clusters in continuum solvent SLD18 and PLD18 systems. The 

faster rates of initial self-assembly in the PLD18 systems relative to the SLD18 systems can 

be ascribed to a smaller box size. A higher percentage of Zn-ion pairs were found in 

PLD18 systems as compared to the SLD18 systems. This behaviour is consistent with the 

trends in structural behaviour reported for the S18 systems with different ratios of ditopic 

to monotopic BDC ligands (discussed in Chapter 4). When the number of ditopic BDC 

ligands increases relative to the monotopic BDC ligands, the systems exhibit an increased 

propensity for formation of smaller clusters, namely Zn-ion pairs. A comparison of time 
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evolution of average normalized fraction of single Zn-ions between S18 (with different 

ratios of ditopic to monotopic BDC ligands) and P18 systems in explicit solvent 

simulations reveals that increased fractions of ditopic BDC ligands tend to slightly 

increase the number of single Zn-ions. 

 

 

Figure 5.16. Comparison of cluster size distribution behaviour between SLD18 systems 

containing mixed (monotopic and ditopic) ligands and PLD18 systems containing ditopic 

BDC ligands (exclusively) in continuum solvent simulations. The black, red and green 

curves correspond to time evolution of the average normalized fraction of Zn-ion 

clusters, 1>?@ABCDE 1FGHE , for single Zn-ions, size-2, and size-3 clusters, respectively, in 

SLD18 systems (discussed in Chapter 4). The orange, cyan and brown curves correspond to 

time evolution of the average normalized fraction of Zn-ion clusters, 1>?@ABCDE 1FGHE , for 

single Zn-ions, size-2, and size-3 clusters, respectively, in PLD18 systems. 
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5.4.!Conclusion 
!
 The MD simulation results presented in this chapter for the systems containing 

BDC ligands only provide insights into the mechanistic features of self-assembly for an 

archetypal Zn-carboxylate MOF system at conditions that mimic the later stages of 

experimental syntheses. Reproducible results were achieved through simulation of 

multiple independent trajectories for each system, where the effects of system size on the 

observed structural behaviour of the system was explored through explicit and continuum 

solvent simulations. Both explicit and continuum solvent systems exhibited similar 

ordering processes, although the lifetimes and probabilities of specific molecular events 

were observed to vary. The general mechanistic features of self-assembly were observed 

to be adequately robust across the different system sizes explored, and are reminiscent of 

the ordering processes exhibited by systems containing mixed carboxylate ligands (i.e., 

Sn systems, where n=8, 18, 72, 200).  

 The classical simulations reported in this chapter and Chapter 4 together reveal 

the general complexity of the self-assembly processes and shed light on the self-assembly 

mechanism for the archetypal Zn-carboxylate MOF system under investigation in this 

thesis. The key features of MOF self-assembly include a multistage stochastic ordering 

process, formation of multiple types of Zn-ion clusters, and appearance of multiple types 

of topological elements. The classical simulations revealed temporal and spatial 

connections between various structural elements observed during simulations and in 

experiments. For example, chain-like structures were found always to assemble at the 

beginning of self-assembly process irrespective of system composition and sizes 

investigated. Based on the relative free energy calculations performed for different 
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discrete Zn-ligand clusters (reported in Chapter 3), the chain-like structures can be 

considered as kinetic products that can be assembled easily form a combination of Zn-

ions and carboxylate ligands. Consistent with the free energy calculations, a majority of 

the Zn-ion and Zn-ligand clusters assembled during simulations of Sn and Pn systems 

were found to be Zn-ion pairs in three-blade PWC-like arrangements.  

 The effects of Zn-ion concentrations were explored in mixed ligand (Sn), and 

BDC ligand only (Pn) systems, where it was observed that increasing Zn-ion 

concentrations typically influence the initial rates of Zn-ligand aggregation without 

otherwise impacting the self-assembly mechanism. Simulations of larger system sizes 

(e.g., S72, S200 and P72) consistently indicated that larger numbers of Zn-ions and BDC 

ligands tend to form amorphous conglomerates that subsequently lead to very slow 

structural evolutions. The effects of increased fractions of ditopic BDC ligands typically 

observed were to favour formation of more Zn-ion pairs during explicit and continuum 

solvent simulations reported in this chapter and Chapter 4. 
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Chapter 6: Potential of mean force comparisons 
 

 

6.1.! Introduction 

 In classical MD simulations, a reasonably accurate representation of molecular 

interactions is required to successfully explore the structural, dynamic and 

thermodynamic properties of a system. These interactions are defined by the force field 

parameters used in simulations, where these parameters are typically derived from 

experimental data (or through a fit of system properties to experimental data) or from 

theoretical studies such as higher level ab initio calculations. However, it may be rather 

challenging to develop, within the framework of a non-polarizable force-field, a suitable 

set of non-bonded interaction parameters for complex chemical systems, such as those 

containing components subject to significant polarization and charge transfer effects 

(e.g., transition metal ions [184]). In the absence of experimental data, such as radial 

distributions functions and solvation free energies, it becomes increasingly challenging to 

develop force field parameters.  

 In the archetypal Zn-carboxylate system under investigation in this thesis, the Zn-

Zn and Zn-BDC ligand interactions are described by simple non-bonded interaction 

potentials, composed of Coulombic and LJ interaction contributions (described in 

Chapter 3), where the non-bonded interaction parameters for the Zn-ions were adopted 

from previous simulation studies [155]. These classical potential models were then 

validated against experimental MOF structures, to confirm if they are capable of 

reproducing the Zn-O and Zn-Zn distances reported for a key MOF structure, namely 



 

 175 

MOF-2. The MOF-2 structure consists of a two-dimensional periodic arrangement of Zn-

BDC paddle-wheel clusters (PWC-4) (see Figure 1.2 in Chapter 1). While it was shown 

in Chapter 3 that the ECDA Zn-ion model is able to stabilize the four-blade PWCs in a 

periodic MOF-2 structure, a slight distortion of the geometrical arrangement of the 

ligands and solvents around the two Zn-ions was also observed (particularly in polar 

solvents). During the self-assembly process of the Zn-carboxylate system observed 

through classical simulations employing the ECDA model and a relatively polar solvent 

model, a strong preference for formation of Zn-ion pairs was found (reported in Chapters 

4 and 5). While these Zn-ion pairs were predominately either in three-blade PWCs or in 

three-blade PWCs with a fourth carboxylate group coordinated to one of the Zn-ions at 

the axial sites (discussed in Chapter 4), four-blade PWCs were also observed, although 

less frequently, during these simulations. It should be noted that the relative free energies 

of several key structural motifs (reported in Chapter 3) correlated well with these 

observations.  

 The essentially top-down modeling approach that has been adopted so far in this 

study offered insights into key factors important to the self-assembly mechanism of an 

archetypal Zn-carboxylate MOF. However, within a top-down modeling approach it is 

difficult to identify what features of the effective potentials should be the focus for 

refinement. In this regard, a more systematic bottom-up approach may provide greater 

insights into how to generate better models for such systems. As a preliminary 

investigation into how to improve the current models, the behaviour of the three Zn-ion 

models (introduced in Chapter 3), namely the non-bonded, ECDA and CDA models, was 

further benchmarked. To this end, potential of mean forces (PMF) profiles were 
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constructed as Zn-O and Zn-Zn separations were increased within specific PWC motifs. 

Since the PMFs represent free energy differences, some of the key results obtained 

should, in principle, correspond to those observed during relative free energy calculations 

performed for corresponding structural motifs (discussed in Chapter 3). The Zn-O and 

Zn-Zn PMF profiles generated from these classical simulations were then compared to ab 

initio PMF profiles generated through Car-Parrinello MD (CPMD) simulations [148] of a 

similar system. These comparisons provide insights into the behaviour of the various 

models and suggest how the current classical potentials might be improved.  

 In the sections below, details of the simulations performed and discussion of the 

results obtained are provided.  

 

6.2.!Simulation details 

 A four-blade paddle-wheel cluster (PWC-4), consisting of two Zn-ions bridged by 

four carboxylate groups, represents a key structure in the archetypal Zn-carboxylate MOF 

system under investigation, as discussed previously. Therefore, Zn-O and Zn-Zn PMF 

profiles corresponding to Zn-carboxylate oxygen and Zn-Zn dissociation processes for a 

PWC-4 motif were determined through classical and ab initio simulations. To generate 

the Zn-O profile, the distance between a chosen Zn-ion and a carboxylate oxygen atom 

was continuously varied, i.e., one of the four carboxylate ligands was pulled from the 

PWC-4 motif. In a similar way, to generate the Zn-Zn PMF profiles, the distance between 

the Zn-ions in the PWC-4 motif was varied. 
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6.2.1. Classical simulation 

 The classical simulation system consists of a pair of Zn-ions, four monotopic 

BDC ligands, two water molecules, and 792 DMF solvent molecules in a cubic box. The 

Zn-ions, BDC ligands and water molecules were initially arranged as a discrete four-

blade paddle-wheel cluster. The three different Zn-ion models examined previously (in 

Chapter 3), i.e., ECDA (I), CDA (I) and non-bonded (I) models were used to represent 

Zn-ion interactions. Following energy minimization, a 1 ns NPT equilibrium simulation 

(P = 1 bar, T = 300 K) was carried out during which the Zn-ions and BDC ligands were 

constrained to the PWC-4 structure for the three Zn-ion model systems. This resulting 

configuration was subsequently used to prepare 20 initial configurations along the 

reaction coordinate for different umbrella sampling windows, where the reaction 

coordinates were defined as the distance between the two Zn-ions and the distance 

between a Zn-ion and a BDC carboxylate oxygen atom. Subsequently, 10 ns long NVT 

simulations (T = 300 K) were run for each of the 20 umbrella sampling windows. All 

umbrella sampling simulations employed the same force constant (15000 kJ/mol nm2) to 

restrain the Zn-O and Zn-Zn distances. All umbrella sampling distributions were 

unbiased using the WHAM method.  

 

6.2.2. CPMD simulation 

 Ab initio simulations for Zn-carboxylate oxygen and Zn-Zn dissociations in a 

PWC-4 motif were performed using the CPMD code. Because of significantly higher 

computational cost, the PWC-4 motif in ab initio simulations was reduced to four acetate 

ions (instead of BDC ligands) bridging two Zn-ions, along with two water molecules 
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coordinating to the Zn-ions at axial sites to confer a square pyramidal geometry to each 

Zn-ion. The cubic simulation box also contains 30 DMF solvent molecules. The 

electronic structure is determined with density functional theory (DFT) by solving the 

Kohn-Sham equations [185]. Van der Waals correction was applied using the method of 

Grimme [186]. Only the valence electrons of each atomic species were included in the 

DFT calculations, while the interaction of the valence with the core electrons is described 

by using norm-conserving Troullier-Martins pseudopotentials [187] for all atomic species 

in the system, and a standard HCTH functional [188] was employed for the CPMD 

simulations. The valence electrons in the Kohn-Sham equations were expanded in a 

plane-wave basis set with an energy cut-off of 75 Ry [189]. The CPMD equations were 

integrated using the Verlet algorithm [190] with a standard time step of 4 a.u. (~0.1 fs) 

and a fictitious mass of 400 a.u was used for the electrons. Periodic boundary conditions 

were applied using simple cubic symmetry (16.2737 Å3). The temperature was 

maintained at 300 K using a Nosé-Hoover chain thermostat [136] for the ions with a 

frequency of 3000 cm−1. The initial configuration of the CPMD simulations were taken 

from classical MD simulations that had been equilibrated for 500 ps at 300 K. 8 ps long 

trajectories were generated for each of the Zn-O and Zn-Zn constrained distances.  

 

6.3. Results and Discussion  

 Visualization of the classical simulation trajectories revealed that with the ECDA 

model the structure of a discrete PWC-4 does not remain stable in DMF solvent medium. 

Rather the discrete PWC-4 structure changes to a three-blade PWC-like structure, PWC-

3, where each Zn-ion adopts a distorted octahedral geometry with surrounding 
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carboxylate oxygens and solvent molecules (oxygen from water or DMF molecules). 

These observations are consistent with those from classical simulations focused on 

calculation of relative free energies for different structural motifs (discussed in Chapter 

3). The discrete PWC-4 structure during the CPMD simulations, however, demonstrated 

apparent stability during those simulations. Comparisons of the Zn-O and Zn-Zn PMF 

profiles from classical and CPMD simulations are provided below. While the discussion 

of classical PMF profiles in the following sections will mostly focus on the ECDA model 

systems, comparison between behaviour of the three different Zn-ion model systems will 

also be presented.  

 

Figure 6.1: Classical PMF profile for the dissociation of Zn-Zn in a discrete PWC motifs 

within explicit DMF solvent system employing ECDA Zn-ion model. Error bars shown 

in this figure represent typical error bars associated with classical PMF profiles shown in 

the following sections. 
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 The error bars associated with the PMFs generated from classical simulations are 

estimated as ~5-7 kJ/mol (see Figure 6.1). The errors estimated for the PMFs from the ab 

initio simulations had similar values to those from classical simulations even though the 

former involved much less sampling (10 ns classical versus 8 ps ab initio sampling per 

data point). Consequently, the reliability of ab initio results remains uncertain and 

apparently not suitable for any quantitative predictions of free energy differences. 

Accordingly, the focus of the following sections will be on qualitative comparisons of the 

PMF profiles from the ab initio and classical simulations.  

 

6.3.1. Zn-O PMFs from classical and CPMD simulations  

 Figure 6.2 shows a comparison between the ab initio and classical profiles for the 

Zn – carboxylate oxygen PMF, where the comparison is restricted to Zn-O distances less 

than 3.1 Å. It should be noted that the minimum in the classical Zn-O PMF profiles (for 

systems with the ECDA model) was used to define the zero of the classical PMFs. It can 

be seen from Figure 6.2 that while the free energy minima for Zn-O correspond to values 

of ~2.02 Å, ~2.08 Å, and ~1.97 Å in classical simulations with the ECDA, non-bonded 

and CDA Zn-ion models, respectively, a value of ~2.15 Å for the same was obtained 

from the ab initio simulations. The slight variation in the position of the free energy 

minima is not surprising considering the range of Zn-carboxylate oxygen values reported  

in experiments [108]. The maxima in the classical PMFs for systems with the ECDA, 

non-bonded, and CDA Zn-ion models and ab initio PMF correspond to Zn-O separations 

of 3.07 Å, 2.90 Å, 2.96 Å and 2.85 Å, respectively. Overall the three Zn-ion models in 

classical simulations do reasonably well in reproducing the position of the free energy 
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minimum. However, there is a clear difference between the estimated barrier heights for 

classical and ab initio PMFs. The classical PMFs clearly indicate a much stronger 

binding of carboxylate oxygens of the BDC ligands to the Zn-ions, and help to explain 

the slow Zn-ligand reorganization processes observed during the simulations discussed in 

Chapters 4 and 5.  

 

 

Figure 6.2: Comparison of classical and ab initio PMF profiles for the dissociation of 

Zn-carboxylate oxygen in a discrete PWC within explicit DMF solvent. The black, green, 

and cyan curves correspond to Zn-O PMF profiles obtained through classical simulations 

employing the ECDA, non-bonded and CDA Zn-ion models, respectively. The red curve 

shows the ab initio PMF profile. 
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Figure 6.3. Snapshots of classical and ab initio simulation systems, as seen at the end of 

simulations for Zn-O separations corresponding to minima and maxima in Zn-O PMF 

profiles. DMF solvents are omitted for visual clarity. Panels (a – d) show snapshots 

corresponding to minima in the Zn-O PMF profile from classical simulation systems with 

the ECDA (panel a), non-bonded (panel b), CDA (panel c) Zn-ion models, and from the 

ab initio simulation (panel d).  Panels (e – h) show snapshots of systems corresponding to 

maxima in the Zn-O PMF profile for classical simulations with the ECDA (panel e), non-

bonded (panel f), CDA (panel g) Zn-ion models, and ab initio simulation (panel h). The 

Zn-ion and oxygen atom being constrained are presented in green CPK presentation. The 

remaining oxygen atoms and non-constrained Zn-ions are shown in red and grey CPK 

representations, respectively. Acetate ions are shown (panels e and h) for ab initio 

simulation while only the carboxylate groups of BDC ligands are shown (panels a - c and 

e - g) for classical simulations in red and cyan representations.  
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 To help understand the structural factors underlying the apparent difference 

between classical and ab initio Zn-O PMFs, simulation trajectories corresponding to 

various Zn-O distances were visualized and the average coordination numbers for the Zn-

ions (with respect to oxygen atoms from either carboxylate ligands or solvent molecules) 

were determined. Panels (a - d) in Figure 6.3 show the difference in coordination 

structure of Zn-ions in classical and ab initio simulations corresponding roughly to the 

free energy minima in the Zn-O PMF profiles. As stated previously, the ECDA Zn-ion 

model in classical simulations does not maintain a PWC-4 structure; it rather reverts to a 

PWC-3 like structure (see panel a in Figure 6.3), where one of the carboxylate ligands 

interacts with one Zn-ion (Zn1), thereby imparting a distorted octahedral coordination 

geometry to Zn1. The second Zn-ion, Zn2, maintains the original square pyramidal 

geometry via interaction with one water and one DMF solvent molecule. While the non-

bonded Zn-ion model system exhibits structural behaviour similar to that of the ECDA 

Zn-ion model system, each Zn-ion in the former system adopts an octahedral geometry 

(see panel b in Figure 6.3). During both ab initio simulation and classical simulation with 

the CDA Zn-ion model (see panel c and d in Figure 6.3), the square pyramidal 

coordination geometries of both Zn-ions in a PWC-4 motif are retained. 

 Panel a in Figure 6.4 shows the oxygen coordination numbers of Zn-ions when 

the Zn-O distance is 2.0 Å in classical (with the ECDA Zn-ion model) and ab initio 

simulations. The coordination numbers of Zn-ions for a cut-off distance of 2.7 Å were 

estimated as ~6 and ~5 for the former and latter systems, respectively. These values are 

consistent with visualizations of Zn-ion coordination structures (panels a and d in Figure 
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Figure 6.4. Panels a and b show the oxygen coordination numbers of the Zn-ions in 

classical (black curve) and ab initio (red curve) simulations corresponding to Zn-O 

separation values of 0.2 nm (panel a) and 0.3 nm (panel b), respectively. The 

coordination numbers were obtained via integration of Zn-O radial distribution functions 

from the respective simulations.  

 

6.3). Panel b in Figure 6.4 provides the oxygen coordination numbers of Zn-ions when 

the Zn-O distance is 3.0 Å. For classical systems with the ECDA Zn-ion model and ab 

initio systems, the coordination numbers of Zn-ions, within a cut-off distance of 2.7 Å, 

were estimated as ~5.5 and ~4, respectively. These values are also consistent with 

visualizations of Zn-ion coordination structures (panels a, d, e and h in Figure 6.3). 

Analyses of classical simulation trajectories for the ECDA Zn-ion model systems 

revealed that the general coordination structures of Zn1 (distorted octahedral) and Zn2 

(distorted square pyramidal) ions in the PWC motif change slightly for Zn-O separation 

values ranging between 2.0 – 2.9 Å. A similar analysis for the ab initio simulations 

reveals that the coordination structures for both Zn-ions (namely Zn1 and Zn2) change 

from square pyramidal to distorted tetrahedral as the constrained Zn-O distance is 
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increased. It can be concluded from these analyses that the classical Zn-ion potential 

appears to slightly overestimate the coordination for Zn-ions. 

 

 

Figure 6.5. Comparison of classical and ab initio PMF profiles for the dissociation of Zn-

Zn in a discrete PWC motifs within explicit DMF solvent. The black, green, and cyan 

curves correspond to Zn-Zn PMF profiles obtained through classical simulations 

employing the ECDA, non-bonded and CDA Zn-ion models, respectively. The red curve 

shows the ab initio PMF profile.  

 

6.3.2.! Zn-Zn PMFs from classical and CPMD simulations  

 Figure 6.5 shows a comparison between the ab initio and classical profiles for the 

Zn – Zn PMF, where the comparison is restricted to Zn-Zn distances less than 4.5 Å. The 

ab initio and classical PMFs match reasonably well in the second half of the PMF profile, 

i.e., when the Zn-Zn distance exceeds 3.2 Å. Accordingly, a value of 3.56 Å was chosen 
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to define the zero for the Zn-Zn PMFs. While the ab initio system exhibits two free 

energy minima, the classical system with the ECDA Zn-ion model features only a single 

free energy minimum at larger separations. Classical systems with the non-bonded and 

CDA Zn-ion models exhibited a single and two free energy minima, respectively. As 

noted previously, the ECDA Zn-ion model does not maintain the structure of a discrete 

PWC-4 motif during the simulations, and hence the absence of a minimum at a Zn-Zn 

separation value of ~3.0 Å, associated with a PWC-4 motif is expected. The PMF profiles 

for the CDA and non-bonded Zn-ion model systems are also consistent with their 

structural behaviour previously observed (also discussed in Chapter 3). The PMFs for 

classical systems with the CDA Zn-ion model and ab initio systems exhibit free energy  

minima at Zn-Zn separation values ~2.68 Å and ~2.91 Å, respectively, that correspond 

roughly to the Zn-Zn separation expected for PWC-4 motifs. The free energy difference 

between the two minima in the ab initio and classical CDA Zn-ion model PMFs were 

estimated as ~4 kJ/mol and ~0.4 kJ/mol, respectively, where the smaller Zn-ion 

separations are more stable. The heights of the free energy barriers between the two 

minima are roughly ~7 kJ/mol and ~5 kJ/mol, respectively. These values suggest that 

both the structures should appear with reasonable probability in these systems.  

 Figure 6.6 shows snapshots of systems, corresponding to the two minima in the 

Zn-Zn PMF profiles, as seen at the end of classical simulation employing the CDA Zn-

ion model (panels c and g), and ab initio simulations (panels d and h). Panels a and b in 

Figure 6.6 correspond to Zn-Zn constraint distances of 3.0 Å, and panels e and f 

correspond to Zn-Zn constraint distances of 3.56 Å for classical simulations employing 

the ECDA and non-bonded Zn-ion models, respectively. The overall coordination 
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structures of Zn-ions in both ab initio and classical systems are reminiscent of those 

observed during Zn-O pulling simulations. The general features associated with a Zn-Zn  

 

 

Figure 6.6. Snapshots of classical and ab initio simulation systems as seen at the end of 

simulations corresponding to Zn-Zn separations (see text) for the minima in Zn-Zn PMF 

profiles. DMF solvents are omitted for visual clarity. Panels (a – d) show snapshots 

corresponding to Zn-Zn separations of roughly 3.0 Å in the Zn-Zn PMF profiles for 

classical simulation systems with the ECDA (panel a), non-bonded (panel b), CDA 

(panel c) Zn-ion models, and from the ab initio simulation (panel d).  Panels (e – h) show 

snapshots of systems corresponding to Zn-Zn separations of roughly 3.56 Å in the Zn-Zn 

PMF profile for classical simulations with the ECDA (panel e), non-bonded (panel f), 

CDA (panel g) Zn-ion models, and ab initio simulation (panel h). The Zn-ions, and 

ligands appear as in Figure 6.3.  
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constraint value of 3.0 Å include a combination of distorted octahedral and square 

pyramidal geometries for the Zn-ions in the classical systems with the ECDA and non-

bonded Zn-ion models, and square pyramidal geometries in the classical system with the 

CDA Zn-ion model and ab initio system. With increased constraint distance between the 

Zn-ions (in the PWC-4 motif), the Zn-ions tend to adopt tetrahedral and square planar 

coordination geometries in ab initio systems and classical systems with the CDA Zn-ion 

model, respectively. For the classical systems with the ECDA and non-bonded Zn-ion 

models, the overall Zn-ion coordination changes only slightly, for example with the 

ECDA Zn-ion model from a combination of octahedral/square pyramidal to octahedral 

coordination geometry (see Figure 6.6). 

 

   

 

Figure 6.7. Panels a and b show the oxygen coordination numbers of the Zn-ions in 

classical (black curve) and ab initio (red curve) simulations corresponding to Zn-Zn 

separation values of 0.3 nm (panel a) and 0.356 nm (panel b), respectively. The 

coordination numbers were obtained via integration of Zn-O radial distribution functions 

for the respective simulations. 
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The structural features described above are also evident from the oxygen 

coordination numbers of Zn-ions. Panel a in Figure 6.7 shows the oxygen coordination 

number of Zn-ions when the Zn-Zn constraint distance is 3.0 Å in classical systems with 

the ECDA Zn-ion model and in ab initio systems. Panel b in Figure 6.7 shows the oxygen 

coordination number of Zn-ions when the Zn-Zn constraint distance correspond to the 

free energy minima in the PMF profiles for the classical system with the ECDA Zn-ion 

model and ab initio system. These values are consistent with visualization of Zn-ion 

coordination structures (panels e and h in Figure 6.6). 

 

6.4.!Conclusion 

 In this chapter, comparisons of Zn-O (carboxylate oxygen) and Zn-Zn PMF 

profiles, obtained from classical simulations employing the ECDA, non-bonded and CDA 

Zn-ion models, and from ab initio simulations are presented and compared. It should be 

noted that we were primarily interested in comparing the qualitative features of these 

PMF profiles and of the associated coordination structures as a preliminary investigation 

into how to improve on the current Zn-ion models. The features of classical and ab initio 

Zn-O PMF profiles appear reasonably robust, although a clear difference in the estimated 

barrier heights is apparent. This difference could arise from a combination of possible 

factors, including the difference in the nature of acetate (used in ab initio systems) and 

BDC (used in classical systems) ligands, over-coordination of Zn-ions in classical 

systems with the ECDA and non-bonded Zn-ion models, and difference in solvent 

reorganizations around Zn-ions for classical and ab initio systems. While the Zn-Zn PMF 

profiles for classical systems with the CDA model and ab initio systems exhibit similar 
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features, specifically two local minima, there was disagreement with respect to the 

positions of one of these free energy minima and the estimated barrier heights. The Zn-

Zn PMF profile for the classical system employing the ECDA model had no minimum in 

the region corresponding to small Zn-Zn distances (i.e., a PWC-4 motif), consistent with 

behaviour observed in Chapter 3. Although the occurrence of two local minima separated 

by a small free energy barrier for the ab initio Zn-Zn PMF can be anticipated, specific 

quantitative conclusions based on free energy differences between these minima could 

not be drawn considering the various uncertainties associated with ab initio calculations. 

Overall, the classical model systems exhibit reasonable behaviour, although a reliable 

estimate of the free energy difference between a three-blade PWC (PWC-3), and four-

blade PWC (PWC-4) motifs need to be determined (e.g., through metadynamics sampling 

in ab initio simulation). More extensive comparisons between classical and ab initio 

simulations for these systems should be part of future investigations with a goal to 

develop better classical potentials for these complex systems.  
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Chapter 7: Conclusions 
 

 

 Numerous experimental and theoretical studies have been undertaken to date to 

explore and understand self-assembly processes in a variety of systems, ranging from 

relatively simple atomic liquids to significantly more complex biomolecular systems. 

While both experimental and theoretical studies provide important and often 

complimentary insights into the physical and chemical processes that underlie self-

assembly, molecular simulations offer direct access to molecular-level details of the self-

assembly mechanism for the systems of interest. Using molecular simulations, we have 

probed the self-assembly processes in an archetypal Zn-carboxylate MOF system, which 

is part of a class of important functional materials. In this pioneering study, we have 

elucidated key molecular-level mechanistic details of the MOF self-assembly. 

 To provide molecular-level insights into previously unexplored behavior of MOF 

formation, the first key step was to identify suitable models for classical simulations. This 

is because the reliability of classical simulations in reproducing the structure and 

dynamics of a system of interest is dependent on the quality of models being used. In this 

context, it is worth mentioning that simulations of self-assembly processes have been 

investigated at different levels of complexity, where simplified models have 

demonstrated their usefulness by offering insights into otherwise complex ordering 

processes. In this thesis, relatively simple atomistic models were designed and their 

performance was tested, where the aim was to achieve a balance between model 

simplicity and a fundamental understanding of the important aspects of MOF self-

assembly. To this end, the behaviour of different types of Zn-ion models was examined, 
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where the Zn-ion models were validated against a key MOF structure, MOF-2. 

Subsequently, an extended CDA (ECDA) model for the Zn-ions was designed and 

validated. The charge transfer effect of Zn-ions, incorporated implicitly into the ECDA 

(I) Zn-ion model, was found to play a significant role during model validation. Explicit 

solvent simulations were performed to examine the general role of solvent molecules 

during the ordering processes. While an appropriately parameterized dipolar solvent 

model, sol-0.55, was found to exhibit behaviour similar to that of a more realistic DMF 

solvent, the former solvent model was shown to enhance the rate of ordering processes 

significantly (~10 times faster) as compared to the latter. A continuum solvent model, 

examined in the current work, was observed to exhibit structural behaviour somewhat 

similar to that of the dipolar solvent model, although with this model three-blade (PWC-

3) and four-blade (PWC-4) paddle-wheel clusters appear relatively less stable than in 

explicit solvents. 

  Together the model validation and assessment of model behaviour demonstrated 

that a combination of ECDA Zn-ion model, all-atom BDC ligand model, and sol-0.55 

dipolar solvent model can be aptly employed in brute force classical explicit solvent 

simulations to explore relatively long time scale (multiple microseconds) ordering 

processes underlying MOF self-assembly. To this end, simulation systems with different 

compositions were designed to mimic conditions that are consistent with various stages 

of experimental MOF synthesis, where a slow ligand deprotonation procedure is typically 

adopted. In this context, systems containing a mixture of monotopic and ditopic 

carboxylate ligands would roughly correspond to conditions consistent with earlier 

stages, while systems containing only ditopic BDC ligands can be associated with 
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conditions consistent with the later stages of MOF self-assembly. Simulations of these 

different system compositions were anticipated to provide insights into the commonalities 

and differences in structural behaviour of the system during different stages of structural 

evolution.  

 Simulations of systems containing mixed carboxylate ligands (monotopic acetate 

and ditopic BDC ligands) revealed the general complexity associated with self-assembly, 

and the results appear to be inconsistent with a prevalent hypothesis that assumes 

formation of MOFs occurring through assembly of pre-formed SBUs. MOF self-

assembly was observed to be a multi-stage stochastic process characterized by a variety 

of transient intermediate structures, where the formation of 1-D chain-like fragments was 

associated with the primary stages of structural evolution. During the intermediate stages 

of structural evolution, combinations of Zn-ion clusters of various sizes were observed to 

assemble multiple types of topological elements such as triangular, square and pentagonal 

ring structures. Order parameter analyses, such as Zn-ion and Zn-ligand cluster size 

distributions, were performed to obtain the time evolution behavior of various Zn-ion 

clusters. The cluster size analyses revealed that most common Zn-ion and Zn-ligand 

clusters assembled during the simulations are Zn-ion pairs in three-blade PWC (PWC-3) 

like arrangements, where the relative stability of a PWC-3 motif was also confirmed. 

Furthermore, the appearance of various Zn-ligand clusters was consistent with relative 

free energy calculations performed for different discrete Zn-ligand clusters. Further 

characterization of the complex ordering processes observed during these simulations 

would benefit greatly from the design of more sophisticated order parameters in future 

studies. 
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 A comparison of the behavior within three different solvents (dipolar, DMF and 

continuum solvent) revealed common features during the ordering processes, although 

the lifetimes and probabilities of specific molecular events were observed to vary. 

Investigation of the effect of system size demonstrated that larger systems tend to form 

amorphous conglomerates, consisting of a greater number of larger Zn-ion clusters in 

complex arrangements, leading to very slow structural evolution and consequently 

making adequate sampling a challenge within accessible simulation time scales. 

Nevertheless, simulations of these systems demonstrated the general importance of a 

slow ligand deprotonation process employed during experimental syntheses of this 

archetypal MOF system.  

 Simulations of systems containing only ditopic BDC ligands, that were examined 

to explore mechanistic details associated with conditions consistent with the later stages 

of self-assembly, demonstrated several features in their structural evolution that were in 

common with mixed ligand systems. These include formation of chain-like structures 

(consisting primarily of single Zn-ions) during preliminary stages of structural evolution 

followed by assembly of Zn-ion and Zn-ligand clusters of various sizes leading to 

formation of multiple types of topological elements. An apparent difference between the 

mixed ligand and single ditopic BDC ligand systems was a stronger preference for Zn-ion 

pairs in the latter systems. This was also confirmed through separate sets of simulations, 

where increased fractions of BDC ligands typically were associated with an increasing 

number of Zn-ion pairs during simulations. While topological elements, such as 

triangular, square, pentagonal and hexagonal ring structures, were observed through 

visualization of simulation systems, their full characterization would require more 
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sophisticated order parameters, such as those suitable for distinguishing between different 

types of ring structures composed of various combinations of vertex topologies.    

 Potentials of mean force (PMF) profiles for Zn-Zn and Zn-carboxylate oxygen in 

a key structural motif of the archetypal Zn-carboxylate MOF system, i.e., a paddle-wheel 

cluster, were constructed through classical simulations. The classical PMF profiles were 

then compared to ab initio PMF profiles as a preliminary investigation into how the 

current classical potentials might be improved. While the qualitative features of classical 

and ab initio PMFs appear reasonably robust, more extensive comparisons between 

classical and ab initio simulations (e.g., through metadynamics sampling in ab initio 

simulations) should be part of future investigations. 

 Although the simulations performed for different systems as a part of this thesis 

are extensive, spanning time scales of multiple microseconds, the slow structural 

rearrangements observed suggest a need to develop suitable coarse-grained models for 

probing MOF crystallization on much longer time scales and larger length scales. 

Furthermore, it is revealed that suitable characterization of the complex ordering 

processes observed during simulations would benefit greatly from the design of more 

sophisticated order parameters to characterize various structural elements. The current 

work can also be considered as a starting point for further exploration of nucleation and 

crystal growth processes in MOFs. In this regard, the comparison between classical and 

ab initio PMF profiles for Zn-Zn and Zn-carboxylate oxygen will be helpful in 

construction of suitable effective potentials. Ultimately, this thesis provides important 

insights into the self-assembly mechanisms of MOFs, while the methodological details 
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and simple modeling approaches, adopted in this thesis, provide guidance for studying 

self-assembly processes in other systems of interest.  
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