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ABSTRACT 

Nanoconfinement is a solution to overcome high cost, high viscosity and slow 

diffusion rate of bulk ionic liquids. Moreover, the nanoconfined ionic liquids partially 

solve the leakage problem and enlarge the applications for ionic liquid devices. Also，

nanoconfined ionic liquids exhibit different properties comparing to bulk systems. 

Therefore, understanding the nanoconfined ionic liquid at atomistic level becomes 

critical. Motivated by Jiang et al.’s experiment (The Journal of Physical Chemistry C 

2015, 119, 22724-22731), we systematically simulated nanoconfined [CnMIM][NTf2] 

where n=2,4,6 and 8 systems at various temperatures using molecular dynamics method. 

A high throughput modeling and post processing tool is built. Nanotubes with different 

chiralities, number of walls, diameters and lengths are considered. The origin of 

temperature induced molecular rearrangement behavior of [C8MIM][NTf2] system is 

found. Two typical microstructures of confined ionic liquids are identified. We observed 

that nanotube chiralities, number of walls and lengths do not affect the anions/cations 

rearrangement behavior. However, nanotube diameter and length of cation side chain are 

critical to reproduce the temperature-induced center of mass (COM) switching behavior. 

The confined cation side chain effect and micro configuration switching during 

temperature increasing process together explained the nonconfined cation/anion 

rearrangement mechanism. This work should be helpful in expanding the ionic liquids 

applications where confinement effects and temperature are involved. 
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NOMENCLATURE 
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DFT Density functional theory 
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CCSD(T) Coupled-cluster with single/double/triple excitations 

[C2Py]Br-AlCl3 1-ethylpyridinium bromide-aluminium chloride

[EMIM][TFSI] 1-ethyl-3-methyl imidazolium bis(trifluoromethane sulfonyl)imide

 PMMA  Poly (methyl methacrylate) (PMMA). 

APIs  Active pharmaceutical ingredients 

API–ILs  Active Pharmaceutical Ingredient Ionic Liquids 

Amp  Ampicillin 

CMPO  octyl(phenyl)-N, N-disobutylcarbamoylmethyl phosphine oxide 

TMOS  Tetramethoxysilane 

TEOS Tetraethyl orthosilicate 

SILs Supported ionic liquids 

SILP supported ionic liquid phase 

SCILL Solid catalyst with an ionic liquid layer 

SCAILP Supported catalytically active ionic liquid phase 

DAILs Dicationic acid ionic liquids 

BAILs Brönsted acidic ionic liquids 

LAMMPS Large-scale Atomic/Molecular Massively Parallel Simulator 

PPPM Particle-Particle Particle-Mesh method 

PME Particle-Mesh Ewald method   

OOP Object-Oriented Programming 

𝛽 Isothermal Compressibility 

𝜂 Viscosity 
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P Pressure 

T Temperature 

V Volume 

D Self-Diffusion Coefficient 

2 rotational correlation time 

COM Center of mass 

XAFS X-ray adsorption fine structure method
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CHAPTER I 

INTRODUCTION 

In this chapter, ionic liquids and carbon nanotubes are introduced. Then, 

nanoconfinement effects are described with a literature survey of current studies.  It 

shows the importance of nanoconfined ionic liquids and the reasons why we study ionic 

liquids under nanoconfinement.  

Introduction of Ionic Liquids 

Ionic Liquids (ILs) are organic salts with a melting point below an arbitrary 

temperature, such as 100℃. (This 100℃ constrain is recently dropped in a review 

article by Tom Welton.1) They are made of ions and ion-pairs2. However, due to the 

large size and conformational flexibility of ions, small lattice enthalpies and large 

entropy change are observed for melting3. This leads to a negative Gibbs free energy of 

fusion (ΔfusG) and makes ILs favor the liquid phase. 

The first room-temperature IL ([EtNH3][NO3]) was discovered by Paul Walden 

in 19144. But until 1951, the benefits of low melting points molten salts had gotten 

attentions. Hurley and Weir adopted 1-ethylpyridinium bromide-aluminium chloride 

([C2Py]Br-AlCl3) for electrodeposition metals purposes5. Even though these molten salts 

have great potential in lots of fields, the hypersensitivity to moisture hindered ILs for 

practical applications at that time. But this situation changed in 1992. Wilkes and 

Zaworotko discovered air and water stable 1-ethyl-3-methylimidazolium based ILs6. 

They replaced anion AlCl3 with tetrafluoroborate or hexafluorophosphate. Since than the 

families of ILs grows exponentially. More cation and anion species are studied. (See 
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Figure 1.) This opens doors for the systematical design of solvents. Moreover, due to the 

negligible vapor pressure of some IL species, people call ILs as green solvents of the 

future7-8. 

Figure 1 some commonly used cations and anions of ionic liquids. 

Bulk State of Ionic liquid 

Due to the bulky and asymmetry shape of most cations, the anion and cation are 

loosely paired with each other. Therefore, they do not crystalize as normal salt does and 

exhibit a low melting point. For forces presented in ILs, there are Van der Waals, 

polarization, solvophobic and Coulombic forces with dipole-dipole interactions. 
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Sometimes, there is π−π, hydrogen-bonds interaction as well. These rich interactions 

make ILs a great liquid state solvent.  

Structures of Bulk Ionic Liquids 

ILs are not homogeneous but heterogeneous liquids. Both long and short-range 

interactions control the microstructure of ILs. There are polar and nonpolar domains 

formed by self-assembly of cations and anions at nanoscale due to solvophobic 

interactions. Both experimental and theoretical studies show evidence of heterogeneity 

in ILs. For example, small/wide-angle X-ray scattering (S/WAXS), small-angle neutron 

scattering (SANS) and molecular dynamics (MD) techniques are used for structure 

analysis of ILs. As we can see here, X-rays are used to investigate the structures of ILs 

by X-ray photons interacting with electrons. Therefore, electronic densities of ILs are 

probed by S/WAXS techniques. SANS technique is very similar to S/WAXS, the 

difference is that neutrons are scattered by IL nuclei or magnetic momentum from 

unpaired electrons. They both show a low-Q peak scattering pattern. This is direct 

evidence that bulk ILs are heterogeneous liquid. For example, alkyl imidazolium cations 

with alkyl tail length 4~10 are studied by X-ray diffraction9. The scattering pattern 

shows structural organization at nanometer scale. Moreover, the characteristic size is 

linearly increased with alkyl chain length. These results are also confirmed by SANS 

technique10. The most direct evidence is from MD studies, [Cnmim][PF6]. n=2,4,6,8,12 

systems are investigated with a snapshot of polar and nonpolar region color coded 

visualization11. We can see the IL’s local heterogeneity and the increasing trend of 

domain size with longer alkyl chain length. 
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Figure 2. Snapshots of [Cnmim][PF6] color coded with polar and nonpolar regions. 

(a) [C2mim][PF6] (b) [C4mim][PF6] (c) [C6mim][PF6] (d) [C8mim][PF6] (e)

[C12mim][PF6] reprinted from paper11.

Solvation and Polarity 

ILs are good solvents which can dissolve a lot of different types of compound. 

Both polar and nonpolar compounds are dissolvable in ILs. Biomass, metals, gases, 

metal salts are also dissolvable. For example, CO2
12 , cellulose13 lignin14, lithium15 and 

lithium chloride16 are proved to be dissolvable in ILs. The heterogeneous structure of 

bulk IL is the key to their solvation power. Since polar and nonpolar nano-domains are 

presented in bulk ILs. The polar or nonpolar organic compounds can easily find their 

favorable spots. Moreover, the cation and anion can be designed with functional groups. 

For example, anion-functionalized ILs are task-specific ILs which is used for CO2 

absorption12, 17.  The selectivity and dissolve ability of ILs make them the next 

generation solvents for synthesis, catalysis, and separation. As for polarity of ILs, the 
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empirical polarity scale (ET(30)) is given by means of solvatochromic pyridinium N-

phenolate betaine dyes18. ET (30) of ILs varies from ~42 to ~66 kcal/mol. Comparing 

with water ET (30) = 63.1 kcal/mol and ethanol ET (30) =51.1 kcal/mol, we know 

polarity of ILs can be tuned in a very large range. This is very important since polarity 

has a strong influence on chemical reactions and catalysis.  For example, the endo/exo 

ratio of Diels-Alder reaction products has a strong correlation with the polarity of ILs19. 

Thermal properties 

Melting and decomposition temperatures are the most important thermal 

properties for ILs. Some ILs may show a glass transition temperature (Tg) instead of a 

melting point. Nevertheless, the low melting point and high thermal decomposition 

temperature make ILs versatile in wide range of temperatures. The melting temperature 

is related to the structure of bulk ILs. When symmetric ions and localized charged with 

strong interactions present. A high melting point is shown. When asymmetric cations 

with delocalized charge present, low melting point is observed. For cation with long side 

chains. The melting points can be a parabola function of cation side chain length.20 

When cation side chain length increases, the symmetric of ions increases and lead to an 

inefficient packing and a reduced Coulombic interaction. This lower the melting point. 

However, when cation side chain length is great than a certain threshold, van der Waals 

interaction dominates and leads to a high melting point.  For decomposition 

temperatures, protic ILs show lower thermal stabilities than aprotic ILs.  Phosphonium  

salts are  the  most stable ones,  followed  by imidazolium salts and ammonium salts.21 
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Electrochemical window 

The electrochemical window is voltage range at which ILs are neither oxidized 

nor reduced. The electrochemical windows for ILs can reach up to 5~6 V.  This makes 

ILs great solvent-free electrolytes for electrochemical applications. The lower limit is 

called cathodic limit, which is determined by reduction of cationic materials. The upper 

limit is called anodic limit, which is determined by oxidation of anionic materials. 

Researchers found that both cation and anion have effect on cathodic and anodic limit.22 

But anodic limit is more reluctant to change. This is due to the little variation of 

oxidation potentials across different ions. However, cathodic limit can change widely. 

Therefore, cations have more impact on the electrochemical window. In addition, 

impurities such as water can significantly change the electrochemical window of ILs. 

For example, a > 3 wt% water in [BMIM][BF4] reduces the electrochemical window 

from 4.1 to 1.95V. As for [BMIM][PF6], the electrochemical window is reduced from 

4.15 to 2.1V. For [MDIM] [BF4], the electrochemical window is reduced from 3.8 to 

2.0V.23 Nevertheless, the wide electrochemical window makes ILs suitable for 

applications in sensors, supercapacitors, batteries, photovoltaic nanodevices and so on. 

There are other bulk properties such as density, viscosity, heat capacity, surface 

tension, vaporization enthalpy, etc. They are very important but trivial to introduce. 

Actually, Karadas group has a good review of these topics.24   

Classification of Ionic liquids 

The classification of ILs are based on C. Austen Angell’s method25 which 

adapted from Ohno’s book “Electrochemical Aspects of Ionic Liquids”26.  
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Aprotic Ionic liquids 

Aprotic ILs subclass contains no acidic proton and possesses extremely low 

vapor pressures. It is also the majority types of ILs. The cations are normally organic 

molecular-ions. For example, the [C2Py]Br-AlCl3 system found by Hurley and Weir5 

which exists a very low-melting-point −40°C. Some representative anions are PF6
-,BF4

- 

and NTf2
-.  

Protic Ionic liquids 

Protic ILs are formed by transferring a proton from Brønsted acid to Brønsted 

base25. They are volatile by nature. This is because the Brønsted acid proton can be 

extracted by Brønsted base at ambient temperature27. The acid-base equilibrium process 

creates charge-neutral species which can evaporate easily. This opens door for 

distillation of ILs28.  

Inorganic Ionic liquids 

Inorganic ILs are composed by inorganic cations and anions. This subclass ILs 

can be in both aprotic and protic forms. For example, Lithium chlorate is aprotic ILs. 

Hydrazinium nitrate is protic ILs. Low melting points Ammonium salts can also be 

considered as inorganic ILs.  

Solvate Ionic liquids 

This subclass ILs is overlooked for a long time. The first such kind is the molten 

salt hydrates Ca(NO3)2·4H2O + KNO3 system put forward by C.Austen Augell29. But due 

to the unclear criteria, some solvate ILs are often mistreated as simple solutions. In order 
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to solve this debate, a criteria30 is developed by Masayoshi Watanabe group for solvate 

ILs.  

Applications of Ionic liquid 

Owing to low melting point31, negligible vapor pressure32, high thermal 

stability33, and larger electrochemical windows22, ILs are used for synthesis34, catalysis35 

and energy storage36, etc.  

Figure 3. Applications of ionic liquids 

Catalysis and Synthesis 

The chemical industry nowadays is “greener” than it used to be. Chemical plants 

are trying their best to reduce volatile organic compounds (VOC) usage so that the 

impact on the environment and human beings are minimized. Therefore, new types of 
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solvents are needed as reaction media for organic synthesis and catalysis. ILs with 

neglectable vapor pressure and nonflammable properties are suitable candidates for this 

need. Moreover, the solvent properties can be tuned with different combinations of 

cation and anion. This makes ILs as “design solvents”. Some scientists even conclude 

that ILs are solvents of the future7-8. These good properties made ILs an ideal media for 

catalyzed reactions and synthesis.  

Catalysis 

There are two ways ILs can facilitate catalyzed reactions. One is to be solvent for 

catalyst. The other is to be the catalyst itself. The full potential of ILs is unleashed when 

ILs are both solvent and catalyst. One example is the Friedel-Crafts Reactions in 1-

methy1-3-ethylimidazolium chloride and aluminum chloride mixtures37. The catalyst is 

identified as Al2Cl7
-. However, not all reactions in ILs are efficient. Sometimes ILs are 

consumed in the reaction or through the isolation process. Sometimes even worse, for 

example, AlCI3 ILs are destabilized when water is the by-product. Nevertheless, ILs are 

still used as effective catalyst which is better than their solid counterparts. Here are some 

examples. Pechmann condensation reaction is conducted for synthesizing coumarins in 

Lewis acidic chloroaluminate ILs. The ILs are both solvent and Lewis acid catalyst38. 

Knoevenagel condensation reaction is conducted for synthesizing electrophilic alkenes 

in [BMIM]Cl·AlCl3
39

. Chloroaluminate IL is used for Fischer Indole synthesis of ketones 

and is both solvent and catalyst40. ILs can also be catalyst in cleavage of aromatic methyl 

ethers41, Diels-Alder reactions42,esterifications43-44, etc. The list can go on and on. 
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Synthesis 

One important factor for synthesis is the miscibility of substance with ILs. If we 

think the interaction at atomic level, the ILs interact with solute by dipolar and 

dispersion forces including hydrogen bonds. The great benefit of using ILs is that we can 

adjust solvent properties by selecting suitable cation and anion. Another way is to treat 

ILs as the component of biphasic mixtures. As Blanchard presented in paper “Green 

processing using ionic liquids and CO2”
45,  CO2 dissolves in ILs and facilitates product 

extraction. But ILs do not dissolve in CO2. This makes the non-volatile organic 

compounds extraction possible. Later on, this supercritical CO2-ILs system is used to 

trap catalysts in ILs layer and add/remove reactants-products in CO2 layer46-51. The same 

concept is also true for Water-ILs biphasic mixture systems52 with temperature as 

controlling factor. Besides all above. ILs can also assist in synthesis functional materials, 

such as IL-functionalized Graphene Sheets53, gold nanoparticles54,zeolite55 hollow TiO2 

microspheres56, etc. Other applications of ILs in organic synthesis can be found in a 

summary paper by Zhao57. 

Energy Storage 

Due to good conductivity, low volatility and thermal stability, ILs are widely 

used in energy-related applications. One such example is ILs based dye-sensitized solar 

cells58. ILs are adopted as electrolytes. In another example, ILs are used as heat transfer 

fluid for solar thermal conversion59. The heat transfer fluid must withstand wide range of 

temperatures from winter low temperature to operating temperature greater than 200°C. 

The thermal stability and low volatility make ILs the ideal candidate. Also, owning to 



11 

polar and nonpolar domain coexists in some types of ILs, polar and nonpolar materials 

are both soluble in ILs which would not happen in conventional solvent. This makes ILs 

suitable for solvation and extraction. For example, ILs are used to dissolve cellulose60 

and transforming cellulose to glucose61 for producing biofuels. Biodiesel62-63 is 

converted from soybean oil at room temperature by IL-supported enzyme63. ILs are not 

only adopted in newly emerged green biofuel area but also used in conventional fuel 

production. For example, alcohols are extracted from water by ILs64. Aromatic/aliphatic 

are separated from a feed stream to naphtha crackers65. Diesel fuel is deeply desulfurized 

by ILs66. Moreover, there is evidence that certain types of ILs are resistant to radiation 

damage67-69. This makes them suitable for nuclear cycle extraction system70. More well-

known applications of ILs in energy field are fuel cells71-72, supercapacitors73-75 and 

batteries76. Protic Ionic liquids are used as electrolytes in solvent-free fuel cell systems77. 

ILs are also used as electrolytes in supercapacitors and lithium-ion batteries. Moreover, 

ILs are used in novel energy storage and conversion system such as ionic artificial 

muscle78. 

Lubrications 

ILs are used as lubricants directly or as lubricant additives. Comparing with 

traditional lubrication oils, ILs exhibit low volatility, flammability, and high thermal 

stability. These features enable ILs to be good candidates for lubrications since high 

temperatures and pressure will occur when there is high friction. Moreover, given 

carefully designed anions and cations, ILs can react with surfaces and form a protective 

tribofilm79. This tribofilm will provide self-healing and wear-protection for tribology. 
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Steel-steel systems80-86 are extensively studied due to their ubiquitous presence. Steel-

aluminum, titanium-steel systems have also draw attentions87-92.  One major difference 

between IL lubricants and other common industrial lubricants is that IL lubricants are 

electrical conductible. This makes them suitable for Micro-/nanoelectromechanical 

systems (MEMS/NEMS)93. However, there are still some disadvantages, such as the by-

product generated during friction. Some of them will corrode surface. The others will be 

flammable even toxic. More seriously issue is the environmental toxicity. The aftermath 

of large-scale application for ILs as lubricant still unknown.   

Pharmaceutics and Medicine 

ILs are also applicable to the pharmaceutics and medicine industry. One major 

reason is the biological activity from ILs solubility with water. There is other evidence 

showing that ILs are capable of interacting with lipid bilayer94, DNA95, etc. Moreover, 

researchers are using active pharmaceutical ingredients (APIs) to produce biological 

active ILs96. These Active Pharmaceutical Ingredient Ionic Liquids (API–ILs) are used 

as antibacterial agents. From medical point of view, the growing resistant of gram-

negative bacteria poses serious problems for human health. Because gram-negative 

bacteria are resistant to most available antibiotics and drugs97. Therefore, the inhibition 

effect of API-ILs becomes valuable. For example, ampicillin[Amp] based API-IL shows 

better growth inhibition effect compare to [Na][Amp] on some sensitive bacteria and 

some gram-negative resistant bacteria98. Low as 0.028  μg ml−1 concentrations of 

[C16MIM][CI] strongly prevents the biofilm formation of multidrug‐resistant candida 

tropicalis isolates99. Moreover, antibacterial Poly(ionic liquid) membranes are also 
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made100. These examples demonstrate the potential promising application for ILs as 

antimicrobial drugs. Other medical applications still under developing are anticancer 

agents. As we know, cancer is the leading cause of death in developed countries and the 

second leading cause of death in developing countries101. ILs shed light on this area due 

to their tunability. However, right now there is no easy way to tell the cytotoxicity from 

IL structures. Once this problem is solved. ILs will become ideal therapeutic anticancer 

agents because the level of anticancer activity and toxicity can be tailored. There are 

other applications such as drug delivery, drug synthesis, biomedical analytics and so on, 

more details can be found in review articles102-104. 

Separation and Extraction 

As “green” solvents with many desired properties, ILs quickly find its way to 

applications of separation and extraction. Since traditional organic solvents used in 

separation and extraction are usually toxic and flammable. Replacing traditional solvents 

to ILs not only improve safety but also reduce the VOCs. Therefore, ILs are used for 

extraction metal ions, extraction and separation biofuels, desulfurization conventional 

fuels, capture and separation CO2, etc. Moreover, people also designed biphasic system 

of ILs and supercritical CO2 for catalytic reactions. The products and catalyst are 

separated in a genius way. 

n-dodecane is compared with ILs for extracting rare earth metals with octyl(phenyl)-

N,N-disobutylcarbamoylmethyl phosphine oxide (CMPO) as an extractant105. The 

experiment shows an enhancement of efficiency and selectivity by using ILs. Also, 

[HMim][eFAP] is used to extract 1-butanol from water with selectivity as high as 300106, 
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this enables biofuels extraction from aqueous solutions. The first of the kind ILs 

desulfurization paper adopts [BMim]CI/AlCI3 of ratio 0.35/0.6566. They reach 275 ppm 

sulfur in n-dodecane from the original model diesel fuel with sulfur ppm of 500. In the 

CO2 capture field, task-specific ILs are designed with the recyclable capability. Yet they 

are still with a comparable efficiency of commercial amine sequestering reagent but 

without the requirement of water12. As mentioned in earlier “Catalysis and Synthesis” 

section, supercritical CO2-ILs biphasic system is used in continuous flow 

hydroformylation of alkenes107, ester synthesis108, Electro-oxidation of benzyl alcohol109 

and so on. These applications are all owing to the phase separable catalyst which 

insoluble in supercritical CO2 but soluble in ILs. 

Sensors 

ILs are also adopted in electrochemical analysis field, such as ion selective 

sensors, voltammetric sensors, gas sensors and biosensors etc. 

For example, multi-walled carbon nanotubes-ILs-carbon paste electrode is used 

as a super-selective sensor for mercury ion110. ILs are also used as plasticizer for 

polymer membranes and bring ion-sensing ability to these selective electrodes111. As for 

voltammetric sensor, Pt/CNT nanocomposite modified ILs-carbon paste electrode is 

designed to trace Sudan I in food112. Seven ILs sensor array is designed for detecting 

organic vapors at ambient and elevated temperatures113. For biosensors, gelation of ILs 

and making carbon-ILs composites are both ways to utilize ILs. Adding water to 

[DMIM][Br] will trigger self-assembly and resulting ionogels. Radical polymerization of 

vinyl monomers in ILs can also form ionogels114. These ionogels can be tuned by 
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choosing anion/cation types and water concentration. As for the other way, researchers 

modify carbon fiber microelectrode by CNTs-IL gel, which shows good stability, 

conductively and current response. Moreover, it also shows effective electrocatalytic 

oxidized ability to biomolecules, which enables it as biosensor for various species both 

in vivo and in vitro115. 

Introduction of Carbon Nanotube 

Carbon nanotubes (CNT) are discovered by lijima in 1991116. Since then, a great 

number of experimental and theoretical studies have focused on this material. 

Researchers find that the thermal conductivity of nanotube is two times higher than that 

of diamond. Electric-current-carrying capacity is 1000 times higher than copper wires. 

Tensile strength is 22.5 times higher than high-strength steel alloys 117. With different 

chiral of single-wall nanotubes, they behave differently. For armchair structure, they are 

conductors. While for zigzag structure, they are semiconductors. These special electrical 

properties make them a ‘hot’ material for nano-devices and related advanced functional 

materials. Moreover, the specific strength (strength/weight) is 10~100 times higher than 

steel with a thermal stability temperature up to 2800℃. The specific surface area(surface 

area/ weight) is approximately 500 times higher than typical carbon fiber118. Also, the 

specific ratio (length/diameter) normally is above 1000 with fracture strain around 20%. 

All these features make nanotube a great reinforcement for composite materials and a 

good candidate for electrochemical sensors. 
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Types and Structures of Carbon Nanotubes 

Single-walled Carbon Nanotubes 

Normally, SWCNT can be classified as Armchair, Zigzag and Chiral types. The 

two ends can be capped or not capped. Chiral vector determines which type the SWCNT 

belongs to. If we assume SWCNT is formed by rolling a graphene sheet. The chiral 

vector determines which direction the graphene sheet will be rolled to. 

Here is a graph for the detailed description of chiral vector: 

Figure 4. The definition of chiral vector Ch.  T is the nanotube axis direction. unit 

vectors are defined as a1 and a2 as above. 
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We define the unit vector a1 and a2 at the graphene first. As illustrated above, the 

angle between a1 and a2 is 60°. The length for this unit vector is √3 C-C bond length. 

Then the chiral vector Ch is defined as the vector sum of a1 and a2 by Ch=n*a1+m*a2 

Graphene is rolled along Ch to form nanotube with axis along T direction. Based on Ch,

SWCNT is classified as zigzag (n, 0), armchair (n, n) and chiral (m, n) types. The 

diameter of CNT is given by 𝑑 =
𝑎

𝜋
√𝑛2 +𝑚𝑛 +𝑚2 where a=2.46 Å. The chiral angle is

given by cos 𝜃 =
2𝑛+𝑚

2√𝑛2+𝑚𝑛+𝑚2
. Many properties of CNT can differ significantly due to 

different (n, m) values. 

Figure 5 Structure of representative armchair SWCNT (6,6), zigzag SWCNT (11,0) 

and chiral SWCNT (4,8) respectively. 

Multi-walled Carbon Nanotubes 

There are two ways to describe MWCNTs. One is the parchment model, the 

other is Russian Doll model. The formal one treats MWCNTs as a rolling sheet of 

graphite. The latter one can be described as concentric SWCNTs formed multi-layered 
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structures. The majority MWCNTs are Russian Doll like. Moreover, even individual 

SWCNT in MWCNT can be metallic or semi-conductive based on their chiral vector. 

The MWCNT as a whole more tends to be a zero-gap metal119. Due to the multi-layered 

structures, MWCNTs are more resistant to chemical treatment such as grafting, since C-

C bond of nanotube will break during the chemical treatment. However, SWCNTs is 

only single layer structure and can be left with defects after chemical treatment. This will 

significantly reduce their mechanical properties. 

The following graph is a representative structure for MWCNT. 

Figure 6 Illustration of MWCNT Structures 

Properties of Carbon Nanotubes 

Mechanical Property 

SWCNT and MWCNT have been extensively studied by both theoretical and 

experimental methods. However, the modulus and strength of carbon nanotubes vary in 

different literature. But still, modulus and strength of carbon nanotubes are superior to 

nearly all fibrous materials. Li Chunyu and Tsu-Wei Chou made a statistical analysis on 
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elastic modulus of carbon nanotubes120. They found that the distribution of modulus 

across literature follows Lorentz distribution. Therefore, they estimate that the 

representative value for carbon nanotube modulus is 1 TPa. Also, the strength value 

varies widely across literatures. Based on experimental results, the average strength 

value is 30 GPa.120 If we take weight into consideration, the specific strength 

(strength/weight) is ten to one hundred times higher than steel. The Poisson ratio is 0.2 

which is close to steel. With these superb properties, carbon nanotubes are often used as 

reinforcement for nanocomposite materials.  

Electrical Property 

The electrical property for carbon nanotubes is very bizarre. For SWCNT, they 

can be either metallic or a semiconductor. Given a SWCNT (n, m), if (n-m) mod 3=0, 

the nanotube is nominally metallic. If n=m the nanotube is metallic. Otherwise, it is a 

semiconductor with a bandgap 𝐸𝐺 ≈ 700
𝑚𝑒𝑉

𝐷[𝑛𝑚]
 121 Therefore, we know SWCNT may be

metallic or a semiconductor depending on the helicity when diameter  D<30 nm. For 

those D>30 nm SWCNTs, the EG becomes too small that they become metallic. 

Moreover, the carrier mobility of SWCNT is about 10,000 cm2V-1S-1 which is better than 

silicon. Also, current density can reach 4*109 A cm2 which is 1000 times higher than 

copper or aluminum. These properties make SWCNTs a potential candidate for high-

performance electronic nanodevice.  For MWCNT, each has unique conductivity 

properties with different temperature122. Clearly, there is a strong correlation between 

structure and electronic properties. MWCNT and bundles of SWCNTs have lower 

symmetry compared with individual SWCNT. This lead to the disappearance of band 
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gap123-124. Moreover, both MWCNT and SWCNT show superconductivity in specific 

conditions125-126 Just as semiconductor silicon, carbon nanotubes can be doped to form p-

type or n-type semiconductors. There are two ways, one is direct substitutional boron or 

nitrogen into carbon nanotubes. The other is non-substitutional method where dopants 

give/receive π-electrons from carbon nanotube top valence band.  

Optical Property 

Optical properties of SWCNTs arise from the electronic transition in one-

dimensional Density of States (DOS). The major difference comparing to 3D bulk 

materials is that DOS is no longer a smooth function of energy. It has many 

discontinuous spikes and then gradually decay. This is called van Hove singularities. 

Figure 7 Density of states (DOS) for SWCNT(5,5) and SWCNT(7,0) reprinted from 

paper127. 

Wavevector contributes to optical transitions can occur between mirror image 

singularities. Such as v1 -> c1 (Energy E11), v2->c2 (Energy E22).  These interband 

transitions are responsible for resonant Raman effect. But crossover transitions such as 
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v2-c1, v1-c2 do not occur or very weak due to dipole-forbidden. The E11, E22 and so on 

strongly depend on SWCNT structures. Therefore, by tuning the structures of SWCNT 

we can change and design the optoelectronic properties. Moreover, the transitions are 

strong. This makes the selection of SWCNT with specific (n, m) values possible. On the 

other hand, it can also be used to detect optical signals.    

For optical absorption, an SWCNT thin film sample is synthesized by arc-

discharge method128. The optical absorption spectra is as follow: 

Figure 8. Optical absorption spectra of purified SWCNT film reprinted from 

paper129.  

The peaks at 0.68,1.2 and 1.7 eV are related to the DOS peaks of two semiconducting 

and one metallic tube. The large band at 4.5 eV is due to the π-plasmon of SWCNTs.129 
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There are other interesting optical properties of SWCNT arising from the controlled 

alignment of SWCNTs. We will introduce them later in the application part.  

Thermal Property 

Due to the one-dimensional nature of nanotubes, the thermal properties of carbon 

nanotube are governed by low-dimensional phonon physics. The experiment result 

shows that the thermal conductance is 2.4 nW/K and the thermal conductivity is about 

3500 W/mK at room temperature for SWCNT.130  Other literate even clams thermal 

conductivity to be 66000 W/mK.131 However, the good thermal conductor we know 

from daily life – copper only has a thermal conductivity of 401 W/mK. This shows that 

nanotubes are extreme good thermal conductors.  But the distribution of thermal 

conductivity if very heterogeneous. The high thermal conductivity only occurs in tube 

axis. The off-axis thermal conductivity is very low. Based on an experiment on 

MWCNTs thin film. The off-axis thermal conductivity is only 1.52 W/mK.131  As for 

thermal stability, SWCNTs can withstand 2800 ℃ in vacuum and 750 ℃ in air.132  
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Applications of Carbon Nanotubes 

Figure 9. Applications of carbon nanotubes. 

Nanocomposites 

Because of the superior mechanical properties, carbon nanotubes reinforced 

polymer materials draw a lot of attention during the decades. As pointed out by Paul133, 

carbon nanotube is a recipe for strength, If we could fully utilize the modulus and 

strength of carbon nanotube, the mechanical properties of nanotube composite will 

exceed most structural materials. But the reality is not as good as we thought. Here are 

some reasons: 

1) The volume fraction of SWCNT/MWCNT is low in experiment.

2) The interface between carbon nanotube and matrix is not perfect.

3) Waviness undermines the effectivity of reinforcement.

4) Nanotubes are not aligned in one direction.
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5) Poor dispersion of nanotubes.

6) The defects in nanotube structure are unavoidable due to thermodynamics.

7) Chemical modification of nanotubes leads to SP2->SP3 transformation and

weaken the nanotubes. 

8) For SWCNTs, the slippage between SWCNTs in nano-rope bundles reduce the

mechanical properties. 

Here we list the SWCNT and MWCNT reinforced polymer composites properties 

with different processing methods reproduced from literature 134. 

Table 1 Summary of carbon nanotube composites fabricated by various methods, 

where Y is Young’s modulus, σ is strength and Vf is carbon nanotube volume 

fraction. Reprinted from literature. 134  

Mean dY/dVf 

[Gpa] 

Median dY/dVf 

[Gpa] 

Max dY/dVf 

[Gpa] 

Max Y 

[Gpa] 

Max σ 

[Mpa] 

Solution 309 128 112 7 348 

Melt 23 11 68 4.5 80 

Melt(Fiber) 128 38 530 9.8 1012 

Epoxy 231 18 94 4.5 41 

In-situ 

polymerization 

430 60~150 960 167 4200 

Functionalization 157 115 305 29 107 

We can see, by adopting the in-situ polymerization method, we obtain the best 

Young’s modulus and strength for nanotube reinforced polymer materials. Not only 

polymer can be used as matrix, metals, and ceramics are also used as matrix for carbon 
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nanotube reinforced composites. We again observe the modulus and yield/tensile 

strength increase. These composites can be prepared by powder metallurgy, thermal 

spray, electrochemical deposition, melting and solidification methods, etc. S R Bakshi 

and D Lahiri & A Agarwal give a good review on this topic135.  

Coating and Films 

Carbon nanotubes are used as an additive for coatings. For example, silicone-

based coatings are filled with a small amount (0.05%) MWCNTs. The bulk mechanical 

properties are unchanged. But the adhesion strength of adult barnacles is reduced. 

Therefore, these types of coatings are used as anti-biofouling paints for ship hulls.136 For 

anti-corrosion applications, polyurethane MWCNTs films are obtained with a good 

response to electrical conductivity. It is used as corrosion prevention film for stainless 

steel. A very high protection efficiency of 97.7% is reached137.  Other polymer-based 

carbon nanotube added coatings are also used as anti-corrosion films. This is due to the 

enhanced stiffness and strength, also due to the electric conductivity channel for cathodic 

protection.     

Carbon nanotubes can also be used as a pure material for coating and films. For 

example, an ultrathin, transparent, optically homogeneous, electrically conducting film 

made of pure SWCNTs is developed138. It is said to be an alternative to indium tin oxide 

and a solution for indium shortage139.  These films are also used as transparent film 

heaters. High transmittance of ~90% and sheet resistance of ~756 Ω/sq are obtained. 140  

Not only transparent films can be made from carbon nanotubes. Surprisingly, black body 
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can also be made from vertically aligned SWCNTs141. This black body film can absorb 

light perfectly across 0.2~200 μm range.  

Energy Storage 

The high surface area, thermal conductivity, electron mobility, and good 

mechanical properties make carbon nanotubes a good candidate for energy conversion 

and storage material.  They can be used as optical rectenna142, as gas storage media. Or 

they can be used in lithium-ion batteries or fuel cells. For example, by low-temperature 

synthesis method, researchers are able to obtain nanotube superstructures with excellent 

CO2 uptake up to 4.8 mmol/g at 1bar and excellent H2 uptake up to 4.4 wt% at room 

temperature143. Pd doped carbon nanotubes are also prepared for hydrogen storage144. 

Moreover, carbon nanotubes are also found applications in lithium-ion battery anodes. 

For example, mesoporous CuO particles are threaded with carbon nanotubes to form a 

nanocomposite material for high-performance anode in lithium-ion batteries. The 

reversible capacity reaches 650 mA h/g at 0.1 C rate145. Li4Ti5O12/carbon nanotubes 

composites are also developed as electrode for lithium ion battery. An excellent rate 

capability and capacity retention was observed146. As for fuel cells, carbon nanotubes 

also play an important role in reduction the usage of Pt and lower the cost.  The 

experimental result shows 12 wt% Pt-deposited carbon nanotube electrode gives 10% 

higher voltage than 29 wt% Pt-deposited carbon black147. Moreover, a 60 % reduction of 

Pt usage in polymer electrolyte fuel cells is reported147. It’s also possible for metal free 

electrode. As reported by Liming Dai’s group, nitrogen-doped carbon nanotube arrays 
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have better electrocatalytic activity and long-term operation stability than Pt in alkaline 

fuel cells148. 

Sensors 

There are four types of gas sensors based on carbon nanotubes. The first one is 

the sorption gas sensors. They adsorb gas molecule which take/get electron from/to 

nanotube. This will trigger a detectable signal in electrical properties of carbon 

nanotube. For example, SWCNTs based sensor can detect NO2 and nitrotoluene as low 

as 44 and 262 ppb respectively. The detection time is in seconds and recovery time in 

minutes149.  Individual semiconducting SWCNT is also demonstrated with the capability 

to detect NO2 or NH3 by dramatic electrical resistance response150. Moreover, 

Functionalized carbon nanotubes are used to enhance the selectivity for gas detection, 

such as sidewall COOH functionalized nanotubes are used as CO detector. Low as 1 

ppm CO can be electrically detected at room temperature151. However, there is one 

major disadvantage for sorption-based gas sensors. Low adsorption energy gases are not 

detectable by them. Thus, here comes the ionization gas sensors. As the name indicates, 

ionization sensors adopt accelerated ions colliding with gas molecules to determine gas 

ionization parameters. Nanotubes are used as electrode materials and operate at low 

voltage with high accuracy152. But high sensitivity signal processing devices are needed, 

that’s way the ionization sensors are not widely applied. Another type of gas sensor is 

capacitance gas sensors. They use capacitance response as signals. For example, a 

moisture detection capacitive humidity sensor is fabricated by depositing MWCNTs on 

stainless-steel substrates153. The capacitance response is enhanced 200% when humidity 
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under 0.7, 3000% when humidity over 0.7.  The porous nanostructures formed by 

MWCNTs do a good job in capillary condensation effect. This shows a potential way to 

build capacitive sensors with small volume and high sensitivity.  Benzene, hexane, 

heptane, toluene, etc. are also detected by high sensitive SWCNT capacitor sensor154. 

The last gas sensor type is resonance frequency shift gas sensor. They exhibit dramatic 

shift in electrical resonant frequency. The structure of this type sensors is typically disk 

resonators with nanotubes on outer surface. When different gases expose to sensor, the 

dielectric permeability of the disk with nanotubes changes, this leads to the resonance 

frequency shift. Moreover, different gases have different frequency shift signatures. This 

makes resonance frequency shift gas sensor both sensitive and selective for different 

gases. For example, there is a dramatic downshift of 4.375 MHz for carbon nanotube-

based sensor when exposing to ammonia155. Also, NH3, CO, He, Ar and N2 can be 

detected as low as 100 ppm156.  

 Carbon nanotubes are not limited just for gas sensors. They also used as 

biological sensors, atomic probe for microscopes and high-resolution electron-beam 

instruments.  For example, trace levels (2.0 μg/l) of oligonucleotides and polynucleotides 

can be detected by carbon nanotubes paste electrodes157. Also, SWCNTs are used for 

atomic force microscope probes and stable noncontact-mode imaging can be achieved.158  

Moreover, carbon nanotubes is a good point electron source in high-resolution electron-

beam instrument with a stable emitted current and a long lifetime159. 
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Separation and Extraction 

Due to the high specific surface area and thermal stability, carbon nanotubes are 

desirable stationary phases for chromatography or electrochromatography160.  One of the 

most important applications is solid-phase extraction. Both inorganic and organic 

analytes can be extracted. For example, basic proteins are isolated by solid-phase 

extraction with MWCNTs161. Ten sulfonamides are identified by on-line coupling of 

solid-phase extraction to liquid chromatography using MWCNTs as sorbent162. Heavy 

metal ions such as Cu2+ Cd2+ Pd2+ Zn2+ Ni2+ and Co2+ are extracted by MWCNTs by 

solid-phase extraction163. Moreover, functionalized or none-functionalized carbon 

nanotubes can be additives to polymeric membranes. These composite membranes can 

be used in gas separation and water treatment. For example, MWCNTs/PBNPI 

nanocomposite membrane is used for H2/CH4 separation164. It is found that adding 

MWCNTs into PBNPI matrix not only improves gas permeability but also improves 

selectivity. The same is for polyether-sulfone/MWCNTs mixed matrix membranes. Only 

0.5 wt% MWCNTs loadings can achieve selectivity of 250.13 for CO2/CH4 and 10.65 

for O2/N2 .
165  Researchers also design magnetic carbon nanotubes where magnetic 

nanoparticles are attached at surface or inside the nanotubes. These modified nanotubes 

are then applied to magnetic solid-phase extraction. One major advantage over 

traditional solid-phase extraction is that centrifugation or filtration steps are not needed. 

C. Herrero-Latorre has a good review of this topic166.
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Pharmaceutics and Medicine 

Carbon nanotubes are capable of adsorbing or conjugating drugs, genes, 

vaccines, antibodies, etc. Therefore, they are of great importance for pharmaceutics and 

medicine applications. Moreover, functionalized carbon nanotubes show low toxicity 

and are not immunogenic. They are excellent vehicles for drug delivery into cells and 

organs. There are several representative examples, the first is peptides functionalized 

carbon nanotubes. A bound peptide from the foot-and-mouth disease virus is covalently 

bond to carbon nanotube with correct secondary structure167. Specific monoclonal and 

polyclonal antibodies can recognize them. This behavior makes them good for both 

diagnostic and vaccination purposes. As we know for any drugs to be effective, the 

concentration of drugs must above certain thresholds.  Therefore, the uptake of drugs is 

very important.  Thanks to the structure of nanotubes, the functional group at surface can 

be fine-tuned.  These surface modifications determine the nanotube cell interaction 

mechanism. For example, carbon nanotubes labeled with a fluorescent agent are capable 

of efficient cellular uptake.  For gene therapy or genetic vaccination, the critical issue is 

injecting DNA into cells.  Nanotubes again prove their value. Scientists found that 

water-soluble positively charged nanotubes are able to penetrate into cells with plasmid 

DNA168.  Except the gene therapy, carbon nanotubes are also applied in tissue 

regeneration and artificial implants169. However, human toxicity of nanotubes in short 

and long terms should be more carefully studied before we could finally apply these 

materials to clinical usage worldwide. 
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Nanoconfinement of Ionic Liquids 

As introduced in the previous section, ionic liquids are widely used in catalysis, 

synthesis, lubrication, energy storage, sensors, pharmaceutics, separation, and extraction, 

etc. However, in most cases, their applications are limited by the liquid state. For 

example, some IL-devices requiring a solid shape, others requiring no leakage and 

portability. Therefore, nanoconfinement is put forward to overcome the weakness. 

Nanoconfined ionic liquids not only show the properties of ILs but also the matrix. 

Moreover, by nanoconfinement, nanoconfined ILs show distinct physicochemical 

properties compared to the bulk systems. Besides, the low vapor pressure of ILs 

facilitates the filling process for nanoconfinement. Also, nonconfinement can overcome 

the high cost, high viscosity and low diffusion rate of ILs. This is understandable, when 

ILs are confined in nanoporous matrix, they will form ultrathin layers inside the porous 

medium and the amount of ILs is very small. This lowers the cost and solves the 

problems of high viscosity and low diffusivity owning to the ultrathin IL layers. 

Microporous, mesoporous and hierarchical porous materials are all used as 

nanoconfinement matrix. 

The nanoconfinement effects affect ILs’ local structures, dynamics, thermal 

properties, optical properties, and chemical properties. The following sections will 

summarize recent studies on this topic. 
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Methods for Nanoconfinement 

Before talking about methods for nanoconfinement, types of confinement must 

be discussed first. There are typically two types of nanoconfinement. One is physical 

nanoconfinement. The other is chemical nanoconfinement such as grafting.  

Physical nanoconfinement is facilitated by the low vapor pressure of ILs. Both in 

situ and post impregnation methods can achieve permanent physical confinement of ILs. 

There are several benefits to physical confinement. Firstly, ILs are not chemically 

confined into the surface of porous materials. Multilayers of ILs can exist in porous 

medium. Therefore, some bulk properties of ILs are retained. Secondly, it is easy to 

recycle ILs from porous materials by extraction. Thirdly, some of the matrix porous 

materials have inert surface. Grafting method will not work and physical 

nanoconfinement is the only way for confinement. The final point is that physical 

nanoconfinement is a much easier way for IL nanoconfinement than chemical ones. 

Because no chemical bond will form during the process and low vapor pressure makes 

nanoconfinement easy. 

Chemical nonconfinement is referring to covalent grafting of ILs. For example, 

walls with silanol groups react with imidazolium-based ILs170.  There are several 

disadvantages to this method. Firstly, grafted ILs are bonded to the porous matrix. One 

or two degrees of freedom are completely lost. This will significantly reduce 

conductivity. Secondly, chemical grafting is an irreversible process. ILs cannot be 

recycled. Besides, the grafting density is low. Finally, the preparation of functionalized 
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ILs and matrix is more complicated than physical nanoconfinement. Some of the 

surfaces are inert such as carbon nanotubes.  

Several methods such as in situ, post impregnation, ship-in-bottle, and 

ionothermal synthesis are available for IL confinement. Brief introductions of these 

methods are provided. 

In Situ 

One of the widely used methods for ILs in situ physical confinement is one-pot 

sol-gel method. The formed matrix with ILs composite is called ion gel or ionogels. The 

pioneer work is done by Sheng Dai171 etc. One example is mixing tetramethoxysilane 

(TMOS), formic acid and 1-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonylimide) at ratios 1:7.8:0.5. Gelation occurs 1.5 hours later and 

then aged for days or minutes with exposure to ultrasounds.172  This is a nonhydrolytic 

sol−gel route. On the other hand, hydrolytic sol−gel route is also possible. For example, 

1-Ethyl-3-methylimidazolium dicyanamide is dissolved into the solution of tetraethyl

orthosilicate (TEOS) and ethanol. Then mild heated and cooled into hydrochloride 

aqueous solution. Then, vacuum treatment is done at 60℃ for ethanol solvent removal 

with a 24 hours air condition aging process.173  We can see the nonhydrolytic sol−gel 

process has several advantages. The gelation process is faster without water. Also, a 

monolith ionogels is easier to get. Overall speaking, In Situ sol-gel method encapsulates 

ILs more intimately than other methods and preserves both matrix and ILs’ properties. 

As shown by experiment,  ionogels prepared by non-hydrolytic sol-gel method exhibit 

both mechanical, transparency properties of silica gels and the high ionic conductivity, 
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thermal stability of ILs172.  This broader the applications of ionogels as solid electrolytes 

for high-temperature applications such as fuel cells.   

Post Impregnation 

Post impregnation is the easiest method for nanoconfinement. No chemical 

reaction is involved during this process. Moreover, the low vapor pressure of ILs and 

vacuum facilitate capillary effect. The typical process as follow: first, porous materials 

such as SWCNTs/MWCNTs, metal-organic frameworks, silica, etc. are put into a 

container. Later, gas inside porous materials is drained out of container by pump. ILs are 

added into the container and dispersed with ultrasonic sound. Normally, high temperate 

is applied so that the diffusion of ILs are facilitated as well as the capillary effect. 

Sometimes, the ILs viscosity is further reduced by adding solvents. Next, the mixed 

samples are purified by washing with low-boiling solvents so that the surface ILs are 

removed. The final step is drying by high vacuum. Based on experimental results, 

vacuum condition is critical for post impregnation. For example, ILs are confined inside 

mesopores silica oxide nanoparticles when filling in vacuum 10-5 Pa condition. 

However, when filled at atmospheric pressure, ILs are only found to be at the outer 

surface of silica oxide nanoparticles.174  Post impregnation is available for basically all 

porous materials. The great advantage is that filling ratio is more easily controlled than 

in situ method.   

Ship-in-Bottle 

In Situ and post impregnation methods are widely used for ILs confinement. 

However, they face the problem of leaching. This is understandable since ILs are 
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physically confined inside the porous medium. Therefore, the so-called “Ship-in-Bottle” 

method is developed to solve the leaching problem. The process as follow: firstly, 

precursor of ILs are diffused into porous host (“Bottle”). Then in situ reaction occurs 

with product (“Ship”) trapped inside bottle due to larger size of “ship” than the “bottle” 

neck. As we can see above, the size of “Bottle” and “Ship” must be carefully designed 

so that “Ship” can be trapped in “Bottle” and precursors can go inside bottle as well. 

Ship-in-Bottle method is only suitable for microporous materials. The reason is obvious. 

The pore size of mesoporous materials is too large, and the “Ship” cannot be trapped 

inside mesopores.  Also, the in-situ reaction of precursors limits IL types to finite ones. 

Nevertheless, Ship-in-Bottle method successfully used in microporous materials for ILs 

confinement, such as Metal-Organic Frameworks (MOFs), Zeolitic Imidazolate 

Frameworks (ZIFs) and zeolites. For example,  ILs are synthesized and trapped inside 

MOF (MIL-101)175. The result nanoconfined ILs MOF composite material is very stable 

and used as benzothiophene remover for liquid fuel. For another example, ILs are 

functionalized with amine groups and synthesized with Ship-in-Bottle method176. This 

forms amine-functionalized ILs trapped in NaY zeolites. The ILs@NaY host-guest 

systems are proved to be successful in CO2 capture. It combines advantages of ILs and 

NaY zeolites, at the same time, minimize the disadvantages of both materials.   

Ionothermal synthesis 

Ionothermal synthesis is a method in which ILs are both solvent and template. It 

is developed by Emily R. Cooper55 and used to synthesis zeolite analogues. Researchers 

extend this concept to ILs confinement. For example, ILs are confined into MOFs by 
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ionothermal synthesis method in solving the leaching problem of IL-polymer composite 

membranes177. ILs confined zeolites are also synthesized by this method. Here 1-butyl-3-

methyl imidazolium bromide/hydroxide act as both solvent and structure-directing 

agent178. 

Grafting 

Grafting is a chemical nanoconfinement method for ILs. It can be applied to both 

porous and non-porous surfaces. However, the surface must have some function groups 

which react with ILs. One of the most important IL derivatives is supported ILs (SILs). 

ILs are grafted onto the surface of supporters. ILs modified surface will have both 

properties of ILs and the original surface. Moreover, the leaching problem for traditional 

physical confinement is solved. The advantage is obvious. The modified surface may 

have better wettability, lubrication properties, separation properties and so on.  Also, 

SILs can be used to dissolve catalysts or be the catalysts itself. But as a chemical 

method, it is still hard to control the grafting density. Also, suitable ILs are limited to 

certain types. For chemical nanoconfinement, the process is much complicated than 

physical one. Xin etc. have a nice review article179 of imidazolium-based ILs on this 

topic.  

Methods for Characterization Nanoconfined Ionic Liquids 

Experimental methods 

It is still a challenge to study confined ILs comparing with bulk ILs. Many 

experimental methods are applied to this topic such as Differential Scanning Calorimetry 
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(DSC), Thermal Gravimetric Analysis (TGA), X-ray Powder Diffraction (XRD), 

Nuclear Magnetic Resonance Spectroscopy (NMR), Atomic Force Microscopy (AFM), 

High-Resolution Transmission Electron Microscopy (HRTEM), Small/Wide Angle X-

ray Scattering (S/WAXS) , Small Angle Neutron Scattering (SANS) and Surface Force 

Apparatus (SFA) etc.  

DSC is good at finding first-order and second-order phase transitions such as 

melting point, crystallization temperature, glass transition temperature and so on. The 

heat flow is monitored with a reference sample at the same temperature. When 

temperature gets higher, ILs may begin to decompose. TGA can be used to monitor the 

decomposition process and determines the decomposition temperature. For structure-

related properties, we can use XRD to probe the crystal structure and gas adsorption 

isotherms to probe pore size distribution, surface area, etc.  The more direct way is using 

a TEM, for example HRTEM, we can directly visualize the confined structure of ILs in 

porous materials. Also, thanks to the low vapor pressure of most ILs, the vacuum 

condition in the experiment is not a problem for nanoconfined ILs. AFM can also be 

used to probe the morphology and structure of confined IL nanofilms. NMR can be used 

to study the dynamic properties of nanoconfined ILs such as orientational relaxation, 

diffusion, etc. For S/WAXS techniques, low-Q peak scattering pattern is observed which 

relates to the formation of heterogeneous domains.  This is because X-ray photons can 

interact with electrons where electronic densities of ILs are probed. Just like S/WAXS, 

SANS technique uses neutrons instead of X-rays.  By neutron scattering with IL nuclei 

or magnetic momentum from unpaired electrons, SANS can provide information about 
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inaccessible pores which is not possible to obtain from conventional methods. For thin 

IL films, SFA can be used to measure the normal force and shear force with different 

separation distances. This helps us to understand the structural and dynamic properties of 

IL thin films up to nanoscale. Researchers also extend this method to measure viscosity 

and friction properties of nanoconfined ILs with different film thicknesses.   

Molecular Simulations 

Even though experimental methods are adopted for nanoconfined ILs studies. It 

is still hard to get molecular level detailed information about ILs in nanoconfinement. 

Therefore, molecular simulation becomes a valuable tool. Moreover, it can test separated 

factors one at a time by adjusting parameters such as temperature, pore size, packing 

factor and so on.  At atomistic scale, continuum methods such as finite element analysis 

are not valid. (Quantum Mechanics) QM and (Molecular Dynamics) MD techniques are 

often adopted by researchers. QM can give accurate description of interactions between 

ILs and confined medium. But it is limited by small system size. On the other hand, 

classic MD can handle large scale simulations. But accurate description of interactions 

i.e. “forcefield” is needed. It is still a very challenging task for forcefield development.

Ab initio MD does not need forcefield. But it is a computationally expensive method. 

The size of simulated system must be small enough and the simulation time is limited in 

picosecond range. If several hundred to thousand nanoseconds and mesoscale simulation 

is needed, we can perform coarse-grained MD simulations. Still the development of 

coarse-grained forcefield for ILs and porous materials is the challenge. Despite these 

challenges, MD technique is widely used in nanoconfinement studies due to the 
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comparable simulation length scale comparing to experimental one. Also, the time scale 

is long enough to extract useful information such as viscosity, local structure density, 

diffusion rate and so on. Also, by changing MD simulation conditions such as 

temperature, pressure, external field, pore size, packing density, etc., researchers can 

study factor-dependent structural and thermodynamic properties for nanoconfined ILs. 

This is sometimes not possible for experimental methods. Most importantly, MD results 

are very accurate in predicting thermal and dynamic properties of both bulk and 

nanoconfined ILs. A detailed MD introduction will be in next chapter. 

Matrices for Ionic Liquids Nanoconfinement 

There are three types of porous matrices—micropore, mesopore, and macropore. 

The pore size for microporous materials is smaller than 2 nm. For mesoporous materials, 

the pore size is in the range of 2 to 50 nm. If pore size larger than 50 nm, the matrix is 

defined as macroporous material. Sometimes, matrix can be a hierarchical porous 

material. Matrices have huge influence on the properties of nanoconfined ILs. For 

example, the melting point decreases when ILs confined in silica-derived networks180. 

But it increases when ILs confined in MWCNTs181. In the following section, porous 

silica, porous metal, polymer, MOFs, zeolite, CNT, etc. will be introduced.  

Nanoporous Silica 

Nanoporous silica confined ILs can be synthesized by one-pot sol-gel method or 

formed by post impregnation. The pore surface contains Si, Si-O and Si-OH groups. For 

some types of ILs, hydrogen bonds will be formed. The interaction between confined ILs 
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and pore walls also forces ILs to form layered ion pairs structure with orientation 

defined by surface groups. The IL density is higher near pore walls. Moreover, ILs at 

surface are more solid-like and dynamics are slower than that of the bulk. For example, 

the resonance shear measurement and physical model analysis show that viscosities of 

nanoconfined ILs are 10 to 1000 times higher than that of the bulk IL. Also, layered 

structure of nanoconfined ILs do exsit182.  For dynamic properties such as rotational 

dynamics, self-diffusion rate, viscosity, conductivity, dielectric relaxation, etc., the 

loading fraction is the key factor affecting them. When loading fraction is low, ILs 

strongly interact with pore walls. Therefore, the dynamics of confined ILs are slow. 

Once the loading fraction is high, ILs can form a liquid path so that the ion conductivity 

increases and even comparable to bulk value. However, self-diffusion rate is still very 

low comparing to bulk due to the confinement effect. Another key factor is temperature. 

Higher temperature leads to faster relaxation. Therefore, the rotational correlation time 

decreases and self-diffusion rate increases. For melting point of nanoconfined ILs, many 

reports are contradicting to each other. For example, ILs confined in ionogels with silica-

like networks have lower melting point180. While ILs filling in vacuum exhibit a higher 

melting point when confined in Nanoporous SiO2
174. The pressure in ILs filling 

condition may partially explain these contradictions. Since low-pressure filling leads to 

pore saturation. But atmospheric pressure filling only leads to surface confinement of 

ILs. As for thermal stability of nanoconfined [BMim][PF6] in porous silica, a two-step 

weight loss pattern is observed while bulk ILs only exhibit one-step weight-loss 

behavior.174 The first step weight loss is owing to the breaking of alkyl chains. The 
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second step is the conventional decomposition step. Therefore, due to the alkyl chains 

decomposition of first step, the decomposition temperature is lowered from 304 to 

258 ℃.  Other properties, such as fluorescence and IR, Raman spectra also affected by 

nanoconfinement. For example, great enhancement of fluorescence emission is observed 

for dicyanamide based ILs when confined in mesoporous silica gel173. 

Porous Metal 

Porous metals such as Au nanopore183, Pt mesopore184, porous Ag185 are studies 

by both experimental and computational techniques for ILs nanoconfinement. Also, gold 

interfaces186 and bcc iron surfaces187 are studied.  Nanoconfinement can enhance some 

properties of ILs and vice versa. For example, Pt hexagonal array mesopore confined 

[BMIM][PF6] shows twice larger capacitance as the corresponding flat Pt surface. 

However, the conductivity is three orders of magnitude lower than bulk due to 

confinement effects.184 In physical entrapment of IL at Ag matrix case185, the thermal 

stability of confined IL is enhanced. The first-order transition temperature is lower than 

bulk together with more interaction between imidazolium rings. Nanoconfinement is not 

limited by pore shaped nanoconfinement, the slit-like pore or metal surfaces are also 

studied for nanoconfinement. For example, the MD technique is adopted for studying 

[BMIM][PF6] confinement in 5 nm Au slit. A solid-like high-density layer is found near 

the surface with a favorable tilt cation orientation. The dynamics such as self-diffusion 

rate is smaller comparing with bulk ILs. Similar systems such as [BMIM][NTf2] are also 

studied and compared with nanoconfined [BMIM][PF6] system in Au slits186.  Similar 

conclusions are drawn too. Probably, the most impactful surface for nanoconfinement is 
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iron surface due to the wide applications. Nanoconfined ILs are used as lubricants for 

iron surfaces187. The MD simulations show that rough iron surfaces are helpful in 

reducing friction.  

Polymer 

The polymer can also act as porous hosts for ILs nanoconfinement.  For example, 

flexible transparent and self-standing ion gels are prepared by in situ free-radical 

polymerization method114. 1-ethyl-3-methyl imidazolium bis(trifluoromethane 

sulfonyl)imide ([EMIM][TFSI]) is confined in poly(methyl methacrylate) (PMMA). The 

ionic conductivity at ambient temperature reaches 10-2 S cm-1. Therefore, these ion gels 

are used as high ionic conductivity polymer electrolytes. With designability of ILs, 

researchers adopt [FeCl4] as anion and create paramagnetic ionogels based on PMMA 

188. They are also transparent and flexible. Epoxy is another widely used polymer matrix.

It is also suitable for ILs nanoconfinement. For example, epoxy confined [EMIM][TFSI] 

shows a low ionic conductivity and a high Yong’s modulus when ILs content< 40 wt%. 

However, when ILs content >40 wt%, microphase separation of ILs/epoxy occurs and 

ionic conductivity becomes higher with a lower Yong’s modulus.189  Another interesting 

type of polymers is copolymer. They form different microstructures such as lamellar, 

spheres, cylinder and gyroid phases. These structures become another degree of freedom 

in designing nanoconfined ILs190-192. For example, lamellar phase copolymer confined 

ILs show enhancement in proton transport190.  It may be suitable for fuel cell 

applications. Types of polymer matrix can also be another design parameter for polymer 
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nanoconfined ILs. Matrix of biopolymer could find application as biosensors and in the 

field of energy and so on193.  

Metal Organic Frameworks 

Metal Organic Frameworks (MOFs) is a very important type of porous material 

and widely used in synthesis, catalysis, gas storage and so on.  As mentioned earlier in 

ionothermal synthesis section for nanoconfined ILs, ILs can act both as solvents and 

structure-directing agents for MOF synthesis at the same time. Of course, other methods 

such as post impregnation can be used for MOFs confined ILs too. These MOFs 

confined ILs are good at catalysis194. For example, dicationic acid ILs (DAILs) in MIL-

100(Fe) frameworks are good catalyst for esterification reaction195. Biodiesel can be 

produced196. Brönsted acidic ILs (BAILs) in MIL-101 nanocages show superior catalytic 

performance for the acetalization of glycol with benzaldehyde197. Also, MOFs confined 

ILs can act as agent remover. For example, MIL-101 confined ILs prepared by ship-in-

bottle method show an excellent removal effect of benzothiophene from liquid fuel175.  

MIL-101 confined ILs also used for desulfurization198. There are other applications such 

as gas adsorption, separation199, etc. By introducing ILs into MOFs, these functions are 

enhanced. An interesting observation is that MOFs confined ILs are more ordered and 

organized. Therefore, ILs properties are affected. For example, a lower freezing 

transition temperature is observed for MOFs confined ILs. But the ionic conductivity is 

enhanced200-201. This provides a novel strategy for stabilizing ILs at low temperature and 

facilitates low temperatures electrolytes design. It can be used in batteries that operate at 

low temperatures. 
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Carbon Nanotubes 

Carbon nanotubes are very important porous materials. The hollow cylinder 

shape of nanotubes is perfect for ILs nanoconfinement. Moreover, ILs can be filled 

spontaneously into nanotube channel in vacuum condition. The experimental method for 

making carbon nanotubes confined ILs is easy. Simply mixing ILs and nanotube 

together, ILs will be confined into nanotubes. This is also confirmed by several 

molecular dynamics studies202-203.  Since there are π-π interactions between nanotube 

walls and cations such as [BMIM], cation will move into the nanotube channel first. 

Then anion will follow. This is due to the charge balance effect. Eventually, cation and 

anion will form ion pairs so that the number of ions confined in nanotubes is an even 

number. Also due to curvature effect, cation side chain length may play a role in 

microstructure of confined ILs. Normally, ILs will form layered cylinder structures when 

confined inside nanotube channel. But this structure is very sensitive to nanotube 

diameter. For a small change of tube diameter, the internal solvation structures could go 

through a dramatic change. For example, [EMIM][BF4] confined in SWCNT, a single 

file distribution is observed for cation and anions at nanotube diameter 0.95 nm. Zigzag 

distribution of ions pairing is observed when nanotube diameter is 1.08 nm. Chiral 

distribution is observed at 1.35 nm and disordered structure is observed at 1.62 nm. 

Staggered pentagonal first solvation shell structures with alternating layer of cations and 

anions is observed at 2.03 nm and disordered octagonal structures in a staggered 

configuration is observed when nanotube diameter is 2.70 nm.203  There are also 

molecular dynamics study shows that mass density is oscillating along the radial 
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direction204. This is direct proof that layered cylinder structure exists in nanotube 

confined ILs. These structures directly determine properties of confined ILs. Therefore, 

nanotube confined ILs may have different properties comparing with bulk ILs. For 

example, molecular dynamics simulation shows that the mobility of a highly viscous IL 

[EMIM][CI] is enhanced 5-fold when confined inside nanotubes.202  For local dynamics, 

the ILs exhibit slower dynamics when they are close to nanotube walls. This shows the 

heterogeneous behavior of confined ILs. As for thermal properties, nanotubes confined 

ILs often exhibit a higher melting point than bulk ILs. This is due to the more ordered 

structure when ILs confined in nanotubes. A TEM study reveals the high-melting-point-

crystal structure of nanotube confined ILs181. Also due to the more ordered structure, the 

thermal stability of nanotubes confined ILs is enhanced.  

Others 

There are other porous matrices such as graphene, zeolites, mica, hybrid 

polymer-silica matrices and so on. These porous matrices can all be used to confined 

ILs. Some of the matrices are easier for surface modifications, others may be more 

thermally stable. More and more matrices are emerging for ILs nanoconfinement. This 

broadens the applications of nanoconfined ILs.    

Applications for Ionic Liquid Nanoconfinement 

Owing to the nanoconfinement effect, ILs under nanoconfinement exhibit 

distinguishing properties than bulk ILs. Moreover, the synergetic effect of matrix and 

ILs enhances some properties of ILs.  As we see, nanoconfined ILs are applied to 
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catalysis, gas capture, gas separation, supercapacitors, electrolyte, carbonization and so 

on.  

Catalysis 

We have introduced catalysis applications of ILs in the previous section. The 

major advantages of nanoconfined ILs are recovering and reusing. Moreover, different 

types of host matrices can be tailored further for specific catalysis purpose.  

Nanoconfined ILs can significantly reduce the amount needed for ILs, thus lower the 

price. Also, mass transfer of high viscosity bulk ILs is enhanced due to the confined thin 

layer of ILs.  Typically, three major types of nanoconfined ILs catalysts exist. The first 

one is supported IL phase (SILP). Catalyst is mixed with ILs and confined into the 

surface of nanoporous materials. The second one is solid catalyst with an IL layer 

(SCILL). This means the catalytically active species are on the host surfaces. ILs are just 

additional layers outside the matrix surfaces. The final one is supported catalytically 

active IL phase (SCAILP) where ILs themselves are catalytically active species. They 

are used for continuous operation in hydrogenation of citral205, oxidation of alcohol with 

molecular oxygen206, hydroformylation of propene at continuous-flow fixed-bed207 , 

catalysts for water-gas-shift reaction208, biodiesel production196 , isomerization 

reaction209 and so on.   

Gas Capture and separation 

CO2 capture technology is becoming more and more important due to global 

warming. The amine system is widely used in CO2 capturing. However, the drawbacks 

are significant, such as corrosion of equipment, high energy consumption, amine 
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degradation, etc. Therefore, ILs attract a lot of attention owing to the low vapor pressure, 

nonflammable and thermally stable properties. There are various studies from both 

theoretical and experimental methods. Researches find that the anion has the most 

significant influence on gas solubilities210. For example, at 25 ℃ the solubility of CO2 in 

[BMIM] based ILs  is [NO3] < [DCA] < [BF4] ∼ [PF6] < [TfO] < [Tf2N] < [methide]211. 

Also, cation side chain length is directly related to absorption capacity212. In some cases, 

mixing ILs with water can enhance CO2 solubility by 4-fold and diffusivity by 10-

fold212.  Moreover, owing to the significant difference of solubilities of CO2/H2O and 

other gases. ILs can be good separation agent for mixed gases. Researchers also design 

and introduce functional groups into ILs to further enhance the solubility and selectivity 

for certain gas. However, on the industrial application perspective, the price of ILs is still 

too high. Let along high viscosity limits sorption rate due to slow diffusion at gas-IL 

interface. What’s worse is that the functional groups introduced could increase the 

viscosity of bulk ILs further. To overcome these drawbacks, ILs are confined in 

nano/mesoporous materials, such as porous silica, MOFs, zeolites, polymers, etc. This 

reduce the cost and enhance gas-ILs interface. There is evidence that nanoconfinement 

can enhance gas absorption. For example, an MD study is carried out clamming the 

enhancement of gas absorption of ILs confined in silica slit pores213. Also, experiment 

shows that ILs in nanopores are self-assembling and lead to anomalous CO2 adsorption 

at low pressure214. These enhancement effects are not limited to silica matrix. As we 

know, MOFs are good absorbent for various gases. Therefore, the combination of ILs 

and MOFs should be promising for gas separation and storage. Experimental results 
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prove this. For example, when [BMIM][PF4] confined in CuBTC, CH4 selectivity over 

CO2, H2 and N2 enhanced by 1.5 times215. Moreover, numerous computational studies216-

220 prove that MOFs-ILs composite is good at gas capturing and separation. Similarly, 

zeolites-ILs system exhibits superior gas absorption property too. By “Ship-in-bottle” 

synthesis method, ILs are confined in zeolites pores. This solves leaching problem. 

Moreover, the overall CO2 capture capacity is superb up to 4.94 mmol g−1. 176 Also, ILs 

confined in zeolites are stable and effective with prolonged use.221  Other host materials 

such as porous carbon, carbon nanotubes are also used to confined ILs. One study shows 

that ILs-CNTs composite material exhibits higher sorption selectivity of CO2/H2 than 

both individual materials.222  

Ionogels 

We introduced ionogels in the section “in Situ” method for nanoconfinement. 

Normally, ionogels are obtained by one-pot sol-gel method. Their matrix can be organic, 

inorganic or hybrid. Therefore, ionogels exhibit both ILs and matrix properties. The 

negligible vapor pressure, high ionic conductivity, stability and mechanical flexibility 

make ionogels versatile in applications. Therefore, we combine all applications of 

nanoconfined ILs for ionogels in this section.  

Firstly, ionogels can be good solid electrolytes. For example, silica-polymer 

hybrid ionogels exhibit high ionic conductivity which matching liquid ILs. Moreover, 

the ionic conductivity of ionogels can be higher than the liquid electrolyte at low 

temperature.  Also, good mechanical properties are observed. Therefore, it is 

successfully applied in batteries as solid electrolytes.223  Secondly, ionogels can be used 
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in optical devices. For example, Kyra, etc. developed red photoluminescence ionogels 

with high coloric purity. 224 These types of ionogels are transparent and exhibit high 

ionic conductivity. Thirdly, ionogels can be catalysts. For example, ionogels show high 

catalytic activity for benzothiazoles synthesis over silica-supported ILs.225 Fourthly, 

ionogels based fibers can be used for microextraction. For example, the chlorinated 

organic micropollutants can be extracted using ionogels based fibers.226 Moreover, the 

durability of these ionogels fibers is great. They can withstand 100 extraction/desorption 

cycles. Fifthly, ionogels are used as an efficient drug releasing system.227 There are 

several advantages. They can be easily shaped to the final pharmaceutical form. Also, 

the preparation of ionogels is simple too. Moreover, both ILs and matrix can be 

functionalized as designed.     

Supercapacitors 

Supercapacitors are energy storage devices. They exhibit higher energy density 

and longer cyclic lifetime than batteries. Moreover, the charging rate is much faster than 

batteries. This is owing to the electrical double layer mechanism which leads to charge 

separation between electrolyte and electrode. Here comes the nanoconfinement of ILs. 

The application of ILs electrolyte significantly enhances the electrochemical window. 

Thus, a higher energy density for supercapacitors is possible. Because the energy storage 

capacity is proportional to square of voltage. Moreover, the non-flammable properties, 

low vapor pressure, and high thermal stability made them safe materials for high 

capacity supercapacitors.  In practice, the low-cost nanoporous carbon is often used. 

Studies show nanoporous carbon can increase energy density and does not affect fast 
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charging at the same time.228  There are also theoretical studies supporting the 

enhancement effect of nanoconfinement for ILs on supercapacitors.229-230   

Carbonization 

Nanoconfined ILs are also adopted as precursors for carbonization. However, 

none nanoconfined ILs will have no char residue.231 Nanoconfinement is the key for 

carbonization. Because the element from ILs will remain in the final product. This 

method opens a door for developing functionalized porous carbon. For example, boron 

and nitrogen-rich porous carbons with surface area reaching 500 m2/g  are produced by 

this method. 232 These materials show high adsorption amount of CO2 and selectivity for 

CO2/N2. Also, carbonization of nanoconfined ILs can produce carbon wires where 

conventional methods fail. There are wide applications for porous carbon. Especially the 

element and exact amount can be modified by ILs precursors.  

Lubrication 

ILs can also be a lubricant for different types of surfaces. A thin film will be 

formed during friction. There are several advantages of nanoconfined ILs lubricants.  

They are thermally stable and exhibit low vapor pressure. This makes them suitable for 

extreme conditions. Moreover, at very high pressure, certain types of ILs can react with 

surfaces and form a protective tribofilm. Also, the anti-wear property of ILs is better 

than conventional lubricants.  Moreover, ILs are ionically conductive and suitable for 

electrical components lubrications. However, the price of ILs is still high. This hinders 

the wide application of ILs as lubricants. Therefore, ILs also used as additives to 

conventional lubrication oils. A small amount of ILs can significantly enhance tribology 
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properties of base oils. For example, a small family of ILs can be additives to non-polar 

base oils and act as anti-wear additives.233  There are many studies on tribology of ILs. 

Some of them even study the lubrication mechanism at atomistic level. 234 



52 

CHAPTER II 

MOLECULAR DYNAMICS SIMULATION 

In the previous chapter, we introduced ILs, CNTs and nanoconfined ILs. Both 

ILs and CNTs can be applied in energy storage, separation/extraction, pharmaceutics and 

sensors fields. Moreover, the nanoconfinement effects also enhance ILs properties. 

Therefore, it is very important for us to study ILs under nanoconfinement. There are 

experimental methods and computational methods for such studies. Experimental ones 

are high cost and fail to give atomistic details. Therefore, we choose molecular 

simulation methods. Also due to the wide applications and structural simplicity of 

nanotubes, the confined medium for ILs is chosen to be CNTs.  

There are several methods for molecular simulations. The most important ones 

are molecular dynamics and Monte Carlo methods. Monte Carlo (MC) is a stochastic 

method where microstates of ILs system are sampled. The sampled properties are 

equilibrium thermodynamic properties. But they are not time-dependent properties such 

as structural properties235, gas solubility236, phase equilibrium properties and so on. More 

importantly, free energy can be calculated from Monte Carlo method237. Since free 

energy is a function of all possible microstates, it is hard to calculate free energy from 

other simulation methods such as molecular dynamics. To sample enough microstates in 

phase space, different moves with fixed probability are designed. With each move, the 

system changes from one microstate to another. But whether the move is accepted or 

not, is based on Metropolis criterion. For example, translation moves can translate 

particles to new positions. Rotation moves will rotate molecules. Volume change moves 
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can enlarge or shrink system volume. Insertion or deletion moves can insert and delete 

particles or cations/anions. Of course, the types of moves are not limited as described 

above. Researchers develop new moves to accelerate MC convergence, such as cluster 

move where multiple particles are moved at one time.237  Nevertheless, the final goal is 

the same. By adopting different moves and long enough MC steps, the system reaches 

chemical, thermal and mechanical equilibrium states. This is the key point of using MC 

technique. For example, molecular dynamics may never reach equilibrium state of ILs-

vapor saturation. The cation/anion separation from ILs bulk surface may be a rear event. 

But MC techniques especially those carefully designed MC moves can help the system 

reach equilibrium and extract liquid-vapor saturation properties of ILs.238 Due to the 

specialized nature of MC moves, MC codes are usually developed in house. Still, there 

are several open source MC packages such as Towhee239, Cassandra240 and so on. But 

MC technique is limited for time independent properties. Time dependent information 

cannot be extracted from MC simulation. Therefore, transport properties cannot be 

obtained from MC simulation. Hence, we adopted molecular dynamics technique.  

Ab Initio Molecular Dynamics 

The core concept of Ab-Initio MD is evaluating force on the fly from the 

electronic structure of system. The dynamic part is similar to classical MD. Since 

electrons are explicitly treated using quantum mechanics, the polarization effect of ILs, 

charge transfer, hydrogen bonds, etc. can be considered by this method. More 

importantly, Ab-Initio MD can simulate chemical reactions. The pioneer work is done 
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by Car and Parrinello.241 They introduced electronic degrees of freedom as fictitious 

variables. This leads to an extended Lagrangian where ions/electrons motions are 

coupled. Therefore, the explicit electronic minimization at every step is avoided. The 

other approach adopts Born-Oppenheimer approximation, where electronic density is 

calculated from nuclear positions. Kohn-Sham orbitals are solved along with the first 

derivatives of energy. Thus, forces are obtained and used to update nuclear positions and 

velocities. All these simulations can be carried out in density functional theory 

frameworks. Core electrons are described by pseudopotentials. Wavefunctions of 

valence electrons are described by plane-wave basis sets. One drawback of Car-

Parrinello MD is that a fictitious mass of electrons must be a very small value so that the 

energy transfer of ionic to electronic degrees of freedom can be minimized. Also due to 

this small fictitious electron mass, the timestep used in Car-Parrinello MD is very small. 

But, density functional based Ab-Initio MD could use a larger timestep normally in 

femtosecond range. Still, due to the explicit consideration of electronic degrees of 

freedom, the computational cost for these types of simulations is much higher than 

classical MD. What’s worse, Ab-Initio MD can only be applied to several tens of 

hundreds of atoms. The simulation time length is also limited to tens of picoseconds. 

The timescale may be sufficient for chemical reactions. However, picoseconds time 

range is not long enough for ILs’ relaxation. For the nanoconfinement of ILs study, no 

chemical reaction is involved. Therefore, it may be more suitable for classical MD 

method to simulate these confined systems. The theoretical basis and mathematical 

derivations can be found at Tuckerman’s review article242 and Car-Parrinello’s paper241. 
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There are several packages for Ab-Initio MD simulations such as CP2K243, CPMD244, 

NWChem245, and VASP246, etc.  

Classical Molecular Dynamics 

The word “classical” in classical MD means particle motions are governed by 

laws of classical mechanics. Therefore, the dynamics are coming from solving Newton's 

equations of motion. The equilibrium and transport properties can be drawn from 

classical MD by solving the classical many-body problem. Therefore, we have the most 

powerful microscope on earth where position and velocity of each atom are observed. 

But still, there are many challenges for proper application of this method. The first one is 

selecting a suitable model for the system. 

Molecular Models 

There are basically three types of models. The first one is the full-atomistic 

model. The second one is united atom model. The third one is coarse grain model. We 

choose a specific model based on the level of molecular details necessary for capturing 

properties of interest. For example, we cannot get atomistic level detailed description of 

hydrogen bonds for ILs using united atom model or coarse grain model, since the 

hydrogen atoms are implicitly modeled. But, if we want to run longer simulations and 

use a larger timestep, the coarse grain and united atom model are necessary. There is a 

tradeoff between lower computational cost and level of model details. However, with the 

fast development and advancement of computer hardware and software. Full-atomistic 

model is more and more commonly used in MD simulations.  
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Full-atomistic model represents all atoms as they are. Every atom in real-world is 

modeled as an interaction site in full-atomistic model. Therefore, it needs more 

computational power to solve this many-body dynamics problem. Also, the charge of 

each atom is statically assigned. This accelerates simulation process. However, the 

polarization effects are normally implicitly considered. Researchers will scale cation and 

anion charges to less than unity. Still, there are ways to explicitly considering the 

polarization effects, such as adding Drude oscillators.247 But this will significantly 

increase the computational cost. It still a tradeoff question. The most suitable model is 

the one that provides enough information for accurate properties calculation with lowest 

computational cost.   

Figure 10. full-atomistic model of 1-alkyl-3-methylimidazolium bis 

(trifluoromethanesulfonyl) imide [BMIM][NTf2]  

As the name implies, united atom model will unite several atoms into one 

interaction site. Normally, hydrogen atoms are united with nearby heavy atoms. But 

sometimes, other types of atoms are also united with heavy atoms. For example, anion of 

ILs hexafluorophosphate [PF6] is modeled as a single interaction site for convenience.248 

This strategy is extremely useful for Monte Carlo simulations due to reduced degree of 
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freedom. It is also powerful in classical MD too. Because the timestep used in MD must 

capture the fastest motion of the system. The vibration of hydrogen atom with heavy 

atom contributes most for high-frequency vibrations of the simulation system. Therefore, 

by uniting hydrogen atoms into heavy atoms, a larger MD timestep can be applied. This 

enlarges the simulation time scale and lowers the computational cost. Still, there are 

tradeoffs between model simplicity and accuracy. Researchers will carefully evaluate 

united atoms models and find the best parameters for force fields and best atom groups 

to be united. Here is an example of united atom strategy for the 1-alkyl-3-methyl-

imidazolium cation.  

Figure 11. Schematic structure for united atom model of the 1-alkyl-3-methyl-

imidazolium cation [CnMIM]. Reproduced from Liu’s paper249. 

Coarse Grain model reduces the level of detail further. The cation or anion is 

represented by several coarse grain beads. The atomistic details are totally lost. 

However, this enables larger size and longer time scale ILs modeling. For example, the 

timestep for a typical full-atomistic model is 1 fs. By adopting coarse grain ILs model, 

the timestep can now be set to 4 fs.250 Moreover, the significance of finite size effect on 



58 

IL properties can be checked. Researchers develop different coarse grain schemes for 

ILs.250-251 Each scheme must have corresponding force field parameters that reproduce 

the bulk ILs properties. Still, the development of force fields is a difficult job. A coarse-

graining scheme is represented as follow:    

Figure 12. Coarse-graining scheme for [EMIM][NO3]  Reproduced from Wang’s 

paper.250  

Force Field 

Classical MD method relies heavily on the accurate description of interactions 

between each atomic site. Different function terms together with a set of well-defined 

parameters are designed to represent the microscopic interactions between interacting 

sites. This mathematical description of interactions between atoms/beads is called a 

force field. However, force field development is a very difficult task. It’s more like an 

art than hard science. Normally, interactions between atoms/beads are decoupled to 

different terms. There is a great degree of freedom in decoupling different interaction 

terms. Also, the exact function form adopted can affect the accuracy of fitted force field 
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greatly. Sometimes, the static properties of target system are fitted well. However, 

dynamic properties may be ill-fitted. Overfitting and underfitting problems will occur 

constantly. Moreover, multiple optimal fitting parameters exist. The selection of 

functional forms is already hard enough, let along choosing and refining the final force 

field parameters. Therefore, a well-established force field is very valuable and is the key 

to a successful molecular dynamics study.  

Figure 13. Schematic representation for (a)bond, (b)angle, (c)dihedral, (d)improper 

interactions. 

Complicated molecular structures are composted by simple building blocks. The 

figure above shows the basic components for describing force interactions between 
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different atom/bead sites. Fig.13(a) shows a bond that is defined by the elastic constant 

Kij and bond length rij. The same is for Fig.13(b), θijk is the bond angle defined by 

interaction site i, j and k. For dihedral angle, four interaction site i,j,k,l define two 

planes. The angle between plane-ijk and plane-jkl is the dihedral angle φijkl.For 

improper angle, it still defined by four interaction sites. The site i, j, and k form a plane. 

site l is out of plane-ijk. The out of plane angle is the improper angle ψijkl. In classical 

MD simulation, these interactions are governed by mathematical formulas.  

𝐸𝑡𝑜𝑡𝑎𝑙 = ∑ 𝐾𝑏(𝑟 − 𝑟0)
2 + ∑ 𝐾𝜃(𝜃 − 𝜃0)

2 + ∑ 𝐾𝑑[1 + cos(𝑛𝜑 − 𝜑𝑑)]

𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠𝑎𝑛𝑔𝑙𝑒𝑠𝑏𝑜𝑛𝑑𝑠

+ ∑ 𝐾𝑖 [1 + cos(𝑛ψ−ψ
𝑖
)] +∑∑{4휀𝑖𝑗 [(

𝜎𝑖𝑗
𝑟𝑖𝑗
)

12

− (
𝜎𝑖𝑗
𝑟𝑖𝑗
)

6

] +
𝑞𝑖𝑞𝑗
𝑟𝑖𝑗
}

𝑁

𝑖<𝑗

𝑁=1

𝑖=1𝑖𝑚𝑝𝑟𝑜𝑝𝑒𝑟

…(1) 

The formula (1) is just an example for force field of full-atomistic model. As can 

be seen above, the total energy is composed of bond, angle, dihedral, improper, van der 

Waals and Coulombic energy. Therefore, the bond stretching, angle bending, dihedral 

angle rotating, improper torsion, none-bond, and Coulombic energies are considered. 

But the exact form of each term is force field dependent. For example, the none-bond 

term can be represented by Lennard-Jones 12-6 potential, but it can also be represented 

by Buckingham potential. The bond term can be simplified as harmonic spring 

interactions. But this leads to the neglection of higher-order vibration modes. Thus, 

springs with higher-order terms are also used by some researchers as 𝐸𝑏𝑜𝑛𝑑 =

∑ 𝐾2(𝑟 − 𝑟0)
2 +𝐾3(𝑟 − 𝑟0)

3 + 𝐾4(𝑟 − 𝑟0)
4

𝑏𝑜𝑛𝑑𝑠 . Moreover, some researchers may

add more terms such as bond stretching and angle bending coupling terms. The exact 

function forms are carefully chosen by force field designers. As for ionic liquid, 
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polarization effect becomes an issue. Also, the tradition fitting way of parameterization 

ion in gas phase fails to give good quality partial charges. Therefore, it is hard to find an 

ionic liquid force field that is transferrable to different ILs. 

Normally, empirical force field potentials are fitted from quantum mechanical 

calculations on small subunits. It can also be fitted by experimental data such as density, 

viscosity, heat capacity, compressibility and so on. To gain quantum level information of 

ILs, density functional theory (DFT) is a good compromise between efficiency and 

accuracy. For example, Post-Hartree-Fork methods such as Møller-Plesset perturbation 

theory (MP2), coupled-cluster with single/double/triple excitations (CCSD(T)) are too 

expensive to use. DFT results capture the essential aspects of ILs interactions. However, 

due to the non-trivial polarization effect, the net charge of cation/anion is reduced in 

bulk. DFT approach must be able to reproduce these effects. But, DFT has its own 

limitations. The dispersion interactions are usually not predicted with enough accuracy. 

Thus, we not only need to choose functionals for exchange and correlation such as 

Becke Lee Yang Parr(BLYP), but also need to find a suitable dispersion correction such 

as Grimme’s dispersion corrections.252-255 . Another issue is the partial charge fitting. 

Different fitting schemes will give different results. The one with closest value from 

Post-Hartree-Fork method may be a good choice. Also, we need to take charge transfer 

and polarization into account. Charge can be transferred from anion to cation and reduce 

the net ion charge value for both cation and anion. Polarization leads to a distorted 

electron cloud that interacts with neighbors and reduces the net ion charge value too. 

Therefore, we can see net ion charge reduction in many ab initio simulations and 
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classical MD simulation too. Based on different treatment of polarization effect, classical 

MD force fields can be divided into polarizable and nonpolarizable categories.  

Nonpolarizable Force Field 

The most common force field type for simulating ILs or other materials is 

nonpolarizable one. Based on molecular model chosen, nonpolarizable force fields can 

be divided into three categories: full-atomistic, united atom and coarse grain force field. 

 Full-atomistic force field clearly has more detailed information about the 

system. Therefore, it is also hard to parameterize too. There is no universal way to derive 

force field parameters form experiment results or quantum calculations. However, a 

specific force field for ionic liquid can be constructed from well-established parameters. 

For example, the first ILs force field is developed by Hanke etc.256  The short-range 

parameters are taken from other force fields. But the partial charges are calculated from 

distributed multipole analysis of the MP2 correlated charge density. Cation [EMIM], 

[MMIM], anion [CI] and [PF6] are parameterized to successfully reproduce the 

experimental crystal structures. A united atom version of this force field is also 

developed by author. But the accuracy is not satisfactory enough. Then, Andrade et al. 

developed a new force field257 for [EMIM], [BMIM], [AlCl4] and [BF4]. Most 

parameters are borrowed from Amber258 force field, some nonbond Van der Waals 

parameters are taken from Dreiding 259force field. But some bond and angle parameters 

are developed and refined by themselves. Also partial charges are fitted through two-

stage RESP260 approach.  This force field is validated by comparing density, diffusion 

coefficient, vibrational frequencies, X-ray and neutron diffraction data. Good matching 
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of structure/dipole moments between classical MD and ab-initio MD is achieved.  In the 

same year, Morrow and Maginn developed [BMIM][PF6] force field261 based on 

CHARMM262 and B3LYP/6-311+G* ab initio calculations. The partial charges are fitted 

by CHELPG263 method. A good agreement between simulated IR spectra and 

experimental one is found. Moreover, the thermodynamic properties such as expansion 

coefficient, compressibility, self-diffusivity, and rotational dynamics fit experimental 

ones well. The refinement of existing well-established full-atomistic force field for ILs 

continues. However, the number of ILs are too large. There are countless combinations 

of cations and anions. We cannot develop a force field every time new anion-cation pairs 

present. Therefore, force fields that are transferable between different combinations of 

cation and anion are needed. Lopes et al.264 developed a new force field for imidazolium 

ILs based on OPLS-AA/AMBER framework. This force field is developed in systematic 

way and indeed is a transferable force field. We can see that most full-atomistic force 

fields for ILs are based on well-established full-atomistic force fields. Charges and some 

bond, angle, dihedral parameters may be adjusted by ab initio calculations. But the 

nonbond Van der Waals interaction parameters are rarely adjusted. This is because most 

properties are very sensitive to this short-range interaction, such as ILs density. One 

exception is Liu’s imidazolium-based ILs force fields.265 It is based on AMBER force 

field too. Bond and angle parameters are fitted to vibrational frequency data. But torsion 

parameters are absent from AMBER. Therefore, they are fitted from torsion energy 

profiles. Moreover, Van der Waals diameter of hydrogen atom is adjusted. The force 

field is very good at predicting static properties such as density, vibrational wave 
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numbers. But the dynamic properties such as diffusivity etc. are not well predicted. This 

is understandable. Since gas phase ionic liquid pairs are used for the ab-initio force field 

fitting purpose. The real ILs bulk states are never put into consideration. Therefore, new 

technique called force-matching is developed.266  The concept is whenever classical MD 

gives the same force evaluation against ab-initio MD, the fitting process finishes. This 

also means all parameters must be fitted and no parameter is borrowed from other force 

fields. Thus, by conducting bulk ILs ab-initio MD simulation. We can get ILs 

trajectories with force information. By force-matching technique, we can fit ILs force 

field with bulk states. This will take the polarization effect into account. Since the ILs 

are in bulk densely packed state. Another way of dealing polarization effect is reducing 

the ion charge. This can be understood by charge screening effect. As Bhargava showed 

in his paper267, the charges for [BMIM][PF6] system are reduced from unity to ±0.8e. 

But amazingly, the simulated densities across different temperatures fit experimental 

data well. The thermal expansion coefficient differs the experiment one by less than 4%. 

Moreover, the radial distribution functions match ab-initio MD results well. Also, this 

charge reduced model gives correct surface tension. Other researchers also adopt charge 

scaling technique, the refined force fields work well too. This is an implicit way of 

treating polarization and charge transferring effect. Youngs and Hardacre studied the 

linear charge scaling on the structure, energy, and dynamics of [MMIM][CI] system.268 

They conclude that fitting charges form vacuum ab-initio ions is not accurate. It will be 

overestimating charges and lead to excess Coulombic interactions between ions. Thus, 

the radial distribution function of the non-scaling charge system is different from ab-
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initio MD result. Fitting charges in vacuum does not reflect the charge transfer and 

polarization effects in the bulk system. By scaling atomic charges from unity to 0.6-0.7e, 

a good agreement of static structure is found comparing to ab-initio MD result. 

Moreover, the self-diffusion coefficient of cations and anions are strongly affected by 

charge scaling. Four orders of magnitude changes are observed. This helps to fit 

experiment data for self-diffusion rate. Moreover, the cohesive energy density of 

charged scaled system is better fitted to ab-initio MD data comparing to non-scaled 

system. Similar conclusions are drawn by other researchers too. For example, Chaban 

studied [MMIM][NTf2] and [BPY][NTf2] systems over a wide range of temperatures.269 

He finds that ILs transport properties are hindered by the overestimated Coulombic 

energy. This means the polarization and charge transfer effects are not taken into 

consideration. Therefore, a uniform scaling of charge on every interacting site is done. 

The simulated results show that transport properties are very sensitive and depend on 

scaling strength. However, the pair distribution function is insensitive to charge scaling. 

Also, the author suggests there exists an optimal scaling factor that does not depend on 

temperature or other properties. This shows us a way to refine ILs force fields.  By 

following up research of Chaban, acetonitrile mixed [BMIM][BF4] system was 

studied.270 Three types of charge scaling schemes are proposed. The first one is non-

scaling. The second one is scaling charge by a constant factor. The third scheme is 

adjusting charge scaling factor by the amount of acetonitrile in the mixture, i.e. float-

charge scheme. The third scheme is necessary because charge transfer and polarization 

effects of [BMIM][BF4] are more complicated in the mixture than pure ILs. A constant 
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scaling factor may not capture the polarization effects in the component varying mixture 

case. However, the simple constant scaling factor scheme is the best performing model. 

Density, pair distributions, and transport properties are reproduced in a large rang of 

composition. The float-charge scheme overestimate shear viscosity while constant factor 

charges scaling scheme gives the correct result. Moreover, this scheme also transferable 

to other ILs systems. This indicates charge scaling method captures the essential aspects 

of the physics behand charge transfer and polarization effects. But, is there a classical 

nonpolarizable force field without charge scaling and can also reproduce ILs properties?  

Yes, there are. Köddermann et al. proposed a new force field for imidazolium-based 

ILs.271 They provide a different view on the pair interactions adjustment. Contrary to 

charge scaling method where the coulombic interactions are adjusted, Van der Waals 

interactions are reduced. However, they still get a force field which is accurate enough 

for both static and dynamic properties. Moreover, it is also a rare force field which is 

transferable to different cation side chain length for imidazolium-based ILs. Bulk ILs 

system density and self-diffusion rate at different temperatures with different cation side 

chain length are compared between MD simulation and experiment data. A good fit is 

found. Also, heats of vaporization are correctly reproduced for different side chain 

length cations. More importantly, viscosity and reorientational correlation times are 

correctly predicted and comparable with experiment data. This makes it suitable for 

microstructure studies since the reorientational correlation times are matching the NMR 

experiment values. By comparing different strategies for ionic liquid force field 

refinement, we can see there is no universal way. The decomposition of energy to 
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different parts is a very challenging task.  Therefore, there can be multiple sets of correct 

force field parameters even when they are fitted with the same ab-initio data. In general, 

charge scaling technique reduces the coulombic portion of the energy. This implicitly 

takes charge transfer and polarization effects into account. If we keep ion charges in 

unity, the Van der Waals energy needs to be adjusted. But, experiment data such as ion 

rotational relaxation time and heat of vaporization need to be considered additionally in 

force field fitting and validation process. No matter which strategy we choose, the 

polarization effects for both strategies are implicitly incorporated into the newly 

generated force field. This makes the new force field more accuracy in prediction static 

and dynamic properties of ILs than their predecessors, such as the original force field put 

forward by Lopes et al. Of course, the polarization effect can be explicitly considered. 

These types of force fields are called polarizable force fields. More details will be 

provided in next section.   

We introduced united atom models in the previous section. The light atoms such 

as hydrogens are united into nearby heavy atoms such as carbon atoms. A great 

advantage is that a larger timestep for MD integration can be used. (Since the MD 

timestep is determined by the highest vibration frequency in the system. So that we can 

capture all motion modes for the system.) The united atom model reduces highest 

vibration frequencies by uniting light atoms into heavy atoms. Inevitably, united atom 

models give up some detailed interaction information, but the cost for simulation is 

lowered due to the enlarged timestep. Some researchers developed both full-atomistic 

force field and united atom force field for the same ionic liquid at the same time. 
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Therefore, a direct comparison between these two different types of force fields is 

possible. For example, Hanke et al. developed the first IL force field with full-atomistic 

and united atom model. Cation [EMIM], [MMIM] and anion [CI], [PF6] are simulated. 

When replacing methyl/methylene groups on the side chain, the reproduced crystal 

structures become less accurate. Moreover, density and self-diffusion rates are 

significantly different from full-atomistic force field results and poorly reproduced the 

experiment data. Therefore, a small price is paid when applying united atom force field. 

But due to the lower computational resource demand comparing with full-atomistic force 

field, united atoms force fields are still used and developed nowadays. In 2004, Urahata 

and Ribeiro systematically studied the imidazolium-based ILs with united atom force 

field.272 Cations with different side-chain length such as 1-methyl-, 1-ethyl-, 1-butyl-, 

and 1-octyl- are studied with anions [F], [CI], [Br] and [PF6] . Since hydrogen atoms are 

implicitly considered. The Lennard-Jones parameter for Van der Waals interactions are 

taken from a refined united atom model based on OPLS force field. Partial charges are 

assigned by ab-initio simulation data at MP2 level with the Mulliken charge analysis 

method. Structural factor and radial distribution functions are calculated. A reasonable 

result had been found indicating the structures of these ILs are reproduced well by united 

atom force field. Moreover, the equilibrium structures are in good agreement with 

neutron diffraction data. Effects of anion size and alkyl chain length on ILs liquid 

structures are studied. They found that the preferable anion location changes according 

to the size of anion. Cation side chain length affects location of anions too. The high 

anion density region will be shifted away from side chain. Also, a long-range spatial 
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correlation can be found by long alkyl chains IL systems. This is due to the unevenly 

distributed anions where long side-chain cations present. Thus, additional long-range 

correlation occurs in partial spatial factor. In their following paper273,  they found MSD 

first increases and then decreases when cation side chain length increases. Also, ionic 

displacement for cation is larger than anion. This is contrary to our normal intuition 

which larger size and mass ions will have small displacement. The reason is that cations 

are less hindered in dynamics comparing to anions. Also, the diffusion profile is 

anisotropic. Liu et al. create a full-atomistic force field for ILs where Van der Waals 

interactions are modified. This force field is introduced in previous paragraph. They also 

developed a united atom one based on the full-atomistic force field.249 Since the CH2 and 

CH3 are united as one interaction site. The Lennard-Jones parameters are refitted to 

match full-atomistic force field. Partial charges need to be refitted too. They adopt the 

RESP method for partial charges fitting. A force field validation is performed by 

simulating pure ILs and [BMIM][BF4]/acetonitrile mixtures. Although a lot of 

properties such as densities, self-diffusion rate, vaporization enthalpies, cohesive energy 

densities, etc. are simulated. But they only compare all the properties to previous full-

atomistic force field results. We already know that their full-atomistic force field is good 

at predicting static but not dynamic properties. Therefore, the accuracy of united atom 

force field is hindered by the errors of full-atomistic force field parameters. But still, 

they provide a useful force field which is matching their full-atomistic force field with a 

much cheaper computational cost. Later on, they proposed a new united atom force field 

which is capable to simulate imidazolium cations and anions such as [BF4], [PF6], 
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[CH3SO4], [CF3SO3], [CH3CO2], [CF3CO2], [NTf2].274 This time, the partial charges 

are fitted by electrostatic potential surface method. In order to account for polarization 

effect, ion-pair dimers are adopted in the fitting process. More importantly, charge 

scaling method is used where the scaling factor is set to be 0.8. Thus, the charge transfer 

and polarization effects are implicitly considered. The value of 0.8 is a compromise 

between accuracy and transferability for ILs simulations. The validation of force field is 

done with a wide range of temperatures. Heat of vaporization, self-diffusion rate, 

viscosity, densities are simulated. The density of ILs reproduced well with a derivation 

less than 1%.  Self-diffusion rate and viscosity are accurate too. They compare their 

results with a polarizable force field. A good match was found. An error analysis is also 

performed. The largest error in self-diffusion rate across different temperatures for all 

the ILs is 1/3 of experimental value. The largest error for viscosity is two times of the 

experimental value. Overall, it is a good united atom force field for imidazolium-based 

ILs which is transferable and accurate enough. Recently, with the development of 

modern high-performance supercomputers, there is a trend that researchers are shifting 

from united atom models to all-atom models. United atom model and force field are 

extremely useful in Monte Carlo simulations since a great degree of freedom are 

reduced. For molecular dynamics simulations, full-atomistic force fields usually provide 

more accurate predictions for static and dynamic properties over united atom force 

fields. Therefore, even computational costs for full-atomistic force fields are higher, they 

are still widely applied in recent ILs research.   
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Coarse Graining is another level of coarsening over united atom model. But we 

can apply a much larger timestep for coarse grained force field. More importantly, much 

larger systems can be simulated with cheaper computational costs. A multiscale coarse-

graining approach was developed by Wang et al. for [EMIM][NO3]. 275 Force-matching 

technique is used to fitting the coarse-grained force field. The basic raw data is from 

polarizable atomistic model. Therefore, polarization effects are considered. Nonbond 

parameters are based on force-matching. Bonded forces are coming from full-atomistic 

polarizable configuration data. Also, the many-body electronic polarizability is 

decomposed and imbedded in pair interactions. One of the big challenges for coarse 

grained force field is the reproduction of virial. Since the number degrees of freedom is 

dramatically reduced, virial for coarse grained model can be vastly different from full 

atomic model. Therefore, authors set a virial constraint and try to fix the system 

pressure. Good results have been found. The structure and thermodynamic properties are 

correctly reproduced. A 200 times acceleration over polarizable atomistic MD 

simulation is reached. However, the anisotropy effect is still a problem for coarse 

grained force field. This is inevitable due to the nature of coarse-grained method. 

Because the coarse-grained sites are symmetric. For example, the imidazole ring is 

represented by one coarse-grained bead. Due to the interacting potential which is 

averaged over different orientations of imidazole ring, the artifact effect is introduced. 

Another problem is the coarse-grained beads diffusion rate. This rate is usually larger 

than the full atomistic force field model. The reason is that coarse-grained beads interact 

by effective pair potentials of mean force. However, no time-dependent friction force is 
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considered in coarse-grained model. More works should be done to fix this problem. 

Wang also adopted coarse-grained force field to study ILs and IL/water mixtures at 

mesoscopic scale.276 These types of studies are impossible or very expensive for full-

atomistic force field. Spatial heterogeneity due to long cation side chains was found.  

Moreover, the tail domains phase transition behavior was found too.  Other researchers 

also observed the same phenomenon. For example, Bhargava et al. found that ILs with 

long side chains lead to a bicontinuous morphology.251 They adopt a different way of 

coarsening imidazole ring. The ring and connected carbons are transformed to be 3 

beads. The charges for these beads are from direct sum over atomistic charges. The 

short-range Van der Waals interactions are modeled by Lennard-Jones 9-6 potential. 

Boltzmann inversion method is adopted for bond parameters fitting. All these parameters 

are benchmarked against radial distribution functions form all-atomistic MD 

simulations. More importantly, the nanoscale ordering of ILs from this coarse-grained 

force field leads to a clear signal in structural factor. This can be tested not only from 

simulation but also from neutron and X-ray scattering experiments. The great advantage 

for coarse grained force field is that phase behavior of ILs can be studied. They also 

found lamellar phase in IL-crystals and bicontinuous phase in IL-liquid where long 

cation side chains present.  

Polarizable Force Field 

For nonpolarizable force filed, charge scaling probably is the simplest way of 

correction for polarization effect. But it is an implicit way for polarization correction. Is 

there a way to explicitly considering polarization effects? Yes, there is. Yan et al. 
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published the first polarizable force field for ionic liquid [EMIM][NO3].
277  The 

modified dipole tensor method of Thole is adopted. Smeared dipole-dipole interactions 

are used to describe atomic and molecular polarizabilities. By comparing polarizable 

force field and nonpolarizable one, the authors concluded that the inclusion of electronic 

polarizability can significantly improve the description of IL-systems. A better 

agreement between simulated properties and experimental values is found. Especially, 

lower viscosity and higher self-diffusion rates are achieved by adopting polarizable force 

field. Another way of adding polarizabilities into IL-system is the concept of Drude 

oscillators. In this method, every atom has a fixed charge and an artificial charge point 

connected by a spring. Thus, the charges on springs will change their configurations 

based on their local environment and provide polarizability for the system. Also, atom 

polarizability is easily controlled by the spring constant and Drude charges. 

[EMIM][CF3SO3] system is systematically studied by varying strength of polarizability 

from 0 to 100%. The simulated results show that inclusion of polarization forces does 

not change molecular structures of ILs. However, it helps to increase the transition and 

rotation motion of ILs. Increasing polarizability from 0 to 100%, the rotation, and 

diffusion of cations/anions will enhance two times. This behavior is highly desirable. It 

brings the simulated properties close to experimental values. This Drude oscillators 

method is also implemented in LAMMPS package (Large-scale Atomic/Molecular 

Massively Parallel Simulator).247 Thus, it significantly reduces the difficulty for applying 

Drude oscillators method for polarizable force field of ionic liquid studies. The only 
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drawback of the polarizable force field is computational costs. Large scale simulations 

are not cost-effective for this method. 

Periodic Boundary Conditions with short/long-range interactions 

Boundary conditions are very important for any type of simulations. For 

molecular dynamics simulation, limited number of interaction sites can be included. 

With current parallel computing techniques and advanced hardware, we can simulate 

system with several hundred to billions atoms. However, we cannot simulate materials at 

macroscopic scale at atomistic level. For example, 1cm3 copper contains ~1023 atoms. 

Even the most powerful supercomputer in the world cannot handle such large-scale 

simulation. People may think that a large enough system within the computational 

resources can help us safely ignore material surfaces for bulk simulation. However, that 

is not true. For free boundaries, the number of atom/molecule at the surface is 

proportional to N-1/3
 where N is the total number of atoms or molecules. Thus, for simple 

cubic artificial crystal with 1000 atoms, 49% of them are at surface. Even when the 

number of atoms increases to 106, the number of atoms at surface is still a big portion of 

the total atoms about 6%. Therefore, we cannot solve the bulk simulation problem only 

by enlarge the simulated system. Thus, the concept of periodic boundary conditions is 

invented.  

Bulk phase at atomistic point of view is like infinite materials. The atoms will 

extend infinitely on X, Y and Z axis. However, we cannot simulate material with infinite 

size. Therefore, we need to use finite number of atoms to mimic the infinite effect. In a 
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typical MD simulation, atoms are in the simulation box with fixed shape and size. 

Therefore, the simulation box has boundaries. For example, a cubic simulation box can 

be defined by its X, Y and Z boundaries x_lo, x_hi, y_lo, y_hi, z_lo, z_hi. Here the 

subscript lo and hi means the lower boundary and higher boundary for specific direction 

respectively. When atoms crossing boundaries, the atoms are not lost but wrap back into 

the simulation box. This makes sure the total number of atoms in the simulation box is 

constant. From individual atom point of view, there is no boundary or surface. They 

move freely and will never encounter material surfaces due to the periodic boundary 

conditions. Therefore, the percentage of surface to bulk atom number is reduced to zero. 

The implementation of periodic boundary conditions is easy. Whenever the atom 

coordinates are out of simulation box, coordinates of atoms are wrapped back. However, 

velocity is not adjusted. For non-cubic simulation box, the implementation of periodic 

boundary condition can be a little difficult, since a more complicated crossing boundary 

criteria must be derived due to box geometry. Nevertheless, the concept is the same. 

Whenever atoms move out of simulation box, they are wrapped back into it. The 

following figure is the pseudocode for cubic simulation box. 
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Figure 14. Pseudocode of periodic boundary conditions for cubic simulation box.  

x_lo, x_hi, y_lo, y_hi, z_lo, z_hi are simulation box boundaries at X, Y, Z directions 

respectively. The atom.x, atom.y and atom.z are the x, y, z coordinates of an atom.  

By implementing the above algorithm, we extend a system with finite number of 

atoms to infinite one. The equivalent effect is that the simulation box is surrounded by 

image boxes. Thus, when computing force interaction between two randomly selected 

atoms in the simulation box, we cannot calculate by their positions directly. The image 

particles/atoms must also be taken into consideration. Thus, we must use force cutoff to 

calculate the nonbond interactions. Normally, the cutoff radius is smaller than the half of 

simulation box. If it is not the case, the force interaction generated by this specific atom 

will pass through simulation box boundaries and wrap back to the atom itself. This 

clearly leads to an error. Atom self-interaction is not allowed and not presents in nature 
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too. When the distance between atoms is larger than cutoff radius, we assume they do 

not interact with each other.   

Figure 15. Schematic Diagram of periodic boundary conditions. 

Short-range Interaction 

There are several ways to truncate a short-range interaction potential. The first 

method is simple truncation. All interactions are ignored beyond cutoff radius rc. The 

potential form is as follow: 
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𝑈𝑠𝑖𝑚𝑝𝑙𝑒−𝑡𝑟𝑢𝑛𝑐𝑎𝑡𝑖𝑜𝑛(𝑟) = {
𝑈𝑙𝑗(𝑟)   𝑟 ≤ 𝑟𝑐
0            𝑟 > 𝑟𝑐

𝑈𝑡𝑟𝑢𝑛𝑐𝑎𝑡𝑒−𝑠ℎ𝑖𝑓𝑡(𝑟) = {
𝑈𝑙𝑗(𝑟) −𝑈𝑙𝑗(𝑟𝑐)   𝑟 ≤ 𝑟𝑐
0  𝑟 > 𝑟𝑐

      …… (2) 

The problem with this method is potential discontinuity at rc. This will lead to an 

artificial large force and disrupt dynamics of atom motions for MD simulation. Because 

the force on an atom is calculated by the first derivative of the potential. Therefore, 

simple truncation method is not suitable for MD simulation but acceptable for Monte 

Carlo simulation. However, due to the discontinuous change of potential at rc, an 

impulsive contribution to system pressure emerges. Since we ignore all interactions 

beyond rc, a tail correction can be added to the pressure term. To solve the potential 

discontinuity problem of simple truncation, truncated and shifted method is adopted. 

This method is widely applied in MD simulations. The expression is shown in formula 

(2). We can see the potential function now is a smooth curve at rc and reaches zero. 

Therefore, the impulsive forces problem for simple truncation method is prevented. Of 

course, the potential energy is different from simple truncation potential or the original 

potential. But still, we can correct for both potential energy and pressure by tail 

correction and so on.  There are other methods for solving potential discontinuity at the 

cutoff radius. For example, a switching function can be used to control the decay process 

of potential function near rc.  

Long-range Interaction 

Coulombic interaction is a long-range interaction. We cannot define a cutoff 

radius rc and ignore the potential contribution beyond rc. What makes things more 
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complicated is that all the long-range interactions must be considered in periodic 

boundary conditions. Not only the particles in the simulation box need to be considered 

but also the images of these particles. Ewald solved this problem in 1921. The method is 

called Ewald summation.278 Assume we have a simulation box with length L and N 

particles. Then the image system position can be defined by a vector 

𝑛
→ = (𝑛𝑥𝐿, 𝑛𝑦𝐿, 𝑛𝑧𝐿)  where nx, ny, nz are integer number. Therefore, the coulombic 

energy of the system can be written as: 

𝑈 =
1

2
∑ ∑ ∑

𝑞𝑖𝑞𝑗

4𝜋 0|𝑟𝑖𝑗
→ +

𝑛
→|

𝑁
𝑗=1

𝑁
𝑖=1

𝑛
→      …… (3) 

But the formula above converges very slowly. Ewald comes up a good method to deal 

with the convergence problem.  

Figure 16. Ewald’s decomposition of charges in real space and reciprocal space. 

Ewald decomposed formula (3) into a sum of two rapidly converging series. One is in 

real space, the other is in reciprocal space. A Gaussian charge cloud is introduced to 
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each point charge with equal magnitude and opposite sign. The Gaussian charge 

distribution function is defined as follow: 

𝜌𝑖 (
𝑟
→) =

𝑞𝑖𝛼
3

𝜋3/2
exp (−𝛼2𝑟2)  …… (4) 

Where α determines the width of the Gaussian charge distribution. This introduces the 

charge screens to all point charges. The long-range interactions between charges become 

short-range interactions. This leads to a fast convergence for summing over all charges 

and their images. The real space contribution as follow: 

𝑈𝑟𝑒𝑎𝑙 =
1

2
∑ ∑ ∑

𝑞𝑖𝑞𝑗

4𝜋 0

∞

|
𝑛
→|=0

𝑁
𝑗=1

𝑁
𝑖=1

𝑒𝑟𝑓𝑐(𝛼|
𝑟𝑖𝑗
→ +

𝑛
→|)

|
𝑟𝑖𝑗
→ +

𝑛
→|

    …… (5) 

Where erfc is called complementary error function which converges rapidly. However, 

the added Gaussian charge needs to be counteracted. Therefore, another set of Gaussian 

charge distribution of the same sign and magnitude as the original point charges are 

added.  They can be summed in the reciprocal space by Fourier transforms. The 

reciprocal space contribution as follow: 

𝑈𝑟𝑒𝑐𝑖𝑝𝑟𝑜𝑐𝑎𝑙 =
1

2
∑ ∑ ∑

1

𝜋𝐿3
𝑁
𝑗=1

𝑁
𝑖=1𝑘≠0

𝑞𝑖𝑞𝑗

4𝜋 0

4𝜋2

𝑘2
exp (−

𝑘2

4𝛼2
)cos (

𝑘
→∙
𝑟𝑖𝑗
→ )     …… (6) 

Where 
𝑘
→ is the reciprocal vector defined from real space vector 

𝑛
→ by   

𝑘
→=

2𝜋
𝑛
→

𝐿2
 . As we 

can see above, the reciprocal space summation is also a fast convergence series. 

Summing over all the interactions from reciprocal space from 
𝑘
→ close to 0 is equivalent 

to sum these interactions from infinite far away distance. But we must subtract the self-

interaction between the Gaussian charge distributions for formula (6).  The self-

interaction contribution as follow: 
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𝑈𝑠𝑒𝑙𝑓−𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
𝛼

√𝜋
∑

𝑞𝑗
2

4𝜋 0

𝑁
𝑗=1   …… (7) 

Another correction term coming from medium:

𝑈𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 =
2𝜋

3𝐿3
| ∑

𝑞𝑖

4𝜋 0 𝑟𝑖
→𝑁

𝑖=1 |2      …… (8) 

Therefore, Ewald successfully decomposed the coulombic energy into fast converged 

series. Ucoulombic=Ureal+Ureciprocal-Uself-interaction+Ucorrection.  The full expression is as follow: 

𝑈𝑐𝑜𝑢𝑙𝑜𝑚𝑏𝑖𝑐 =
1

2
∑ ∑

{

∑
𝑞𝑖𝑞𝑗

4𝜋 0

∞

|
𝑛
→|=0

𝑒𝑟𝑓𝑐(𝛼|
𝑟𝑖𝑗
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𝑛
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|
𝑟𝑖𝑗
→ +

𝑛
→|
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1

𝜋𝐿3𝑘≠0
𝑞𝑖𝑞𝑗

4𝜋 0
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𝑘2
exp (−

𝑘2

4𝛼2
)cos (

𝑘
→∙
𝑟𝑖𝑗
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𝛼

√𝜋
∑

𝑞𝑙
2

4𝜋 0

𝑁
𝑙=1

+
2𝜋

3𝐿3
| ∑

𝑞𝑙

4𝜋 0 𝑟𝑙
→𝑁

𝑙=1 |2

𝑁
𝑗=1

𝑁
𝑖=1  …… (9) 

In the Big-O notation, the time complexity for Ewald summation is O(N3/2). Thus, it is 

still an expensive method for large systems. Do we have more faster algorithms to 

calculate long-range interactions? Yes, we do. By adopting Fast Fourier Transform, we 

get Fourier-based Ewald summation methods. One of them is the Particle-Particle 

Particle-Mesh method (PPPM). It is first introduced by Hockney and Eastwood in their 

book “Computer simulation using particles”279. Then Luty et al. extended this method 

and compared PPPM with Ewald method.280 The basic concept behand PPPM is very 

similar to Ewald method. The long-range force is decomposed into a short-range force 

and a “reference” force. The short-range force is nonzero below cutoff radius. The 

reference force is long-range force and can be approximated on a grid. One major 

difference from Ewald method is that PPPM adopt S2 function rather than Gaussian 

function for charge distribution. But, A similar method to PPPM called Particle-Mesh 
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Ewald (PME)  adopts Gaussian function.281  PPPM and PME both use grid and Fast 

Fourier Transform technique to accelerate calculation. Astonishingly, O(Nlog(N)) time 

complexity is reached. Researchers never stop finding faster algorithms. A technique 

called Fast Multipole Method reaches time complexity of O(N).282 The basic idea is that 

particles far apart can be considered as one big cluster which interact with current 

particle by multipoles. The charge distribution of the faraway group is approximated a 

multipole expansion. Schmidt and Lee implemented the fast multipole method in three 

dimensions with periodic boundary conditions.283 However, these O(N) algorithms have 

a high overhead. Only when the system contains the order of 105 particles, the Fast 

Multipole Method becomes more efficient than Ewald summation. There is a great 

review on this topic which is written by Toukmaji and John.284  

Ensembles 

When a system is in steady-state, we may assume it does not undergo any 

changes. However, this is not true. At microscopic level, the microstates of system 

change all the time. The collection of all states of the system considered all at once is 

called an ensemble. The phase space   consists of all microstates which are reachable 

for the system. Therefore, if we want to get the value of a physical observable, we need 

the averaged value over all possible microstates. Let < > be the representation of 

ensemble average. Let f(x) be the distribution function of observable A. Then the value 

of A can be defined by: 



83 

< 𝐴 >Ω=
∫ 𝐴(𝑥)𝑓(𝑥)𝑑𝑥Ω

∫ 𝑓(𝑥)𝑑𝑥Ω

 …… (10) 

Assume the system will experience all microstates in a long enough time. Then the 

ensemble average is equivalent to time average. We can rewrite formula (10) into the 

following: 

𝐴∞ =< 𝐴 >Ω≈
∫ 𝐴(𝑥(𝑡))𝑑𝑡
𝑡
𝑡0

𝑡−𝑡0
      …… (11) 

Therefore, system properties can be calculated as time-averaged properties. This is the 

foundation of properties calculation for MD method. The commonly used ensembles are 

microcanonical, canonical, grand canonical and isobaric-isothermal ensemble, etc.  

Microcanonical Ensemble 

Microcanonical ensemble or NVE ensemble is the nature ensemble for MD. The 

number of particles is a constant N. The volume V is fixed to a particular value. More 

importantly, the system is totally isolated without any energy and mass exchange with 

environment. Therefore, the total energy E is a constant value too. 

Canonical Ensemble 

Canonical ensemble or NVT ensemble is the nature ensemble for Monte Carlo 

method. In this ensemble, the number of particles N and volume V for the system is 

fixed. More importantly, target temperature T is set to be constant. But the system alone 

without any energy transfer cannot keep a constant target temperature in a MD 

simulation. The system must be weakly coupled with a heat bath. The other way to solve 

the constant temperature problem is to scale velocities of particles to desired 

temperature. But the temperate scaling method does not physically make sense. 



84 

Therefore, a more physically convincing method is designed by Andersen.285 He 

assumes the system is coupled to a heat bath where stochastic impulsive forces are 

applied randomly on particles. Clearly, the stochastic collisions can be viewed as Monte 

Carlo moves. This turns MD simulations into a Markov process. We could assign the 

coupling strength to heat bath by selecting the frequency v for stochastic collisions. The 

probability for next collision in interval [t,t+dt] follows Poisson form as P(t;v)=vexp(-

vt). Andersen thermostat generates a canonical distribution independent form collision 

frequency v. But the dynamics are non-deterministic. This is slightly contrary to natural 

process. Is there a way for us to perform deterministic MD at constant temperature? Yes, 

there is. The method is called Nosé-Hoover thermostat.286 A extended Lagrangian where 

additional artificial coordinates and velocities are used. Nosé introduced an additional 

coordinate s and rewrite the system Lagrangian as: 

ℒ𝑁𝑜𝑠𝑒 = ∑
𝑚𝑖𝑟�̇�

2

2
𝑠2𝑁

𝑖=1 −Φ(𝑟𝑁) +
𝑄

2
�̇�2 − 𝑔𝑘𝐵𝑇𝑙𝑛(𝑠) …… (12) 

Where Q is the effective mass for s.  𝑔 is a constant which will be defined later. The 

conjugate relation for momentum from Lagrangian is as follow: 

𝑝𝑖 ≡
𝜕ℒ𝑁𝑜𝑠𝑒

𝜕𝑟�̇�
= 𝑠2𝑚𝑖𝑟�̇� 𝑝𝑠≡

𝜕ℒ𝑁𝑜𝑠𝑒

𝜕�̇̇�
= 𝑄�̇� …… (13) 

Where p is the momentum. Therefore, the Hamiltonian for the extended system is as 

follow: 

ℋ𝑁𝑜𝑠𝑒 = ∑
𝑝𝑖
2

2𝑚𝑖𝑠
2

𝑁
𝑖=1 +Φ(𝑟𝑁) +

𝑝𝑠
2

2𝑄
+ 𝑔𝑘𝐵𝑇𝑙𝑛(𝑠) …… (14) 

Let’s define a new momentum p’=p/s. Therefore, the Hamiltonian without the extended 

variable in format is as follow: 
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ℋ(𝑝′, r) = ∑
𝑝𝑖
′2

2𝑚𝑖

𝑁
𝑖=1 +Φ(𝑟𝑁)    …… (15) 

Now let’s prove that the Hamiltonian above actually leads to the NVT ensemble.  But 

first, let us look at the distribution function for the extended system. Since the extended 

system does not have mass, energy exchange with environment. Also, the volume of the 

system does not change, we can conclude that the extended system is in NVE ensemble. 

This means the evolution of the extended system trajectories in phase space is in the 

constant energy hypersurface HNose(p,r)=E, where E is a constant energy value. Thus, for 

all microstates of the extended system, they must all be sampled from this constant 

energy hypersurface with equal probability. Therefore, the distribution function for the 

extended system is a delta function as follow: 

𝜌(𝑝, 𝑟, 𝑝𝑠, 𝑠) = 𝛿(ℋ𝑁𝑜𝑠𝑒 − 𝐸)         …… (16) 

Therefore, we know the partition function for the extended system can be written as 

follow (The derivation is facilitated by p’=p/s, formula 14 and 15): 

𝒵𝑁𝑜𝑠𝑒 =
1

𝑁!
∫𝑑𝑝𝑠𝑑𝑠𝑑𝑝

𝑁𝑑𝑟𝑁 𝛿(ℋ𝑁𝑜𝑠𝑒 − 𝐸)

=
1

𝑁!
∫𝑑𝑝𝑠𝑑𝑠𝑑𝑝′

𝑁𝑑𝑟𝑁𝑠3𝑁 𝛿(ℋ𝑁𝑜𝑠𝑒 − 𝐸)
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1
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′𝑁𝑑𝑟𝑁𝑠3𝑁 𝛿(∑
𝑝𝑖
2

2𝑚𝑖𝑠
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𝑁
𝑖=1 +Φ(𝑟𝑁) +

𝑝𝑠
2

2𝑄
+ 𝑔𝑘𝐵𝑇𝑙𝑛(𝑠) − 𝐸)

=
1

𝑁!
∫𝑑𝑝𝑠𝑑𝑠𝑑𝑝

′𝑁𝑑𝑟𝑁𝑠3𝑁 𝛿(ℋ(𝑝′, r) +
𝑝𝑠
2

2𝑄
+ 𝑔𝑘𝐵𝑇𝑙𝑛(𝑠) − 𝐸)

…… (17) 

We know one of the properties for delta function is: 

𝛿(𝑔(𝑠)) =
𝛿(𝑠−𝑠0)

|𝑔′(𝑠0)|
 𝑤ℎ𝑒𝑟𝑒 𝑔(𝑠)ℎ𝑎𝑠 𝑎 𝑠𝑖𝑛𝑔𝑙𝑒 𝑟𝑜𝑜𝑡 𝑎𝑡 𝑠0   …… (18) 
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Now let us define g(s) = ℋ(𝑝′, r) +
𝑝𝑠
2

2𝑄
+ 𝑔𝑘𝐵𝑇𝑙𝑛(𝑠) − 𝐸. Thus, the single root s0 can

be written as follow: 

𝑠0 = exp (
𝐸−ℋ(𝑝′,r)−

𝑝𝑠
2

2𝑄

𝑔𝑘𝐵𝑇
)    …… (19) 

Thus g’(s0) is as follow: 

g′(𝑠0) =
𝑔𝑘𝐵𝑇

𝑠0
      …… (20) 

Thus, we can simplify formula (17) by adopting formula (18-20): 

𝒵𝑁𝑜𝑠𝑒 =
1

𝑁!
∫𝑑𝑝𝑠𝑑𝑠𝑑𝑝

′𝑁𝑑𝑟𝑁𝑠3𝑁 𝛿(ℋ(𝑝′, r) +
𝑝𝑠
2

2𝑄
+ 𝑔𝑘𝐵𝑇𝑙𝑛(𝑠) − 𝐸)

=
1

𝑁!
∫𝑑𝑝𝑠𝑑𝑠𝑑𝑝

′𝑁𝑑𝑟𝑁𝑠3𝑁
𝛿(𝑠−𝑠0)

|𝑔′(𝑠0)|

=
1

𝑁!
∫𝑑𝑝𝑠𝑑𝑠𝑑𝑝

′𝑁𝑑𝑟𝑁𝑠3𝑁
𝛿(𝑠−𝑠0)𝑠0

𝑔𝑘𝐵𝑇

=
1

𝑁!
∫𝑑𝑝𝑠𝑑𝑠𝑑𝑝

′𝑁𝑑𝑟𝑁
𝑠0
3𝑁+1

𝑔𝑘𝐵𝑇

=
1

𝑁!
∫𝑑𝑝𝑠𝑑𝑠𝑑𝑝

′𝑁𝑑𝑟𝑁
exp [(3𝑁+1)

𝐸−ℋ(𝑝′,r)−
𝑝𝑠
2

2𝑄

𝑔𝑘𝐵𝑇
]

𝑔𝑘𝐵𝑇

=
1

𝑁!𝑘𝐵𝑇𝑔
exp [

𝐸(3𝑁+1)

𝑔𝑘𝐵𝑇
] ∫ 𝑑𝑝𝑠 exp [−

𝑝𝑠
2(3𝑁+1)

2𝑄𝑔𝑘𝐵𝑇
] ∫ 𝑑𝑝′

𝑁
𝑑𝑟𝑁exp [−

(3N+1)ℋ(𝑝′,r)

𝑔𝑘𝐵𝑇
]

…… (21) 

As we defined earlier, 𝑔 is a constant. Now we define 𝑔 =3N+1 and all integrals where 

results are constant collapse to constant C. Then we can rewrite formula (21) as follow: 

𝒵𝑁𝑜𝑠𝑒 = 𝐶
1

𝑁!
∫𝑑𝑝′

𝑁
𝑑𝑟𝑁exp [−

ℋ(𝑝′,r)

𝑘𝐵𝑇
]       …… (22) 

That is exactly the partition function for NVT ensemble if we treat the extended system 

momentum p into p’=p/s. Thus, we have proved that the extended system Hamiltonian 

leads to the NVT ensemble with a real and virtual variable mapping. 
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𝑟′ = 𝑟
𝑝′ = 𝑝/𝑠

𝑠′ = 𝑠
∆𝑡′ = ∆𝑡/𝑠

…… (23) 

Thus, we know the extended variable s is acting as a scaling factor for timestep. From 

the Hamiltonian of the extended system, we can derive the equations of motion for 

virtual variables p, r, t as follow: 

𝑑𝑟𝑖

𝑑𝑡
=
𝜕ℋ𝑁𝑜𝑠𝑒

𝜕𝑝𝑖
=

𝑝𝑖

𝑚𝑖𝑠
2

𝑑𝑝𝑖

𝑑𝑡
= −

𝜕ℋ𝑁𝑜𝑠𝑒

𝜕𝑟𝑖
= −

𝜕Φ(𝑟𝑁)

𝜕𝑟𝑖
𝑑𝑠

𝑑𝑡
=
𝜕ℋ𝑁𝑜𝑠𝑒

𝜕𝑝𝑠
=
𝑝𝑠

𝑄

𝑑𝑝𝑠

𝑑𝑡
= −

𝜕ℋ𝑁𝑜𝑠𝑒

𝜕𝑠
=
∑

𝑝𝑖
2

𝑚𝑖𝑠
2−(3𝑁+1)𝑘𝐵𝑇𝑖

𝑠

      …… (24) 

But, Nosé-Hoover thermostat does not always give the correct canonical behavior. For 

example, if we apply Nosé-Hoover thermostat on the harmonic oscillator, we will find 

noncanonical distribution in phase space. Therefore, Martyna et al proposed Nosé–

Hoover chains method to alleviate this problem.287  The concept is easy, Nosé-Hoover 

thermostat is coupled to another thermostat even chains of thermostat. Thus, we get a 

very efficient and reliable method for constant temperature MD simulation.  

Grand Canonical Ensemble 

Grand canonical ensemble or µVT ensemble is widely used in Monte Carlo 

simulations. However, µVT ensemble is rarely seen in MD simulations. In this 

ensemble, the temperature and volume of the system are fixed. But the system can 

exchange heat and mass with environment. It is an open system. When the equilibrium 

status is reached, the system will have a constant chemical potential.   
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Isothermal–Isobaric Ensemble 

Another very important ensemble is the NPT ensemble. Because most 

experiments are performed at constant pressure conditions. In this ensemble, the number 

of particles N, temperature T and pressure P are fixed. A similar extended system 

strategy is adopted to derive the equation of motion for NPT ensemble. Martyna et al. 

gives a very good algorithm for constant pressure MD in 1994 paper.288 

Algorithms of Molecular Dynamics 

The essential task for MD simulation is solving Newton’s equation of motion for 

many-body systems. Let’s consider a system with N particles. The total energy for the 

system is the summation of kinetic energy and potential energy. Clearly, potential 

energy U(rN) is a function of atoms positions. It contains the intermolecular and 

intramolecular interactions such as bond, angle, dihedral, improper, Van der Waals 

energies and so on. By classical mechanics, the force on random particle i is the gradient 

of potential energy. Therefore, we have the following formula: 

𝐹𝑖 = −∇𝑖𝑈 = −(𝑖
𝜕

𝜕𝑥𝑖
+𝑗

𝜕

𝜕𝑦𝑖
+�⃑⃑�

𝜕

𝜕𝑧𝑖
)𝑈(𝑟𝑁)   …… (25) 

where  �⃑⃑� ,  �⃑⃑⃑� 𝑎𝑛𝑑 �⃑⃑� are the unit vector at X, Y and Z directions. Thus, we know the

acceleration for particle i is: 

𝑎𝑖 =
𝐹𝑖

𝑚𝑖
=
𝑑𝑣𝑖

𝑑𝑡
=
𝑑2𝑟𝑖

𝑑𝑡2
      …… (26) 

Thus, we can integrate the formula above to get the position as follow: 

𝑟𝑖 = 𝑟𝑖
0 + 𝑣𝑖

0𝑡 +
1

2
𝑎𝑖𝑡

2      …… (27) 
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where 𝑟𝑖
0 and 𝑣𝑖

0 are particle i’s initial position and velocity respectively.

Here are the five steps for an MD many-body solver. 

Step1: Read all parameters such as temperature, pressure, timestep, initial 

configuration of the system including initial positions and velocities, etc. into the 

program.  

Step2: Initialize the system, such as giving all particles the initial velocities from 

Boltzmann distribution.  

Step3: calculate the force on each particle. 

Step4: solve Newton’s equation of motion and repeat step 3 to 4 until the 

maximum iteration steps. 

Step5: print simulation result and exit program.    

Therefore, at the initial MD step, ri and vi for every particle are known. Thus, we need to 

calculate the current U(rN) and calculate ai based on formula (26). Then, we can predict 

the new position of particle i in a very small time interval based on formula (27).  We 

repeat this process, then we can get a trajectory for the system. Therefore, the key for 

MD simulation is updating position and velocity of every particle correctly. Researchers 

developed different methods for this problem. The most commonly used methods are 

Verlet and LeapFrog algorithms.   

Verlet Algorithm 

Let us write the Taylor expansion of particle position r around time t. 𝛿𝑡 is a 

small fraction of time.   

𝑟(𝑡 + 𝛿𝑡) = 𝑟(𝑡) +
𝑑

𝑑𝑡
𝑟(𝑡)𝛿𝑡 +

1

2!

𝑑2

𝑑𝑡2
𝑟(𝑡)(𝛿𝑡)2 +⋯    …… (28) 
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Then, we replace 𝛿𝑡 to −𝛿𝑡 

𝑟(𝑡 − 𝛿𝑡) = 𝑟(𝑡) −
𝑑

𝑑𝑡
𝑟(𝑡)𝛿𝑡 +

1

2!

𝑑2

𝑑𝑡2
𝑟(𝑡)(𝛿𝑡)2 +⋯ …… (29) 

Thus, by adding formula (28) and (29), the odd terms for 𝛿𝑡 are canceled. If we ignore 

the higher-order terms, we can get the following formula: 

𝑟(𝑡 + 𝛿𝑡) = −𝑟(𝑡 − 𝛿𝑡) + 2𝑟(𝑡) + 𝑎(𝑡)(𝛿𝑡)2      …… (30) 

Thus, by knowing  𝑟(𝑡 − 𝛿𝑡) , 𝑟(𝑡) and 
𝑑2

𝑑𝑡2
𝑟(𝑡) = 𝑎(𝑡) i.e. past position, current 

position, and current acceleration, we can calculate position of the future. More 

importantly, the position is changing from 𝑟(𝑡 − 𝛿𝑡) to 𝑟(𝑡 + 𝛿𝑡) in 2𝛿𝑡 time. 

Therefore, the velocity can be calculated as follow: 

𝑣(𝑡) =
𝑟(𝑡+𝛿𝑡)−𝑟(𝑡−𝛿𝑡)

2𝛿𝑡
…… (31) 

Figure 17. Visualization of Verlet algorithm in solving Newton’s equation of 

motion. 

As can be seen in figure 17(a), initially, we know the previous position and current 

position marked in blue. By current position information, we can calculate the 

acceleration of atoms marked in yellow. In figure 17(b), once we get the current 

（a） （b） (c) 

r 

v 

a 

t-δt   t   t+δt t-δt   t   t+δt t-δt   t   t+δt 
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acceleration, we can get future position by adopting formula (30). Previous position, 

current position in blue and current acceleration in yellow are used to calculate the future 

position in red. Then, we can calculate current velocity in green by adopting formula 

(31). In figure 17(c), we discard previous position. Current position becomes the 

previous position. Future position becomes current position. The loop continues until we 

reach the maximum iteration steps. But the problem for the above algorithm is that 

formula (31) contains the term 1/ t  which could be a very large number since t  is 

very small. This introduces a great inaccuracy for velocity calculation. To solve this 

problem, other algorithms are invented. One of them is the velocity Verlet algorithm. 

𝑟(𝑡 + 𝛿𝑡) = 𝑟(𝑡) + 𝑣(𝑡)𝛿𝑡 +
𝑎(𝑡)

2
(𝛿𝑡)2

𝑣(𝑡 + 𝛿𝑡) = 𝑣(𝑡) +
𝑎(𝑡+𝛿𝑡)+𝑎(𝑡)

2
𝛿𝑡

          …… (32) 

To verify the velocity Verlet algorithm is indeed Verlet algorithm, we can rewrite the 

first part of formula (32) as follow: 

𝑟(𝑡) = 𝑟(𝑡 + 𝛿𝑡) − 𝑣(𝑡)𝛿𝑡 −
𝑎(𝑡)

2
(𝛿𝑡)2 …… (33) 

Then we do a Taylor expansion for coordinate 𝑟(𝑡 + 2𝛿𝑡) at 𝑟(𝑡 + 𝛿𝑡) and ignore the 

higher-order term. 

𝑟(𝑡 + 2𝛿𝑡) = 𝑟(𝑡 + 𝛿𝑡) + 𝑣(𝑡 + 𝛿𝑡)𝛿𝑡 +
𝑎(𝑡+𝛿𝑡)

2
(𝛿𝑡)2          …… (34) 

Then, we sum formula (33) and (34) together. 

𝑟(𝑡 + 2𝛿𝑡) + 𝑟(𝑡) = 2𝑟(𝑡 + 𝛿𝑡) + [𝑣(𝑡 + 𝛿𝑡) − 𝑣(𝑡)]𝛿𝑡 +
𝑎(𝑡+𝛿𝑡)−𝑎(𝑡)

2
(𝛿𝑡)2…… (35)

By substituting lower half of formula (32) into (35), we get the following formula: 

𝑟(𝑡 + 2𝛿𝑡) = 2𝑟(𝑡 + 𝛿𝑡) − 𝑟(𝑡) + 𝑎(𝑡 + 𝛿𝑡)(𝛿𝑡)2 …… (36) 
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The formula above is exactly the same position update law of formula (30). Thus, we 

have proved velocity Verlet algorithm of formula (32) is equivalent to Verlet algorithm 

of formula (30-31).  

Figure 18. Visualization of velocity Verlet algorithm in solving Newton’s equation 

of motion. 

As can be seen in figure 18(a), initially, we know current position and velocity. Based on 

current position we can calculate current acceleration marked in yellow.  In figure 18 

(b), by adopting the first equation of formula (32), we can calculate future position 

marked in red. Once we get future position, the future acceleration can be calculated. In 

figure 18 (c), we adopt the second equation of formula (32). The future velocity is 

updated by future acceleration, current velocity, and current acceleration. Then, future 

position and velocity became current ones. The loop continues until the maximum 

iteration steps. As can be seen above, the term 1/ t  does not present in current formula. 

A more accurate algorithm for velocity calculation which is equivalent to the original 

Verlet algorithm is obtained. Verlet algorithm is not the only way to solve Newton’s 

equation of motion. There are other algorithms, such as Leap-frog algorithm. 

（a） （b）        (c)       (d) 

r 

v 

a

t-δt t  t+δt t-δt t  t+δt t-δt t  t+δt t-δt t  t+δt
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Leap-Frog Algorithm 

Another algorithm derived from Verlet scheme is the so-called Leap-Frog 

algorithm. The position and velocity formula is as follow: 

𝑟(𝑡 + 𝛿𝑡) = 𝑟(𝑡) + 𝑣 (𝑡 +
𝛿𝑡

2
) 𝛿𝑡

𝑣 (𝑡 +
𝛿𝑡

2
) = 𝑣(𝑡 −

𝛿𝑡

2
) + 𝑎(𝑡)𝛿𝑡

…… (37) 

But, the velocity at time t is not given by the above formula. It is easy to calculate 

velocity at time t, since we already know the half timestep velocities. Velocity at time t 

can be calculated as follow: 

𝑣(𝑡) =
𝑣(𝑡−

𝛿𝑡

2
)+𝑣(𝑡+

𝛿𝑡

2
)

2
…… (38) 

Figure 19. Visualization of Leap-Frog algorithm in solving Newton’s equation of 

motion. 

The Leap-Frog algorithm is a little bit different from previous algorithms. The velocity 

is calculated by half timestep. There is no 1/ t  term in this algorithm too. Therefore, the 

numerical accuracy is not a problem for Leap-Frog algorithm. At the initial step, current 

position and velocity at 𝑡 −
𝛿𝑡

2
 are known as shown in figure 19 (a). Then, we can

calculate the current acceleration marked in yellow. In figure 19 (b), velocity at 𝑡 −
𝛿𝑡

2

r 

v 

a
（a） （b）  (C)   (d) 

t-δt  t  t+δt t-δt  t  t+δt t-δt  t  t+δt  t-δt  t  t+δt
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and current acceleration is used to update velocity at 𝑡 +
𝛿𝑡

2
 marked in red by the second 

equation of formula (37). Once we get the velocity at 𝑡 +
𝛿𝑡

2
, we can calculate future 

position by the first equation of formula (37) as shown in figure 19 (c). The final state in 

figure 19(d) is exactly the same as figure 19(a). Therefore, the loop continues until the 

maximum number of iteration steps is reached.   

For most MD simulations, the Verlet based algorithms are good enough to give 

reasonable results. But, if we include more higher-order terms in the derivation of Verlet 

algorithm, we can get higher-order MD algorithms such as predictor-corrector algorithm 

etc. These higher-order algorithms enable us with a larger timestep without losing 

accuracy. But computer memory cost will be increased. More importantly, most of the 

higher-order algorithms are not time-reversible. Therefore, most commonly used MD 

algorithm is velocity Verlet algorithm. Also, the Verlet based algorithms do not suffer 

from long-term energy drift problem. The introduced algorithms above are basic MD 

algorithms. They are suitable for microcanonical ensembles simulations. If thermostat 

and barostat are adopted, these basic algorithms must be modified to implement 

temperature and pressure controls. The detailed implementation methods can be found in 

papers289 from Martyna group. 

Constraint Dynamics Algorithm  

In MD simulation, the fastest modes for a full-atomistic system are bond 

stretching and angle bending. Bonds and bond angles will vibrate around their 

equilibrium length and angles. If we constrain these high-frequency motions, the long-

wavelength properties will not be affected. However, we can choose a longer timestep 
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for MD simulation because the high-frequency modes in the system are gone. Let us 

derive the formulas for bond length constraint algorithms. Assuming there are two 

particles i and j, the bond length is rij. We want to constrain the bond length to be dij. The 

potential profile for the constrained system is as follow: 

𝑈 = 𝑈0 +
𝜆𝑖𝑗

2
(𝑟𝑖𝑗
2 − 𝑑𝑖𝑗

2 )                                …… (39)

where 𝜆𝑖𝑗 is the Lagrange multiplier, U0 is the potential term without any constraint.

Clearly, when bond length rij is equal to the constrained bond length dij , the potential 

profile recovers to the original one. We can calculate the force on particles i and j by 

calculating the first-order derivative of potential profile. 

𝐹𝑖 = 𝑚𝑖𝑎𝑖 = −∇𝑖𝑈 = −∇𝑖𝑈
0 − 𝜆𝑖𝑗𝑟𝑖𝑗∇𝑖(𝑟𝑖𝑗)

𝐹𝑗 = 𝑚𝑗𝑎𝑗 = −∇𝑗𝑈 = −∇𝑗𝑈
0 − 𝜆𝑖𝑗𝑟𝑖𝑗∇𝑗(𝑟𝑖𝑗)

  …… (40) 

We know that there are extra forces generated due to bond length constraints. These 

forces will affect the acceleration for particles i and j too. By comparing with formula 

(30), we can get the position of particles i and j at time 𝑡 + 𝛿𝑡. 

𝑟𝑖(𝑡 + 𝛿𝑡) = 𝑟𝑖
0(𝑡 + 𝛿𝑡) +

𝜆𝑖𝑗𝑟𝑖𝑗(𝑡)∇𝑖(𝑟𝑖𝑗(𝑡))

𝑚𝑖
𝛿𝑡2

𝑟𝑗(𝑡 + 𝛿𝑡) = 𝑟𝑗
0(𝑡 + 𝛿𝑡) +

𝜆𝑖𝑗𝑟𝑖𝑗(t)∇𝑗(𝑟𝑖𝑗(𝑡))

𝑚𝑗
𝛿𝑡2

         …… (41) 

Where 𝑟𝑖
0(𝑡 + 𝛿𝑡) 𝑎𝑛𝑑 𝑟𝑗

0(𝑡 + 𝛿𝑡) is the positions of particles i and j without any

constraint at time  𝑡 + 𝛿𝑡. Now, let us subtract equation 2 from equation 1 of formula 

(41). We get the following formula: 

𝑟𝑖𝑗(𝑡 + 𝛿𝑡) = 𝑟𝑖𝑗
0(𝑡 + 𝛿𝑡) − 𝜆𝑖𝑗𝑟𝑖𝑗(𝑡)(

1

𝑚𝑖
+

1

𝑚𝑗
)𝛿𝑡2      …… (42) 
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We also know that [𝑟𝑖𝑗(𝑡 + 𝛿𝑡)]
2 = [𝑟𝑖𝑗(𝑡)]

2 = 𝑑𝑖𝑗
2
. Therefore, we square formula (42)

by both sides and ignore  𝛿𝑡4 terms. We can get a relation for 𝜆𝑖𝑗 with all known values.

𝜆𝑖𝑗 (
1

𝑚𝑖
+

1

𝑚𝑗
) =

[𝑟𝑖𝑗
0(𝑡+𝛿𝑡)]2−𝑑𝑖𝑗

2

2𝛿𝑡2𝑟𝑖𝑗
0(𝑡+𝛿𝑡)𝑟𝑖𝑗(𝑡)

      …… (43) 

Thus, we can calculate 𝜆𝑖𝑗 based on formula (43) from all the known values of right-

hand side. Then, the constrained future position 𝑟𝑖𝑗(𝑡 + 𝛿𝑡) can now be calculated from

formula (42). 

Can we constrain the bond angle as well?  Yes! By adding additional terms to 

potential profile. For example, we have three particles numbered 1, 2 and 3 as follow. 

Figure 20. Visualization of a three particles system with bond-12 and bond-23 and 

angle-123.  

We already know how to constrain the bond length. Let us extend the method above for 

angle constraint. Three Lagrange multipliers are adopted for θ123 constraint. The 

potential profile for the constrained system is as follow: 

𝑈 = 𝑈0 +
𝜆12

2
(𝑟12
2 − 𝑑12

2 ) +
𝜆23

2
(𝑟23
2 − 𝑑23

2 ) +
𝜆13

2
(𝑟13
2 − 𝑑13

2 )     …… (44)

where r12 and r23 are bond length. r13 is the distance between particle 1 and 3. d12 and d23 

are the constrained bond length. d13 is the constrained distance between particle 1 and 3. 

𝜆12, 𝜆23 𝑎𝑛𝑑 𝜆13 are Lagrange multipliers. These constraints introduce constrained 

θ
123

1 

2 

3 
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energy as listed in formula (44). The angle θ123 is constrained by restricting the distance 

between particles 1, 2 and 3.  Similarly, we can derive the formula similar to (42) where 

the future positions for particles 1, 2 and 3 are updated. 

𝑟1(𝑡 + 𝛿𝑡) = 𝑟1
0(𝑡 + 𝛿𝑡) − 𝜆12𝑟12(𝑡)

𝛿𝑡2

𝑚1
− 𝜆13𝑟13(𝑡)

𝛿𝑡2

𝑚1

𝑟2(𝑡 + 𝛿𝑡) = 𝑟2
0(𝑡 + 𝛿𝑡) − 𝜆12𝑟12(𝑡)

𝛿𝑡2

𝑚2
− 𝜆23𝑟23(𝑡)

𝛿𝑡2

𝑚2

𝑟3(𝑡 + 𝛿𝑡) = 𝑟3
0(𝑡 + 𝛿𝑡) + 𝜆13𝑟13(𝑡)

𝛿𝑡2

𝑚3
− 𝜆23𝑟23(𝑡)

𝛿𝑡2

𝑚3

    …… (45) 

where 𝑟𝑖
0(𝑡 + 𝛿𝑡) is the future position of particle i without any constraint. 𝑟𝑖𝑗(𝑡) is the

current distance between particle i and j where the constraints are already applied. The 

problem of solving for  𝑟𝑖(𝑡 + 𝛿𝑡) is that the Lagrange multipliers are unknow.

Therefore, we need to solve these Lagrange multipliers. Similarly, we can derive the 

equations just like formula (43) where the Lagrange multipliers can be solved. But it will 

be in the matrix form since three distances need to be constrained.  

[

(
1

𝑚1
+

1

𝑚2
)𝑟12
0 (𝑡 + 𝛿𝑡)𝑟12(𝑡)

1

𝑚1
𝑟12
0 (𝑡 + 𝛿𝑡)𝑟23(𝑡)

1

𝑚1
𝑟12
0 (𝑡 + 𝛿𝑡)𝑟13(𝑡)

1

𝑚2
𝑟23
0 (𝑡 + 𝛿𝑡)𝑟12(𝑡) (

1

𝑚2
+

1

𝑚3
)𝑟23
0 (𝑡 + 𝛿𝑡)𝑟23(𝑡)

1

𝑚2
𝑟23
0 (𝑡 + 𝛿𝑡)𝑟13(𝑡)

1

𝑚3
𝑟13
0 (𝑡 + 𝛿𝑡)𝑟12(𝑡)

1

𝑚3
𝑟13
0 (𝑡 + 𝛿𝑡)𝑟23(𝑡) (

1

𝑚1
+

1

𝑚3
)𝑟13
0 (𝑡 + 𝛿𝑡)𝑟13(𝑡)]

 

[
𝜆12
𝜆23
𝜆13

] =

[

[𝑟12
0 (𝑡+𝛿𝑡)]2−𝑑12

2

2𝛿𝑡2

[𝑟23
0 (𝑡+𝛿𝑡)]2−𝑑23

2

2𝛿𝑡2

[𝑟13
0 (𝑡+𝛿𝑡)]2−𝑑13

2

2𝛿𝑡2 ]

…… (46) 

Thus, the angle constraint problem becomes an eigenvalue problem. There are many 

ways to solve this eigenvalue problem. The first one is matrix-inverse method. We can 

get the three Lagrange multipliers by multiplying the inverse matrix of the left hand 3 by 

3 matrix to right-hand side. However, inverse a matrix is an expensive operation. 

Therefore, in practical applications, this eigenvalue problem is solved numerically. One 

of the widely applied methods is SHAKE algorithm.290 It will solve this eigenvalue 

problem by iterative method.  Firstly, the none-diagonal elements are ignored for the 

left-hand side 3 by 3 matrix. We can solve the diagonal matrix eigenvalue problem very 
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quick. Then we can get the three temporary Lagrange multipliers. By adopting formula 

(45) with the temporary Lagrange multipliers, we get the temporary 𝑟𝑖(𝑡 + 𝛿𝑡) values.

Then the distance constraint rij=dij is checked. If the constraints are not satisfied. The 

newly solved  𝑟𝑖(𝑡 + 𝛿𝑡) values are considered 𝑟𝑖
0(𝑡 + 𝛿𝑡) values and introduced back

into formula (46) for another round of iteration. This method is faster than matrix-

inversion and also adaptable for complicated constraints situations. SHAKE algorithm is 

implemented based on Verlet algorithm. Similarity, a velocity version of SHAKE 

algorithm which adopts velocity Verlet as backbone is called RATTLE algorithm.291 

These constrained methods greatly extend the timestep for full-atomistic MD simulation. 

Therefore, longer simulation time can be reached.  

Tricks for Fast Molecular Dynamics 

If we decompose the CPU time for MD simulations, we will find most CPU time 

is used to evaluate forces. If the interaction potentials for particles are not truncated, in a 

naïve MD solver, we will have to evaluate N*(N-1)/2 pair distances to get system 

energy. This indicates an O(N2) time complexity for the naïve algorithm. That is too 

expensive and slow for MD simulation. In previous “Periodic Boundary Conditions with 

short/long-range interactions” section, we have already introduced the long-range 

Coulombic interaction evaluation methods, such as Ewald summation, PPPM, Fast 

Multipole Method, etc. Even the long-range interaction evaluation methods can be 

decomposed into short-range interaction evaluation in real space and reciprocal space. 

Thus, the acceleration tricks for short-range interaction are crucial for fast molecular 
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dynamics. In the following paragraph, three short-range evaluation tricks are introduced. 

They are Neighbor list, Link-cell and the mixed method.  

The neighbor list method is very easy to understand. When we evaluate the short-

range interactions, a cutoff radius rc will be defined to exclude any interactions beyond 

rc. Therefore, we only need to consider the particles within rc when evaluating forces. 

But the cost for finding all particles within rc is scaled with N2. What’s worse is that we 

have to find these particles within rc again in the next timestep. But in a continuous MD 

trajectory, the particle coordinates cannot undergo a sudden change. Therefore, if we 

memorize the nearby particle IDs within rc+rskin there is a high likelihood that the nearby 

particles IDs remain the same. rskin is the extra distance beyond force cutoff radius. 

Figure 21. Neighbor list of a particle i interacts with nearby particles within rc. 
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If the maximum displacement of particles is less than the skin distance rskin, we can use 

the prebuild neighbor list for the current timestep. This leads to acceleration for forces 

evaluation at current timestep. The computational cost is O(N). However, not all 

timesteps are satisfying the maximum displacement criteria. Once the maximum 

displacement of particles is beyond skin distance rskin, we need to update the neighbor 

lists. The computational cost for this operation is O(N2). Thus, even though we can use 

neighbor lists to accelerate MD, the neighbor lists rebuild operation is still expensive. 

This is especially true for very large systems since O(N2) neighbor lists rebuild operation 

will dominate the computational cost. But still, adopting neighbor lists is faster than the 

naïve algorithm. 

Link-cell method is a fast way to find neighbor particles within rc. The time 

complexity of this method is O(N). This method is very easy to understand too. The 

simulation box is divided into cells with equal size of rc. If a random particle i wants to 

know its neighbor particles, it only needs to search particles within the nearby 26 cells 

and the cell where particle i is currently in. The assigning particle to cells can be done in 

O(N) time complexity. Also, the neighbor particles search does not depend on system 

size N, since only a constant number 27 cells are searched. Therefore link-cell is a very 

fast method for neighbor particles searching. However, if we are comparing neighbor list 

without rebuild and link-cell method, we will find the link-cell method is actually slower 

than neighbor list without rebuild method. In theory, the computational cost for neighbor 

list method without rebuild and link-cell method are all in the order of O(N). But the 

link-cell method adopts a cube shape searching scheme, neighbor list method adopts a 
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sphere shape searching scheme. If the average number density for the system is ρ. Then 

the number of particles to be calculated for neighbor list is given by: 𝑛𝑛𝑒𝑖−𝑙𝑖𝑠𝑡 =

4𝜋

3
𝜌(𝑟𝑐 + 𝑟𝑠𝑘𝑖𝑛)

3. However, the number of particles to be calculated for link-cell is

𝑛𝑙𝑖𝑛𝑘−𝑐𝑒𝑙𝑙 = 27𝜌𝑟𝑐
3. Normally, rskin is a smaller value. Therefore, nnei-list<nlink-cell , the

neighbor list method is faster than link-cell method. Is there a way to combine the above 

two methods together to overcome the high cost for link-cell method and neighbor 

rebuild cost for neighbor list method?  

Yes, Auerbach et al use the link-cell lists to construct the neighbor lists.292 The 

link-cell lists do not scale with system size N. This is the exact bottleneck for neighbor 

list rebuilding. Therefore, with the help of link-cell lists, we can rebuild neighbor list in 

O(N) and evaluate forces with the more efficient neighbor list method. There are other 

tricks for MD acceleration such as multiple time step method etc. But personally 

speaking, the most important contributing factor for MD speedup is the hardware. The 

advancement of hardware such as CPU, GPU, TPU, even the MD specific hardware 

Anton293  push molecular dynamics community comes up with new parallel algorithms. 

In the next chapter, we will simulate the ionic liquid system under 

nanoconfinement by classical MD method. A powerful parallel code based on Steve’s 

fixed spatial region message-passing scheme294 called LAMMPS (Large-scale 

Atomic/Molecular Massively Parallel Simulator)  is adopted. It implements all the 

methods, algorithms and tricks introduce previously.  
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CHAPTER III 

NANOCONFINEMENT OF IONIC LIQUIDS 

We systematically introduced ionic liquids and carbon nanotubes in previous 

chapters. They are both very important materials for energy storage, sensors, separation 

/extraction, pharmaceutics and medicine applications. Moreover, the nanoconfinement 

effects improve ILs properties and widen ILs applications. For example, bulk ILs are 

normally limited by their liquid state. With the help of nanoconfinement, ILs can be 

confined into different matrices without leakage problems. Also, the shape of the 

nanoconfined ILs materials can be easily controlled. The nanoconfined ILs materials 

exhibit both matrix and ILs properties. Moreover, the high-cost problem of bulk ILs are 

solved. Since a small amount of ILs is needed for nanoconfinement. High viscosity and 

low diffusion rate problems of bulk ILs are mitigated by the large surface area of ILs-

matrix interface. This is understandable. When ILs are confined into nanoporous matrix, 

ultrathin layers of ILs inside the porous medium will be formed. The total amount of ILs 

needed is very small. Therefore, nanoconfined ILs are widely used in catalysis, gas 

capture, separation, solid electrolytes, supercapacitors, drug-releasing systems, 

carbonization, and lubrication. The nanoconfinement effects affect ILs properties such as 

local structures, dynamics, thermal, optical and chemical properties. Therefore, it is very 

important for us to understand the nanoconfinement effects at the molecular level. Thus, 

proper nanoconfined ILs system and experimental or simulation methods need to be 

defined. We have introduced Monte Carlo, Ab Initio MD and classical MD in chapter II. 

Monte Carlo method is limited by calculating time-independent properties. Time-



103 

dependent information cannot be extracted from MC simulation. Ab Initio MD is limited 

by the timescale and space scale for tens of picosecond and several tens of hundreds of 

atoms. Clearly, this is not enough for ILs simulations. Since the number of atoms in full-

atomistic model for ion pairs is large. Also, the relaxation time of ILs is in several tens 

of picosecond to nanosecond range. Ab Initio MD is not capable of observing the 

relaxation process of ILs. Therefore, only classical MD method satisfies the time and 

space requirement for ILs studies. However, a reliable force field must be employed. 

This is also one major disadvantage of classical MD comparing to Ab Initio MD. Ab 

Initio MD does not require force fields. Thus, the molecular model and force field 

selection are critical for successful nanoconfined ILs modeling. As we introduced in 

Chapter II force field section, both polarizable and nonpolarizable force filed exit for 

ILs. However, polarizable force fields are computationally more expensive than 

nonpolarizable ones. Therefore, nonpolarizable forcefields are considered. Another issue 

to consider is the model complexity. Coarse Grained model is too simplified for ILs 

structures. Thus, the simulation results are not fit to experimental values well. United 

atom model provides a rough molecular detail of ILs. But the level of detail is still 

inferior than full-atomistic model. Therefore, to ensure high accuracy of simulation 

results, we choose the full-atomistic model. A lot of full-atomistic force fields are 

reviewed in previous chapter. After a careful evaluation, force field from Köddermann et 

al. for imidazolium-based ILs271 is adopted for our confined ILs studies. This force field 

is accurate enough for both static and dynamic properties. Moreover, it is also a rare 

force field which is transferable to different cation side chain length for imidazolium-
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based ILs. For nanoconfinement medium, carbon nanotubes are chosen. Because the 

structures of carbon nanotubes are well defined. Also, the pour size can be easily 

controlled in real experimental conditions. This provides real world impact on 

nanoconfined ILs studies.  

In summary, classical MD method will be adopted for carbon nanotubes confined 

ILs studies. A full-atomistic force field developed by Köddermann et al. will be adopted. 

The behavior of ILs under nanotubes confinement will be systematically studied by 

controlling nanotube structures and cation side chain length.  

Full-atomistic Simulation Modeling Challenges and Solutions 

One major challenge for full-atomistic simulation is the initial configuration 

generation. The coordinates of anions and cations must be defined in the nanoconfined 

medium. Also, the nanoconfinement matrix such as nanotubes, polymer, porous metal 

and nanoporous silica, etc. must be defined too. However, only defining the coordinates 

of atoms is not enough for a full-atomistic model. As we introduced in chapter II force 

field section, bond connections/bond angle connections/dihedral connections are also 

needed to be considered to fully describe the full-atomistic model. Moreover, in a 

nanoconfined ILs system, the number of bonds/angles/dihedrals/improper-angles can be 

huge. If we build the initial configuration by hand, the modeling process could be error-

prone and time-consuming. Due to the same reason, high throughput simulations for 

nanoconfined systems are not doable. In order to solve this problem, an automatic 

nanoconfinement system modeling tool must be designed. This tool must generate 
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reasonable ILs and matrix coordinates. Moreover, the connectivity between bonds angles 

dihedral, improper, etc. must be retained. The extra demand for this tool is portable and 

easy to use. Therefore, we choose Python as the programming language and object-

oriented programming (OOP) as the coding style. 

Python and Object-Oriented Programming 

Python is a high-level programming language that runs on many platforms such 

as Windows and Linux. It is an open-source project and freely available for everyone. It 

is also easy to learn yet powerful enough for actual problems solving. The syntax of 

Python is elegant so that the code readability is enhanced. Multiple programming 

paradigms are supported such as functional programming, object-oriented programming, 

and procedural programming. Moreover, dynamic typing and auto garbage collection for 

memory management make Python easy to use. What’s more, Python is highly 

extensible with many default data structures and third-party libraries. Also, it is 

described as "batteries included" due to its omnipotent standard library. Therefore, it is 

often used as a scripting language for rapid prototype application development. The 

performance of Python for scientific programming is fast too. Some of the third-party 

libraries such as NumPy/SciPy are implemented in C language. In this project, we will 

adopt Python version three for nanoconfinement system modeling tool development.  

As for programming paradigm, Object-Oriented Programming (OOP) is adopted. 

Because it provides an efficient structure for code design. In OOP, everything is objects. 

Each object has its own attributes and methods. The computer program is just a bunch of 

objects interact with each other. There are three major concepts in OOP. They are 
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encapsulation, inheritance, and polymorphism. The concept of encapsulation is easy to 

understand. The internal object data and functions are bind together. We can only access 

the object data and functions by predefined interface. This hides the internal 

implementation details of an object. Therefore, we can rewrite internal codes without 

affecting any external code. As for inheritance, it is always supported by Languages with 

classes. Inheritance implements ‘is-a-type-of’ relationship. Therefore, subclasses can be 

created based on parent classes. Actually, the subclass is a specialization version of 

parent class. Not only all data and functions of parent class appear in subclass with same 

names, but also new attributes and functions can be defined in subclass. This inheritance 

feature of OOP encourages code re-usage and promotes programming efficiency. The 

last important concept of OOP is polymorphism. Polymorphism means calling the same 

function at different objects behaves differently. Here is an example. Assuming class 

Dog and Cat are both subclasses of Animal. The bark function for each type of Animal 

implements its own sound while calling code can remain indifferent to the particular 

type of Animal who barks. This extends code flexibility and extensibility. Also, 

polymorphism simplifies code writing and editing. In summary, OOP paradigm provides 

a practical coding style for complicated program design. 

VF2 Algorithm 

As we introduce earlier, one big challenge for classical full-atomistic modeling is 

the force field assignment. For ILs modeling, the information of cation and anion is 

given by coordinates and bond connectivity. The bond angle, dihedral angle, improper 
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angle information can be inferred from bonding information and force field parameters. 

The force field will provide a detailed definition of each bond type, angle type and so on. 

For example, bond is defined by two different types or same atom type atoms connecting 

together. Angle is defined by three atoms connectivity. Dihedral and improper angles are 

defined by four atoms connectivity. If we consider the cation or anion molecule 

structures as an undirected graph, the force field assignment task can be reduced to a 

subgraph matching problem.  

Here the word “graph” is a data type in computer since. This graph data structure 

consists of a set of vertices and edges. An edge is an ordered or unordered pair of two 

vertices. Based on edge types, the graph can be undirected or directed graph. We can see 

a direct similarity between graph data structure and the full-atomistic molecule model. 

The vertices in graph are like atoms in full-atomistic molecule model. The edges are like 

bonds. Since bonds do not contain direction information. Therefore, the force filed 

matching problem can be reduced to an undirected subgraph matching problem. We will 

match the bond, angle, dihedral and improper patterns from full-atomistic molecular 

structure by solving the subgraph isomorphism problem of graph. Our goal is to develop 

a universal tool for ionic liquid nanoconfinement system modeling. Therefore, the 

generalized graph isomorphism algorithm is adopted. It is not limited for 

bond/angle/dihedral/improper pattern matching, but also can be used for molecular 

fragment pattern matching too.  

Thanks to Cordella et al., a fast (sub)graph isomorphism algorithm is developed 

for matching large graphs.295 The algorithm’s pseudo code is as follow:  
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Figure 22. Pseudo code for VF2 algorithm. 

For molecular pattern matching, G1=(A1, B1), G2=(A2,B2) are two graphs for molecule 

and bond/angle/dihedral/improper angle matching. G1 is a larger graph that represents 

the cation or anion structures. Where A1 is the atoms/vertices set, B1 is the bond set for 

cation/anion structures. The same is for G2, which is a small graph for 

bond/angle/dihedral/improper representation. A2 is atoms set. B2 is the bond set. VF2 

algorithm will output a mapping M {(n,m)| n∈G1 and m∈G2} which maps vertices of 

G1 to G2. The matching process is described by state-space representation, where state s 

is associated with a partial mapping solution M(s). As shown in figure 22, once M(s) 

covers all nodes of G2, M(s) is outputted. If M(s) is still a partial mapping solution, then 

new pairs set P(s)={ p=(k,l)| k∈G1 and l∈G2} must be calculated. Each pair p in P(s) 

must be tested with feasibility rules so that the pair p=(k,l) can be added to partial 
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mapping solution M(s). Once the new mapping pair p=(k,l) added to M(s), the state s 

becomes s’. With the new partial mapping solution M(s’), we then call the VF2 

algorithm again at state s prime. This is clearly a depth-first search algorithm. The initial 

condition s0 is defined as an empty set for mapping M(s0).  

Clearly, the candidate set P(s) are not generated by all pair p=(k,l) where k 

belongs to G1 and l belongs to G2. This will lead to an overly large number of pairs. The 

candidate set P(s) is generated by some simple rules. Let’s define the out-edges and in-

edges sets first. T1
out(s) and T2

out(s) are vertices sets which the vertices themselves are 

not in M(s) but the destination of edges starting from G1(s) and G2(s) respectively. 

Similarly, T1
in(s) and T2

in(s) are vertices sets which the vertices themselves are not in 

M(s) but the origin of edges ending into G1(s) and G2(s) respectively.  The candidate set 

P(s) will be generated by following rules. 1) P(s)={(n,m)| n∈T1
out(s) and m∈T2

out(s) } 

if T1
out(s) or T2

out(s) is not empty set. 2) if T1
out(s) or T2

out(s) is empty set, P(s)={(n,m)| n

∈T1
in(s) and m∈T2

in(s) } 3) if condition 2 fails, then P(s)={(n,m)| n∉G1(s) and m 

∉G2(s) }. We can see, the candidate pairs set P(s) are vertices that are one edge away 

from G1(s) and G2(s). 

But not all vertices mapping pair p=(n,m) in candidate set P(s) is a feasible 

mapping for subgraph isomorphism. A set of rules are defined for testing the feasibility 

of p. The feasibility function F(s,n,m) is defined as follow: 

𝐹(𝑠, 𝑛,𝑚) = 𝐹𝑠𝑦𝑛𝑡𝑎𝑐𝑡𝑖𝑐(𝑠, 𝑛,𝑚) ∧ 𝐹𝑠𝑒𝑚𝑎𝑛𝑡𝑖𝑐(𝑠, 𝑛,𝑚) 𝑤ℎ𝑒𝑟𝑒

𝐹𝑠𝑦𝑛𝑡𝑎𝑐𝑡𝑖𝑐(𝑠, 𝑛,𝑚) = 𝑅𝑝𝑟𝑒𝑑𝑒𝑐𝑒𝑠𝑠𝑜𝑟 ∧ 𝑅𝑠𝑢𝑐𝑐𝑒𝑠𝑠𝑜𝑟 ∧ 𝑅𝑖𝑛 ∧ 𝑅𝑜𝑢𝑡 ∧ 𝑅𝑛𝑒𝑤
 …… (47) 
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Fsematic(s,n,m) is the semantic feasibility function which depends on attributes. For 

example, the element types of atoms can be attributes for vertices in the graph. Thus, the 

semantic feasibility function makes sure a correct element or force field type matching 

between G1 and G2. Fsyntactic(s,n,m) is the syntactic feasibility function which depends 

only on the structures of graphs. As can be seen above, the syntactic feasibility function 

is composted by five rules connected by logic AND. Let us define three helper functions. 

Given a vertex n of graph G= (A, B), function Pred(G,n) returns the predecessor of n. 

Function Succ(G,n) returns the successor of n. Function Card(G) returns the cardinality 

of graph G. Let’s also define a vertex set 𝑁(𝑠)̃ = A-M(s)-(Tin(s) ∪Tout(s)) which is the

set of vertices both not in M(s) and one bond away from M(s). Then, the five syntactic 

rules can be defined as follow: 

𝑅𝑝𝑟𝑒𝑑𝑒𝑐𝑒𝑠𝑠𝑜𝑟(𝑠, 𝑛,𝑚): 
[∀n′ ∈ 𝑀1(s) ∩ Pred(𝐺1, n)∃m′ ∈ Pred(𝐺2, m)|(n

′,m′) ∈ M(s)]

∧ [∀m′ ∈ 𝑀2(s) ∩ Pred(𝐺2, n)∃n
′ ∈ Pred(𝐺1, n)|(n

′, m′) ∈ M(s)]

𝑅𝑠𝑢𝑐𝑐𝑒𝑠𝑠𝑜𝑟(𝑠, 𝑛,𝑚): 
[∀n′ ∈ 𝑀1(s) ∩ Succ(𝐺1, n)∃m′ ∈ Succ(𝐺2, m)|(n

′, m′) ∈ M(s)]

∧ [∀m′ ∈ 𝑀2(s) ∩ Succ(𝐺2, n)∃n
′ ∈ Succ(𝐺1, n)|(n

′, m′) ∈ M(s)]

𝑅𝑖𝑛(𝑠, 𝑛,𝑚): 
[ Card(Succ(𝐺1, n) ∩ 𝑇1

𝑖𝑛(s)) ≥ Card(Succ(𝐺2,m) ∩ 𝑇2
𝑖𝑛(s))]

∧ [Card(Pred(𝐺1, n) ∩ 𝑇1
𝑖𝑛(s)) ≥ Card(Pred(𝐺2, m) ∩ 𝑇2

𝑖𝑛(s))]

𝑅𝑜𝑢𝑡(𝑠, 𝑛,𝑚): 
[ Card(Succ(𝐺1, n) ∩ 𝑇1

𝑜𝑢𝑡(s)) ≥ Card(Succ(𝐺2, m) ∩ 𝑇2
𝑜𝑢𝑡(s))]

∧ [Card(Pred(𝐺1, n) ∩ 𝑇1
𝑜𝑢𝑡(s)) ≥ Card(Pred(𝐺2,m) ∩ 𝑇2

𝑜𝑢𝑡(s))]

𝑅𝑛𝑒𝑤(𝑠, 𝑛, 𝑚): 
[ Card(𝑁1(𝑠)̃ ∩ Pred(𝐺1, n)) ≥ Card(𝑁2(𝑠)̃ ∩ Pred(𝐺2, n))]

∧ [Card(𝑁1(𝑠)̃ ∩ Succ(𝐺1, n)) ≥ Card(𝑁2(𝑠)̃ ∩ Succ(𝐺2, n))]
 …… (48)

Thus, the success of VF2 algorithm relies on these feasibility rules. Once the candidate 

pair p=(n,m) pass these feasibility test.  New state s prime is reached by adding p into 

M(s). Then, a recursive call of VF2 function at state s prime is performed. We can see a 
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one-step-look-ahead is done for Rin and Rout.  A two-steps-look-ahead is done for Rnew. 

We can also notice that these rules are for directed graphs. But we can always transform 

a directed graph to an undirected one by adding reverse edges of graph. Therefore, VF2 

algorithm discussed above is suitable for both undirected and directed graphs. The time 

complexity for the best case is O(N2), the worst case is O(N!N). Thankfully, in the 

bond/angle/dihedral/improper pattern matching, VF2 algorithm runs very fast due to the 

small cardinality of G2. 

Ionic Liquid Nanoconfinement System Modeling Tool 

Files Structure 

In order to perform high throughput MD simulations of nanoconfined ILs 

systems, an automatic modeling tool must be developed. We have introduced VF2 

algorithm and OOP concept in previous sections. The key algorithm adopted for solving 

force field matching is VF2 algorithm. Also, we want this tool to be a free open-source 

code. Therefore, all dependent third-party libraries are open-source too. By adopting 

third-party libraries, a lot of code development workload is reduced. Python acts as a 

“glue” for codes from different developers.  

The file organization is simple. Files are classified by code functionality. Similar 

functionalities of files are put into a common folder. One big single file for all functions 

and classes is not adopted. Since it is hard for debugging and error-prone. Therefore, 

functions and classes with similar functionalities are organized together into one file. 

Files with a similar type are put together into one folder. In the root folder, the main file 



112 

should exist for calling and organizing all functions and classes. It acts as a driver code 

for all other codes. The files structure of this modeling tool is as follow. 

Figure 23. Ionic Liquid Nanoconfinement System Modeling Tool files structure. 

Folders marked in blue. 

The “mol2_files” folder contains the anion and cation topological structure files 

in mol2 format. These mol2 files are built by Avogadro296 which is a free open-source 

molecular editor and visualization program. Then, the element labels for atoms in mol2 

files are replaced by force field type labels. Coordinates and bond connecting 
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relationships of cation and anion can be extracted from these mol2 files with correct 

force field label for each atom.  

The “template” folder contains template files for MD simulation. Lammps.in is 

the LAMMPS control file template for MD simulation. The forcefield.ini file is the force 

field parameters defining file for LAMMPS control file -- Lammps.in. The forcefield.ini 

file is auto-generated by this tool. The postprocessing.py file is the post-processing 

template file for MD simulation. We can customize MD post-analysis code into this file.  

The “util” folder contains all utility functions and classes. The parser.py is the 

key for angle/dihedral/improper force field matching. NetworkX297 is adopted as a third-

party library for angle/dihedral/improper pattern matching. Because VF2 algorithm had 

already been implemented in NetworkX package. This file also contains a function 

which could parse mol2 files from mol2_files folder and a function which could infer 

angle/dihedral/improper information based on bonding information.  The 

getBADINamingMapping.py contains functions for getting the global bond/angle/ 

dihedral/improper name-typeID mapping and searching force filed parameters based on 

force filed defined in forcefield.py. The molecule.py contains several classes for 

molecule modeling. The forceFiled.py contains all force field parameters and several 

helper functions to find the force field parameter by name. The cnt.py contains functions 

related to carbon nanotubes building and ILs confinement packing. The detailed 

nanotubes generation algorithm is imported from an open-source third party python 

package scikit-nano. The coding workload is reduced greatly by importing these third-

party libraries. Also, this is good for extending current code to a more general-purpose 
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modeling tool. By writing few lines of code, new confinement matrix structures can be 

built form these libraries. The lattice.py contains lattice packing function for bulk IL-

pairs packing. Finally, the writeLammpsData.py contains a function for outputting 

LAMMPS data file. 

Functions and Classes 

Table 2 Function details for Ionic Liquid Nanoconfinement System Modeling Tool 

Function 

Name 
From File 

INPUT(variabl

e types are 

indicated at 

the beginning 

for example 

str, dir etc.) 

OUTPUT (variable types are indicated at 

the beginning for example 

int,set,list,dict,file etc.) 

Description 

parser_

mol2 

parser.py 

mol2_file_na

me 

int:natoms  int:nbonds 

dict:atomsinfo[atomID]=[atomType,x,y,z] 

dict:bondsinfo[bondID]=[atomID1,atomID

2] 

parser for mol2 file 

    Only atom 

position and bond 

information are 

read. 
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Table 2. Continued. 

Function 

Name 
From File 

INPUT(varia

ble types are 

indicated at 

the 

beginning for 

example str, 

dir etc.) 

OUTPUT (variable types are indicated at 

the beginning for example 

int,set,list,dict,file etc.) 

Description 

findBA

DI 

parser.py 

OUTPUT 

of 

parser_mol

2 

dict:atomsinfo[atomID]=[atomType,x,y,z] 

list:bondslist=[atomID1,atomID2], 

list:angleslist=[atomID1,atomID2,atomID3], 

list:dihedralslist=[atomID1,atomID2,atomID3,atomID4]

, 

list:improperslist[atomID1,atomID2,atomID3,atomID4] 

reconstruct the 

Angle dihedral 

improper angles 

information from 

mol2 structure. 

returnB

ADItype 

getBADI

Naming

Mapping

.py 

OUTPUT 

of 

findBADI 

set:BADItype={atom1Type-atom2Type } for 

bond-type or {atom1Type-atom2Type-

atom3Type} for angle-type or { atom1Type-

atom2Type-atom3Type-atom4Type} for 

dihedral/improper-type depend on input 

find the Bond Angle 

Dihedral Improper 

type based on 

dict:atomsinfo 

getBAD

INamin

gSet 

getBADI

Naming

Mapping

.py 

dir:mol2dir 

(directory 

of mol2 

files, 

i.e. ../mol2_

files )

set:atomtypeset={atomType}, 

set:bondtypeset={ atom1Type-atom2Type }, 

set:angletypeset={atom1Type-atom2Type-

atom3Type}, 

set:dihedraltypeset={ atom1Type-

atom2Type-atom3Type-atom4Type}, 

set:impropertypeset={ atom1Type-

atom2Type-atom3Type-atom4Type} 

return the global 

BADI NamingSet 

for all mol2 files so 

that we can get 

unified naming for 

all. This function 

calls 

returnBADItype() 

and merge the 

individual 

BADItypset into 

global ones. 
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Table 2. Continued. 

Function 

Name 
From File 

INPUT(varia

ble types are 

indicated at 

the 

beginning for 

example str, 

dir etc.) 

OUTPUT (variable types are indicated at 

the beginning for example 

int,set,list,dict,file etc.) 

Description 

getBAD

INamin

gMappi

ng 

getBADI

Naming

Mapping

.py 

dir: 

mol2dir 

file: 

outputmapp

ingfile 

file: 

outputForce

Fieldfile 

dict:atomTYPE2LABEL[atomTypeID]= 

atomType 

dict:bondTYPE2LABEL[bondTypeID]= 

atom1Type-atom2Type 

dict:angleTYPE2LABEL[angleTypeID]= 

atom1Type-atom2Type-atom3Type, 

dict:dihedralTYPE2LABEL[dihedralTypeID]

=dihedralLABEL, 

dict:improperTYPE2LABEL[improperTypeI

D]= atom1Type-atom2Type-atom3Type-

atom4Type 

This function calls 

getBADINamingSet

() and all functions 

from forceField.py. 

It output the 

debugging global 

atom/bond/angle/de

hidral/improperTyp

eID-Name mapping 

and writes the 

outputForceFieldfile 

as forcefield.ini in 

template folder 

findFFa

toms 

findFFb

onds 

findFFa

ngles 

findFFd

ihedrals 

forceFiel

d.py

str:atomtyp

e 

str: 

bondtype 

str: 

angletype 

str: 

dihedraltyp

e 

dict:force field parameter dictionary for 

corresponding 

atomtype/bondtype/angletype/dihedraltype 

These functions are 

called by 

getBADINamingMa

pping() to get force 

field parameters.  
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Table 2. Continued. 

Function 

Name 
From File 

INPUT(varia

ble types are 

indicated at 

the 

beginning for 

example str, 

dir etc.) 

OUTPUT (variable types are indicated at 

the beginning for example 

int,set,list,dict,file etc.) 

Description 

SWCNT

_build 
cnt.py 

list:Ch 

(chiral 

vector for 

nanotubes) 

float:Lz 

(length) 

float:bond=

1.42 (C-C 

bond 

length) 

bool:fix_Lz 

bool:debug 

float:d_inner (diameter of nanotubes) 

float:lz (length of nanotubes) 

list: SWNT_xyz=[x,y,z] 

This is a wrapper 

function for skikit-

nano 

SWNTGenerator. 

SWCNT can be 

built from this 

function. If debug 

flag is set to be true. 

A debug xyz file for 

SWCNT will be 

saved. 

MWCN

T_build 
cnt.py 

int:Nwalls 

(number of 

nanotubes 

walls) 

float:min_w

all_diamete

r 

float:Lz 

str:chiral_ty

pes 

float:bond=

1.42 

bool:debug 

float:d_inner (inner diameter of nanotubes) 

float:lz (length of nanotubes) 

list: MWNT_xyz=[x,y,z] 

This is a wrapper 

function for skikit-

nano 

MWNTGenerator. 

MWCNT can be 

built from this 

function. If debug 

flag is set to be true. 

A debug xyz file for 

MWCNT will be 

saved. 
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Table 2. Continued. 

Function 

Name 
From File 

INPUT(variabl

e types are 

indicated at 

the beginning 

for example 

str, dir etc.) 

OUTPUT (variable types are indicated at 

the beginning for example 

int,set,list,dict,file etc.) 

Description 

cnt_pac

king 
cnt.py 

obj:cation 

(instance of 

Molecule_Te

mplate class) 

obj:anion 

int:nILpairs 

float:d_inner 

float:lz 

bool:random

_orient 

float:adjust 

list:system=[cation_obj1,anion_obj1…] 

list:box=[xlo,xhi,ylo,yhi,zlo,zhi] 

(simulation box) 

int: natoms, (number of atoms) 

int:nbonds, (number of bonds) 

int: nangles,(number of angles) 

int: ndihedrals,(number of dihedrals) 

int: nimpropers (number of impropers) 

 Cation and anion 

molecule pairs are 

packed into a 

cylinder-shaped 

space. The bool flag 

random_orient 

controls the random 

orientation of 

cation/anion during 

packing. The adjust 

value control the 

distance of 

molecule center of 

mass to the 

nanotube walls. 

lattice_p

acking 
lattice.py 

str:latticetype 

(such as 

fcc,bcc,sc) 

obj:cation 

(instance of 

Molecule_Te

mplate class) 

obj:anion 

int:nILpairs 

float: 

target_densit

y 

bool:random

_orient 

list:system=[cation_obj1,anion_obj1…] 

list:box=[xlo,xhi,ylo,yhi,zlo,zhi] 

(simulation box) 

int: natoms, (number of atoms) 

int:nbonds, (number of bonds) 

int: nangles,(number of angles) 

int: ndihedrals,(number of dihedrals) 

int: nimpropers (number of impropers) 

This function packs 

ILs bulk system. 
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Table 2. Continued. 

Function 

Name 
From File 

INPUT(variabl

e types are 

indicated at 

the beginning 

for example 

str, dir etc.) 

OUTPUT (variable types are indicated at 

the beginning for example 

int,set,list,dict,file etc.) 

Description 

writela

mmpsda

ta 

writeLa

mmpsDa

ta.py 

dir:folder 

file:filename 

OUTPUT of 

cnt_packing/l

attice_packin

g 

OUTPUT of 

getBADINa

mingMappin

g 

list:CNT=OU

TPUT of 

S/MWCNT_

build 

No return variables. 

Write the LAMMPS 

data file. The 

default value for 

CNT variable is 

None. If 

list:MWNT_xyz or 

SWNT_xyz from 

SWCNT_build() or 

MWCNT_build() is 

provided, nanotubes 

coordinates are 

written into the 

LAMMPS data file 

too. 

Table 2 summarized all functions in Ionic Liquid Nanoconfinement System Modeling 

Tool. The detailed input and output variables are also described with variable types. 

Python is a dynamically-typed language, but we still provide data type as a reference. As 

we can see above, all molecular structure mol2 files in mol2_files folder can be parsed 

by parser_mol2 function. Then, the parsed atoms and bonds information is used as input 

for findBADI function. This function returns the missing angle/dihedral/improper 

information. Later, these information for individual cation or anion is used as input for 

returnBADItype function, sets of bond/angle/dihedral/improper type label strings are 
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generated. However, these type label strings are local to specific cation or anion such as 

[C1MIM]/[C2MIM]/[NTf2], etc. We need a global bond/angle/dihedral/improper type 

label string to typeID mapping. Therefore, getBADINamingMapping function is called. 

It finds force field parameters by calling functions in forceField.py. It also outputs the 

debugging atom/bond/angle/dihedral/improper type label to ID mapping file and the 

forcefield.ini file in template folder. Thus, force field assignment problem is solved. The 

nanoconfined matrix is built by SWCNT_build and MWCNT_build functions. Ionic 

liquid pairs modeling is solved by classes in molecule.py. We will introduce these 

classes later. The ILs nanoconfinement packing and normal bulk packing problems are 

solved by cnt_packing and lattice_packing functions. The LAMMPS data file generation 

task is done by writelammpsdata function. Among all functions, the most important 

function is findBADI(natoms,nbonds,atomsinfo,bondsinfo). It infers 

angle/dihedral/improper angles in molecular structures where only atoms positions and 

bonding information are available. These bond/angle/dihedral/improper patterns can be 

view as small subgraphs. By running the subgraph isomorphism VF2 algorithm against 

the molecular structures, we can find all the missing bond/angle/dihedral/improper 

connection information. The key piece of findBADI function Python code is as follow: 
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Figure 24. Python code of findBADI function where VF2 algorithm is adopted. 
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Figure 24. continued. 
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As can be seen above, we have matched the patterns for bond/angle/dihedral/improper/5-

atom-ring/6-atom-ring.  The improper angle is matched by filtering the center atom 

within a ring.  

All Python functions in Ionic Liquid Nanoconfinement System Modeling Tool 

are introduced above. But some modeling operations are a combination of both data and 

functions. Therefore, class is needed. There are seven classes in molecule.py. The major 

ones are Molecule_Template class and Molecule class. Molecule class is a child class of 

Molecule_Template class. Other five classes are for atom, bond, angle and improper 

representation.  

Figure 25. The diagram of atom, bond, angle and improper classes. 

These five classes have simple structures. The necessary information must be provided 

when initializing the class instance. For example, when defining an Atom class instance, 

atomid, ffname, atomtype, q, x, y, z must be provided, where ffname is the atom label in 

force field, atomtype is an integer number of atom type, q is the partial charge, x/y/z is 
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the coordinates of atom. The same is for the Bond/Angle/Dihedral/Improper classes. The 

i, j, k and l are the atomIDs. These Atom/Bond/Angle/Dihedral/Improper instances are 

contained in the Molecule_Template instance or the Molecule instance. It is just the 

same as the real-world cation or anion molecule which contains atoms, bonds, dihedrals 

and improper angles.  

Figure 26. The diagram of Molecule_Template and Molecule classes. 

Molecule_Template class is the parent class of Molecule class. As the class name 

indicates, the instance of Molecule_Template class is the template for cation/anion. The 

input for Molecule_Template class is the mol2 file and the global label to type mapping 

of atom/bond/angle/dihedral/improper. One big advantage of OOP is the concept of 

encapsulation. The internal implementation of Molecule_Template class is irrelevant to 

the external code. Therefore, the implementation details are hidden from user. User can 

only get access to class public functions. Due to the periodic conditions of the simulation 
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box, when packing bulk ILs, the coordinates of atoms near the simulation box walls 

must be adjusted. Therefore, molecules must know the shape of simulation box. Thus, 

the setbox function is implemented together with PBC function which adjusts atom 

coordinates correctly based on periodic boundary conditions. For debugging purpose, 

getMass, getQ, functions are implemented for total mass calculation and total charge 

calculation of single molecule. The detailed information of a molecule is printed in 

human readable form by Info function. COM function will return the center of mass of 

molecules. Rotate function can rotate the molecule along certain axis and degree. The 

align_to_Z_axis function will align the molecule’s principle axis to Z direction. This is 

helpful for packing long side-chain ILs into nanotubes. The function xy_withinD ensures 

the coordinates of molecules are within radius D/2 at X-Y plane.  The child class 

Molecule takes a Molecule_Template instance as the template. It inherits all functions 

from its parent class. When packing molecules, the AtomIDs, BondIDs, AngleIDs, 

DehidralIDs, and ImproperIDs are automatically updated. A reset function is defined to 

reset all IDs to zero. This is necessary. Since user may call cnt_packing or 

lattice_packing function multiple times. At each new packing ILs event, the 

MoleculeIDs, AtomIDs, BondIDs, etc. must restore to initial value which is zero.    

The driver code main.py 

With the help of all the functions and classes in “util” folder, we can write the 

driver code main.py in few lines of Python codes. The heavy lifting detailed building 

process is hidden from user. Here is an example of bulk ILs system modeling. The major 

code fragment is as follow: 
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 Figure 27. Major code fragment for main.py of bulk ionic liquid system building. 

Class and instance of class are marked in blue. Functions are marked in red.  

As can be seen above, Molecule_Template class instances Cnmim_template 

(n=1,2,4,6,8) and NTf2_template are adopted as input parameters for the lattice_packing 

function. Simple cubic lattice is used for bulk ILs packing. Number of IL pairs and 

packing density are also input parameters for lattice_packing function. The Boolean 

variable random_orient is set to be True so that IL-pairs oriented randomly during the 

molecular packing process. Finally, writelammpsdata function is called for writing 

LAMMPS data file to simulation_folder. Nanoconfined IL system can also be built 

easily by slightly modifying the main.py file. Here is the example for nanoconfined ILs 

system modeling. The major code fragment is as follow: 
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Figure 28. Major code fragment for main.py of nanoconfined ionic liquid system 

building. Class and instance of class are marked in blue. Functions are marked in 

red. 

One major difference between nanoconfined ILs and bulk ILs main.py is the packing 

function. For nanotubes confined ILs packing, cnt_packing instead of lattice_packing 

function is adopted. This function takes nanotube coordinates, diameter, and length as 

input parameters. Also, we can define the number of IL pairs need to be confined. The 

modeling code main.py for both bulk ILs and nanoconfined ILs is very concise and 

automatic. More importantly, it is easy to extend main.py with new functionalities. For 

example, there is a template folder where Lammps.in and Postprocessing.py present. 

Lammps.in is the template file for LAMMPS input file. Postprocessing.py is the post-

processing python code for MD simulations. Therefore, the man.py file can be easily 

extended to induce and modify the two template files for different temperatures 

simulations. Moreover, we can add other utility functions or classes to “util” folder. For 

example, the nanoconfinement matrix modeling code of MOFs, polymers, amorphous 



128 

silica, etc. could be implemented. This will extend the modeling capability of this tool. 

Thus, the complicated full-atomistic modeling of bulk and nanoconfined ILs problems 

are solved. High throughput modeling and simulation of nanoconfined ILs become 

possible. 

Force Field 

Force fields for ILs are reviewed in Chapter II Classical Molecular Dynamics 

section. The final force field selected is developed by Koddermann et al.271  It enables 

the accurate reproduction of static and dynamic behaviors for ILs. Moreover, it is also 

one of the rare force field which is transferable to different cation side chain length. This 

makes cation side-chain length-dependent property studies possible. Moreover, the force 

filed is also proven to be accurate in a wide range of temperatures. The force field is 

based on OPLS-AA/AMBER framework. Therefore, we can select parameters at OPLS-

AA force field for the interacting sites of nanoconfinement matrix. For example, the 

force field parameter for carbon atom in nanotubes is taken from OPLS-AA force field. 

Thus, no compatibility issues of different force fields occur. Therefore, Koddermann’s 

force fields for ionic liquid is the most suitable one for nanotubes confined ILs study.  

Different force fields may have different naming conventions for interacting 

sites. Even the same element can have different names and assign different force field 

parameters. Therefore, the corresponding nomenclature of cation and anion must be 

introduced first. The following figure gives a detailed description of these interaction site 

names.    
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Figure 29. Nomenclature of cation [CnMIM] and anion [NTf2]. 

C1 refers to the first carbon atom in cation side chain. CE refers to the second 

carbon atom in the ethyl side chain of [CnMIM]. C2 is the second atom in alkyl side 

chains with no more than two carbon atoms. CS is the secondary carbon of an alkyl side 

chain which is two bond distances away from cation ring. CT is the terminal carbon 

atom for longer side chains. CR refers to the carbon atom in cation ring between two 
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nitrogen atoms. The rest carbon atoms in cation ring are referred as CW. The nitrogen 

atom in cation ring is referred as NA. There are four types of hydrogen in [CnMIM] 

cation. As shown above, H1 refers to hydrogen atom which is connected to C1. HA 

refers to hydrogen atom which is connected to CR. HB refers to hydrogen atom which is 

connected to CW. The reset hydrogen atoms are referred as HC. As for anion [NTf2], 

the force field nomenclature is the same as element name. As for carbon nanotubes, the 

name “C_CNT” is adopted for referencing carbon atoms in nanotubes.   

Parameters for Pair Potentials 

The Lennard-Jones 12/6 potential is adopted for short-range interaction 

modeling. The formula is as follow: 

𝐸 = 4𝜖[(
𝜎

𝑟
)
12

− (
𝜎

𝑟
)6] 𝑟 < 𝑟𝑐 …… (49) 

Where rc is the cutoff distance we introduced in Chapter II section Periodic Boundary 

Conditions with short/long-range interactions. The value of rc is set to be 12.0 Å. The 

geometric mixing rule is adopted for different pairs of interactions. This is due to the 

force field which is based on OPLS-AA frameworks. The geometric mixing rule is as 

follow:   

𝜖𝑖𝑗 = √𝜖𝑖𝜖𝑗

𝜎𝑖𝑗 = √𝜎𝑖𝜎𝑗
         …… (50) 

Where i, j indicates different types of atoms. The parameters for Lennard-Jones 12/6 

potential and partial charge for each atom type are listed in the following table.  
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Table 3. Parameters for pair potentials. 

Atoms Partial charge(e) Epsilon (Kcal/mol) Sigma (Å) Atomic mass 

C1 -0.17 0.066 3.5 12.0107 

C2 0.01 0.066 3.5 12.0107 

CE -0.05 0.066 3.5 12.0107 

CR -0.11 0.105 2.13 12.0107 

CS -0.12 0.066 3.5 12.0107 

CT -0.18 0.066 3.5 12.0107 

CW -0.13 0.049 3.0175 12.0107 

HA 0.21 0.045 1.452 1.0079 

HB 0.21 0.021 2.057 1.0079 

HC 0.06 0.03 2.5 1.0079 

H1 0.13 0.03 2.5 1.0079 

NA 0.15 0.17 3.25 14.0067 

F -0.16 0.0159 2.655 18.9984 

C 0.35 0.0198 3.15 12.0107 

S 1.02 0.0750 4.0825 32.065 

O -0.53 0.0630 3.4632 15.9994 

N -0.66 0.0510 3.25 14.0067 

C_CNT 0.0 0.07 3.55 12.0107 
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Parameters for Bond Potentials 

The harmonic bond style is adopted. The formula is as follow: 

𝐸 = 𝐾(𝑟 − 𝑟0)
2                                          …… (51)

Where r is the actual bond distance, r0 is the equilibrium bond distance. One thing to 

notice is that shake algorithm is adopted.  Shake algorithm is introduced previously in 

Constraint Dynamics Algorithm section of Chapter II. In our simulations, only C-H bond 

length is constrained. Therefore, a larger timestep of 2 fs can be adopted since the fastest 

vibrational mode of C-H vibration is eliminated. The detailed bond potential parameters 

are as follow. The word “Constant” means no value is provided due to Shake algorithm.   

Table 4. Bond potential parameters 

Bonds K (Kcal/mol/Å2) r0 (Å) 

CR-HA Constant 1.08 

CW-HA Constant 1.08 

CW-HB Constant 1.09 

CE-HC Constant 1.09 

C1-H1 Constant 1.09 

C2-HC Constant 1.09 

CS-HC Constant 1.09 

CT-HC Constant 1.09 

CR-NA 477.06 1.315 

CW-NA 427.10 1.378 
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Table 4. Continued. 

Bonds K (Kcal/mol/Å2) r0 (Å) 

CW-CW 520.08 1.341 

NA-C1 337.00 1.466 

C1-CE 267.93 1.529 

C1-C2 267.93 1.529 

C2-CS 267.93 1.529 

CS-CS 267.93 1.529 

CS-CT 267.93 1.529 

C-F 883.60 1.323 

C-S 470.84 1.818 

S-O 1274.14 1.442 

N-S 744.02 1.57 

Parameters for Angle Potentials 

The harmonic angle style is used. The expression is as follow: 

E = K(θ − 𝜃0)
2 …… (52) 

where θ is the bond angle and θ0 is the equilibrium value of bond angle. The detailed 

parameters are as follow: 

Table 5. Angle potential parameters 

Angles K (Kcal/mol/rad2) θ0 (degree) 

CW-NA-CR 69.93 108.0 
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Table 5. Continued. 

Angles K (Kcal/mol/rad2) θ0 (degree) 

CW-NA-C1 69.93 125.6 

CR-NA-C1 69.93 126.4 

NA-CR-HA 34.97 125.1 

NA-CR-NA 69.93 109.8 

NA-CW-CW 69.93 107.1 

NA-CW-HB 34.97 122.0 

CW-CW-HB 34.97 130.9 

NA-C1-H1 74.86 110.7 

H1-C1-CE 74.86 110.7 

H1-C1-C2 74.86 110.7 

C1-CE-HC 74.86 110.7 

C1-C2-HC 74.86 110.7 

CS-C2-HC 74.86 110.7 

C2-CS-HC 74.86 110.7 

CS-CS-HC 74.86 110.7 

CT-CS-HC 74.86 110.7 

CS-CT-HC 74.86 110.7 

NA-C1-CE 100.00 112.7 

NA-C1-C2 100.00 112.7 
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Table 5. Continued. 

Angles K (Kcal/mol/rad2) θ0 (degree) 

C1-C2-CS 100.00 112.7 

C2-CS-CT 100.00 112.7 

C2-CS-CS 100.00 112.7 

CS-CS-CS 100.00 112.7 

CS-CS-CT 100.00 112.7 

H1-C1-H1 65.99 107.8 

HC-CE-HC 65.99 107.8 

HC-C2-HC 65.99 107.8 

HC-CS-HC 65.99 107.8 

HC-CT-HC 65.99 107.8 

F-C-F 186.66 107.1 

S-C-F 165.87 111.8 

C-S-O 207.93 102.6 

O-S-O 231.60 118.5 

O-S-N 188.58 113.6 

C-S-N 195.03 100.2 

S-N-S 160.37 125.6 

Parameters for Dihedral Potentials 

The Fourier dihedral style is adopted. The expression is as follow: 
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𝐸 = ∑ 𝐾𝑖[1.0 + cos (𝑛𝑖𝜑 − 𝑑𝑖)]𝑖=1,𝑚  …… (53) 

where m is the maximum number of terms included in the potential expression. Ki is the 

i-th term’s pre-factor. The same is for ni and di where ni is an integer value. The detailed

parameters are listed in the following table. 

Table 6. Dihedral potential parameters. Ki is in Kcal/mol. ni is an integer number. 

di is in degree. 

Dihedrals m K1 n1 d1 K2 n2 d2 K3 n3 d3 

F-C-S-N 3 0 1 0 0 2 0 0.07899 3 0 

F-C-S-O 3 0 1 0 0 2 0 0.08670 3 0 

O-S-N-S 1 0 1 0 

CR-NA-CW-CW 2 0 1 0 1.49976 2 180 

CR-NA-CW-HB 2 0 1 0 1.49976 2 180 

C1-NA-CW-CW 2 0 1 0 1.49976 2 180 

C1-NA-CW-HB 2 0 1 0 1.49976 2 180 

CW-NA-CR-NA 2 0 1 0 2.32553 2 180 

CW-NA-CR-HA 2 0 1 0 2.32553 2 180 

C1-NA-CR-NA 2 0 1 0 2.32553 2 180 

C1-NA-CR-HA 2 0 1 0 2.32553 2 180 

CW-NA-C1-C2 3 

-

0.68834 

1 0 0.52940 2 180 0.10480 3 0 

CW-NA-C1-H1 3 0 1 0 0 2 0 0.06573 3 0 
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Table 6. Continued. 

Dihedrals m K1 n1 d1 K2 n2 d2 K3 n3 d3 

CR-NA-C1-C2 1 

-

0.38600 

1 0 

CR-NA-C1-H1 1 0 1 0 

NA-CW-CW-NA 2 0 1 0 5.37524 2 180 

NA-CW-CW-HB 2 0 1 0 5.37524 2 180 

HB-CW-CW-HB 2 0 1 0 5.37524 2 180 

NA-C1-C2-CS 3 0.08819 1 0 -0.08138 2 180 0.12189 3 0 

NA-C1-C2-HC 1 0 1 0 

H1-C1-C2-CS 3 0 1 0 0 2 0 0.18296 3 0 

H1-C1-C2-HC 3 0 1 0 0 2 0 0.15906 3 0 

C1-C2-CS-CS 3 0.08700 1 0 -0.07851 2 180 0.13946 3 0 

C1-C2-CS-CT 3 0.08700 1 0 -0.07851 2 180 0.13946 3 0 

C1-C2-CS-HC 3 0 1 0 0 2 0 0.18296 3 0 

C2-CS-CT-HC 3 0 1 0 0 2 0 0.18296 3 0 

HC-C2-CS-CS 3 0 1 0 0 2 0 0.18296 3 0 

HC-C2-CS-HC 3 0 1 0 0 2 0 0.15906 3 0 

HC-C2-CS-CT 3 0 1 0 0 2 0 0.18296 3 0 

C2-CS-CS-CS 3 0.08700 1 0 -0.07851 2 180 0.13946 3 0 

C2-CS-CS-HC 3 0 1 0 0 2 0 0.18296 3 0 
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Table 6. Continued. 

Dihedrals m K1 n1 d1 K2 n2 d2 K3 n3 d3 

CS-CS-CS-HC 3 0 1 0 0 2 0 0.18296 3 0 

HC-CS-CS-HC 3 0 1 0 0 2 0 0.15906 3 0 

CS-CS-CS-CS 3 0.08700 1 0 -0.07851 2 180 0.13946 3 0 

CS-CS-CS-CT 3 0.08700 1 0 -0.07851 2 180 0.13946 3 0 

CT-CS-CS-HC 3 0 1 0 0 2 0 0.18296 3 0 

CS-CS-CT-HC 3 0 1 0 0 2 0 0.18296 3 0 

HC-CS-CT-HC 3 0 1 0 0 2 0 0.15906 3 0 

CW-NA-C1-CE 3 

-

0.68834 

1 0 0.52940 2 180 0.10480 3 0 

CR-NA-C1-CE 1 

-

0.38600 

1 0 

NA-C1-CE-HC 1 0 1 0 

H1-C1-CE-HC 3 0 1 0 0 2 0 0.15906 3 0 

However, there are special cases for the dihedral parameters. Koddermann et al. fitted 

their own terms for dihedral S-N-S-C. They obtained two sets of parameters. Therefore, 

we consider the two different dihedrals by different naming conventions. One is S-N-S-

C, the other is C-S-N-S. Their detailed parameters are as follow: 

Table 7. Dihedral parameters for special case of S-N-S-C and C-S-N-S.   

Dihedrals m K1 n1 d1 K2 n2 d2 K3 n3 d3 

C-S-N-S 8  3.86191  1 0 0.86067 2 0 -0.15696 3 0 
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Table 7. Continued. 

K4 n4 d4 K5 n5 d5 K6 n6 d6 

-0.06603  4 0 0 5 0  0 6  0 

K7 n7 d7 K8 n8 d8 

0.02488 7 0 0.01851 8 0 

Dihedrals m K1 n1 d1 K2 n2 d2 K3 n3 d3 

S-N-S-C 8 0.144969 1 90 0 2 0 -0.18368 3 90 

K4 n4 d4 K5 n5 d5 K6 n6 d6 

0.04748 4 90 -0.02857 5 90 -0.03885 6 90 

K7 n7 d7 K8 n8 d8 

0 7 0 0.02304 8 90 

Parameters for Improper Potentials 

The cvff improper style is adopted. The expression is as follow: 

𝐸 = 𝐾[1.0 − 𝑐𝑜𝑠(2𝜙)] …… (54) 

where 𝜙 is the improper angle. The K values for different types of improper angles are 

as follow: 

Table 8 Improper parameters 

Impropers NA-CW-CR-C1 CW-NA-CW-HB CR-NA-NA-HA 

K (Kcal/mol) 1.0 1.1 1.1 
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Benchmark of Modeling Code and Force Field 

Ionic Liquid Nanoconfinement System Modeling Tool is developed and 

introduced in previous section. However, the correctness of this tool is not tested. 

Therefore, a benchmark is needed to test the correctness of implementation for this 

modeling tool. Also, force field parameters should be verified too. The simulated results 

should match the values from literature. Therefore, bulk IL-systems are adopted for 

benchmark purposes.  

Benchmark of a Typical Ionic Liquid System--[C2MIM][NTf2] 

Firstly, [C2MIM][NTf2] system with 125 IL-pairs is built by Ionic Liquid 

Nanoconfinement System Modeling Tool. The controlled temperature for each 

simulation is 280, 290, 300, 303, 320, 330, 340, 350 K respectively. The initial 

configuration of bulk system is relaxed by 1 ns NPT simulation where SHAKE 

algorithm is adopted for C-H bond constraint. By eliminating high-frequency vibrational 

mode of the system, a timestep of 2 fs is adopted. Later on, a 500 ps NVT run is 

performed at a high temperature 600 K. This step helps relax the intimal configuration 

further. Then the system is cooling down to target temperature at NPT ensemble in 500 

ps. Then, a 4 ns NPT run makes sure the system is in equilibrium state at target 

temperature with 1 atmosphere pressure. Density, pressure, volume, temperature, etc. are 

monitored during this process. At the end of this 4 ns NPT run, the averaged equilibrium 

simulation box volume is calculated, and the simulation box is scaled to this volume. 

Thus, another 6 ns NVT run is performed. During this process, mean square 



displacement of cation and anion are collected with their center of mass information. 

The system pressure component Pxy, Pxz and Pyz are also monitored.  MD trajectories 

are dumped for visualization and post-processing purposes.  

Density Profile of [C2MIM][NTf2] Systems 
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Figure 30. Density profile of [C2MIM][NTf2] system at different temperatures. 

The density information is calculated from the 4 ns NPT equilibrium run at atmospheric 

pressure. To make sure an equilibrium state, only the lower half 2 ns data are used. The 

average density values for different temperatures are shown in figure 30 together with 

the experiment values from the original paper271. The density accuracy is about 3% 

comparing to experiment values. The force field reproduced [C2MIM][NTf2] density at 

a large range of temperatures. 
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Isothermal Compressibility of [C2MIM][NTf2] Systems 

𝛽 =
𝑉2̅̅ ̅̅ −�̅�2

𝑘𝐵𝑇�̅�
…… (55) 

The isothermal compressibility β is calculated by fluctuation method. The hat on top of 

variable means the variable has been averaged over time. The volume fluctuation data is 

extracted from the 4 ns NPT equilibrium run. Only last 2 ns data are used for 

compressibility calculation.  
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Figure 31. Isothermal compressibility of [C2MIM][NTf2] systems at different 

temperatures. 

We can see, the isothermal compressibility values calculated from MD are slightly 

higher than the experiment results from Gardas’s paper298. The reason may be that MD 

simulation is performed under one-atmosphere pressure. While the experiment condition 

is zero pressure. Also, to get an accurate result, a lot of data points are needed for 

fluctuation method. There are statistical errors in MD results. Therefore, the MD 

compressibility-temperature curve is not a straight line. The most important factor is 
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coming from force field. This force field may systematically overestimate isothermal 

compressibility of [C2MIMI][NTf2]. But it is still a good simulation result. All values 

are in correct order of magnitudes.  

Viscosity of [C2MIM][NTf2] Systems 

Viscosity is calculated by integrating pressure tensor autocorrelation function. It 

follows the Green-Kubo relation as follow: 

𝜂 =
𝑉

𝑘𝐵𝑇
∫ < ∑ 𝑃𝛼𝛽(0)𝛼𝛽 𝑃𝛼𝛽(𝑡) > 𝑑𝑡
∞

0
…… (56) 

where Pαβ is the pressure component for shear viscosity, i.e. Pxy, Pyz and Pxz. They can be 

calculated by the following formula: 

𝑃𝛼𝛽 =
1

𝑉
[∑ 𝑚𝑖𝑣𝛼𝑖𝑣𝛽𝑖 +

1

2
∑ 𝑟𝛼𝑖𝑗𝑓𝛽𝑖𝑗𝑖≠𝑗𝑖 ]                …… (57)

where mi is the mass of atom i. α and β are direction of the variable component. 

Therefore, vαi is the velocity component of atom i at α direction. The same is for vβi. Here 

the rαij is the α direction component of distance vector for atom i and atom j. The same is 

for fβij where f is the force between atom i and j. Note that the latter half 3 ns NVT run 

data are used for the viscosity calculation. The first half 3 ns data are discarded. This 

makes sure we are sampling an equilibrium system. For the pressure tensor 

autocorrelation function integration, a correlation length of 400 ps is adopted.  
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Figure 32. Viscosity of [C2MIM][NTf2] systems at different temperatures. 

The experiment viscosity data are extracted from Crosthwaite’s paper299. We can see the 

MD results fit the experiment viscosity data at various temperatures well.  

Self-Diffusion Coefficients of [C2MIM][NTf2] Systems 

The self-diffusion coefficients for both cation and anion are calculated from NVT 

6 ns MD trajectory. Einstein mean square displacement and diffusion relation is adopted. 

The formula is as follow:  

𝐷𝑖 =
1

6
lim
𝑡→∞

𝑑

𝑑𝑡
< [𝑟𝑖(𝑡) − 𝑟𝑖(0)]

2 > …… (58) 

where ri(t) is the center of mass position of cation or anion at time t. 
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Figure 33. Self-diffusion coefficients of [C2MIM] and [NTf2] at various 

temperatures.   

Since ILs behave like a supercooled liquid, VFT (Vogel-Fulcher-Tamman) equation is 

adopted to describe ILs diffusion behavior at various temperatures rather than Arrhenius 

equation. The formula of VFT equation is as follow: 

𝐷 = 𝐷0exp [−
𝐵

𝑇−𝑇0
] …… (59) 

We found the NMR measurement of self-diffusion coefficient values from Tokuda’s 

paper300. They fitted the experiment values to VFT equation. The parameters for 

[C2MIM] are: D0=1.1*10-4cm2/s, B=816 K, T0=147 K. The parameters for [NTf2] are: 

D0=0.9*10-4cm2/s, B=857 K, T0=147 K. Therefore, we compared the simulated self-

diffusion coefficients with experiment ones. As shown in figure 33, the experimental 
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[NTf2] diffusion rate is systematically larger than the simulated result. But in general, 

the simulated diffusion coefficients fit experiment values well. 

Rotational Correlation Time of [C2MIM][NTf2] Systems 

Figure 34. The definition of CR-HA vector of cation [CnMIM].  

The rotational correlation time 2 is linearly related to NMR relaxation rates which 

is experimentally measurable. 2 is defined as integration of time auto-correlation of the 

function as follow: 

τ2 = ∫ 𝑑𝑡 ∙ 𝐶2(𝑡) 𝑤ℎ𝑒𝑟𝑒 𝐶2(𝑡) =
<𝑃2[𝜃(0)]𝑃2[𝜃(𝑡)]>

<𝑃2[𝜃(0)]2>

∞

0
…… (60) 

where P2 is the second-order Legendre Polynomials with θ defined by CR-HA vector. 

The time 2 represents the characteristic time for rotational decorrelation of cations. 
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Therefore, the accurate reproduction of 2 from MD is very important for ILs modeling. 

Especially when ILs are confined in a matrix. The rotational relaxation behavior is the 

key to nanoconfined ILs studies.  
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Figure 35. 2 of [C2MIM][NTf2] Systems at different temperatures.

We can see, our results successfully reproduce fig.6 in Koddermann’s force field 

paper271. The experiment values are taken from Wulf et al.’s paper301. The 2 values 

from MD simulation is very close to experiment ones. All 6 ns NVT trajectories are used 

for the rotational correlation time calculation.  

Radial Distribution and Spatial Distribution Functions of 303K [C2MIM][NTf2] 

System 

Radial distribution function g(r) describes the density variations as a function of 

distance r from reference species. For example, we can calculate g(r) of cation-cation, 
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cation-anion, and anion-anion. The molecular packing and structure information can be 

inferred from g(r). The following figure is g(r) functions where the center of mass data 

of 6 ns NVT run is used.  
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Figure 36. Radial distribution function of anion-anion, cation-cation, cation-anion 

in [C2MIM][NTf2] system at 303K.  

As can be seen above, the peak and valley of [C2MIM]-[C2MIM] and [NTf2][NTf2] 

g(r) curves are overlapping with each other. This indicates ILs form cation/anion pair 

structures in bulk system. Also, we can see the [C2MIM]-[NTf2] g(r) profile’s peaks are 

at the valley of other g(r) profiles. This indicates an alternative cation-anion surrounding 

layer exists for ILs packing.  We can also see that the first valley position for both 

cation-cation and anion-anion g(r) function is around 12.5 Å. By integrating pure cation-
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cation or anion-anion g(r) functions to the first valley position, we can get the number of 

cation/anions at the first surrounding shell. For anion [NTf2], we can find about 17~18 

[NTf2] anions in the first surrounding shell. For cation [C2MIM], we can find about 

18~19 [C2MIM] cations in the first surrounding shell. The same is for [C2MIM]-[NTf2] 

g(r) function. The first surrounding shell can reach to 9.15 Å. By integrating cation-

anion g(r) function, we know that one [C2MIM] cation is surrounded by 7.5 [NTf2] 

anions. In order to get a 3D visualization of the cation/anion shells, spatial distribution 

function is calculated. 

Figure 37. Spatial distribution function of [C2MIM][NTf2] system at 303K. 

For spatial distribution functions, different reference molecules can be fixed and placed 

at the center. When [C2MIM] is the reference molecule, N atoms from [NTf2] are 

visualized as shown in figure 37. When [NTf2] is the reference molecule, CR atoms 

from [C2MIM] are visualized. Therefore, we know the exact position where 7.5 [NTf2] 

anions are around [C2MIM]. 
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Benchmark of [CnMIM][NTf2] n=2,4,6,8 at 303 K 

Firstly, [CnMIM][NTf2] n=2, 4, 6, 8 systems with 125 IL-pairs are built by Ionic 

Liquid Nanoconfinement System Modeling Tool. The temperature is set to be 303 K. 

The initial configurations of bulk systems are relaxed by 1 ns NPT run. The SHAKE 

algorithm is adopted for C-H bond constraint. A timestep of 2 fs is adopted. Later, a 500 

ps NVT run is performed at a high temperature 600 K. Then each system is cooling 

down to 303K in 500 ps at NPT ensemble. After that, 4 ns NPT run is done to make sure 

equilibration of each system. The pressure is control at 1 bar and temperature is 303K. 

At the end of this 4 ns NPT run, the averaged equilibrium volume of simulation box is 

calculated. The simulation box is scaled to this averaged volume. Then, another 6 ns 

NVT run is performed.   

Density Profile of [CnMIM][NTf2] n=2,4,6,8 Systems  

The density profiles are extracted from thermo data of 4 ns NPT run. The second 

half 2 ns data are used to calculate the averaged density and standard derivation. For 

experimental values, only densities at 298.15K are found. They are from paper302-303 of 

Salinas and Alonso. The experiment densities are comparable to MD ones. Because 

298.15K is very close to 303 K, the small temperature difference will not affect bulk ILs 

densities too much. The density profile of [CnMIM][NTf2] is as follow:  
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Figure 38. Density profile of [CnMIM][NTf2] systems where n=2,4,6,8 

As can be seen above, the force field currently adopted successfully reproduce densities 

of bulk [CnMIM][NTf2] systems at different cation chain lengths. The maximum error is 

within 3%.   

Rotational Correlation Time of [CnMIM][NTf2] n=2,4,6,8 Systems 

The rotational correlation time 2 introduced in previous benchmark section is 

also calculated for [C4MIM][NTf2], [C6MIM][NTf2] and [C8MIM][NTf2] bulk 

systems. All 6 ns NVT trajectories are used for the rotational correlation time 

calculation. Therefore, the maximum auto-correlation length for function C2(t) defined 

in formula (60) is 3 ns. However, 3 ns is not long enough for current IL-systems with 
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long cation side chain. For example, here is the rotational auto-correlation function C2(t) 

for [C8MIM][NTf2].  
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Figure 39. Rotational auto-correlation function C2 for [C8MIM][NTf2]. 

We can clearly see that C2(t) does not decay to zero when it reaches the maximum 

correlation length of 3000 ps. Therefore, we cannot get a valid rotational correlation time 

2 for long side-chain systems. Thus, we fit C2(t) function to the 4th order exponential 

function as follow:  

𝐶2(𝑡) = 𝑎1 ∙ 𝑒
−
𝑡

𝜏1 + 𝑎2 ∙ 𝑒−
𝑡

𝜏2 + 𝑎3 ∙ 𝑒−
𝑡

𝜏3 + 𝑎4 ∙ 𝑒−
𝑡

𝜏4 …… (61) 

Then, rotational correlation time 2 is integrated from the fitted curve above. A long 

enough correlation length of 8 ns is chosen. It makes sure the C2(t) function decay to 

zero. If this fitting method is not implemented, we need to run NVT simulation up to 16 

ns to get a correlation length of 8 ns. Thus, this method saved a lot of computational 
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time. By this way, we can get the rotational correlation time 2 for longer cation side 

chain ILs systems.  

Figure 40. 2 profile for [CnMIM][NTf2] n=2,4,6,8 systems at 303K 

In the bulk [CnMIMI][NTf2] n=2,4,6,8 systems, the longer cation side chain length the 

larger rotational correlation time. This is understandable that larger molecules with long 

side chains are harder to decorrelate from rotational movement. Another important 

observation is that even for the [C8MIM][NTf2] system, the  2 value is less than 500 

ps. Therefore, it is more than enough to run simulations at nanosecond range.  

Self-Diffusion Coefficients of [CnMIM][NTf2] n=2,4,6,8 Systems  

The process is the same as before. The self-diffusion coefficients for both cation 

and anion are calculated from NVT 6 ns MD trajectory. 
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Figure 41. Diffusion profile for [CnMIM][NTf2] n=2,4,6,8 at 303 K 

The experiment diffusion coefficients are taken from Koddermann’s paper271. We get a 

very good matching trend for experiment values. The simulated diffusion coefficient is 

slightly smaller than experiment results. Nevertheless, it shows the current force field is 

transferable to different cation side chain length systems. 

Shape of cation [CnMIM] n=2,4,6,8   

The shape of cation [CnMIM] at 303K is also calculated from equilibrium 

configurations of bulk ILs. This helps us to understand the configuration of cations in 

bulk state. Firstly, a shape matrix is defined. Then three-principle axis for cation 

[CnMIM] is calculated. The calculation method is as follow: 
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X =

[

𝑥1 − 𝑥𝑚 𝑦1 − 𝑦𝑚 𝑧1 − 𝑧𝑚
𝑥2 − 𝑥𝑚 𝑦2 − 𝑦𝑚 𝑧2 − 𝑧𝑚

⋯
⋮ ⋱ ⋮

𝑥𝑛 − 𝑥𝑚 yn − ym 𝑧𝑛 − 𝑧𝑚]

…… (62) 

where xi, yi, zi are coordinates for atom i, xm,ym,zm are coordinates of center of mass for 

cation [CnMIM]. Then, a shape tensor S is defined as S =
𝑋𝑇𝑋

𝑛
, where n is the number of

atoms in [CnMIM]. The eigenvalue of S is the three-principle axis length for cation. The 

results are listed in the following table. 

Table 9. Shape of [CnMIM] n=2,4,6,8 at 303 K. 

Molecule Shape Length 1 (Å) Length 2 (Å) Length 3 (Å) 

[C2MIM+] 0.360 1.368 5.233 

[C4MIM+] 0.569 1.421 7.937 

[C6MIM+] 0.727 1.612 10.911 

[C8MIM+] 0.863 1.936 14.325 

Benchmark Summary 

We successfully benchmarked Ionic Liquid Nanoconfinement System Modeling 

Tool and force field271 parameters proposed by Koddermann et al. The good agreement 

between MD results and experiment values proves the correctness of modeling tool 

implementation. Also, it means current force field is accurate enough for both static and 

dynamic properties for ILs at various temperatures. Moreover, current force field is 

transferable to different cation side chain lengths for imidazolium-based ILs. This makes 

it suitable for temperature and cation side chain length-dependent ILs studies.  
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Temperature-Induced Molecular Rearrangement of Ionic Liquid under 

Nanoconfinement 

The challenges of building full-atomistic model for high throughput MD 

simulation of nanoconfined ILs are solved by Ionic Liquid Nanoconfinement System 

Modeling Tool where VF2 algorithm is adopted for atom/bond/angle/dihedral/improper 

patterns matching. More importantly, the force field parameters taken from Koddermann 

et al.271 are verified by a series of MD benchmark simulations. Both static and dynamic 

properties fit experimental values well. Moreover, the rotational relaxation time is 

correctly reproduced. This is critical for modeling phase transition behavior, especially 

where rotational relaxation time of ILs plays an important role. In 2015, Jiang et al. 

investigated the structure change of MWCNTs confined ILs by in situ X-ray absorption 

fine structure (XAFS) method.304 A temperature-dependent experimental condition was 

applied. They found that anions move toward MWCNTs wall and anions/cations 

rearranged themselves from layered structure to near-planar structure at increased 

temperature condition. A charge transfer mechanism was put forward to explain these 

behaviors. Also, Raman and XRD experiments were performed and confirmed that the 

structural transformation indeed happed due to increased temperature. Their experiment 

helps us expand the understanding of nanoconfined IL applications where solid-liquid 

interfaces are involved. However, the molecular origin of this nanoconfined ILs 

rearrangement phenomenon is still not well understood. A further study is needed. Also, 

in Jiang’s experiment, [C6MIM][Br]—MWCNTs are adopted. We notice that the cation 

[C6MIM] has a very long side chain. Is the cation side chain length the key to reproduce 
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this anion-cation rearrangement phenomenon?  Can this molecular rearrangement 

phenomenon also be observed in different ILs systems? Do nanotube types affect this 

rearrangement behavior too? With so many unanswered questions, we decide to 

systematically simulate nanotube confined ILs systems. The well benchmarked IL force 

field for [CnMIM][NTf2] is adopted with the aim to gain insight into this temperature-

induced molecular rearrangement phenomenon.     

Simulation Details 

[CnMIM][NTf2] n=2,4,6 and 8 are adopted for nanoconfinement. These ILs are 

loaded into nanotubes. The packing density is carefully chosen so that a lower than bulk 

ILs density is obtained. This avoids the double or triple-layered center of mass 

distribution of ILs due to high packing density. In the experiment condition, the 

nanotubes adopted are 400~600 nm long. It is very difficult for ILs to reach bulk density 

when confined inside such long nanotubes. Periodic boundary conditions are applied in 

three dimensions. To avoid interactions between periodic images along X and Y 

directions, the simulation box height and width are set to be a large value 400 Å. 

Nanotubes are aligned along Z direction of simulation box. Nose-Hoover thermostat 

which introduced in previous chapter is adopted for temperature control. Also, SHAKE 

algorithm is used to restrain C-H bond lengths so that a 2 fs time step can be applied. 

The Particle Mesh Ewald summation method is used for electrostatic interaction 

calculations with a real space cut off distance 12 Å. The Van der Waals interaction of 

Lennard-Jones potential also adopts a cutoff distance of 12 Å. For each initial 
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configuration generated by Ionic Liquid Nanoconfinement System Modeling Tool, a 

simulated annealing process is performed to make sure the high energy initial 

configurations are relaxed and equilibrated during the run. This annealing process takes 

4 ns. Firstly, nanoconfined ILs systems are heated up to 1000 K of 1 ns. Then systems 

are cooled down to target temperature in 1 ns. Later, the heating and cooling cycle 

repeats again. Therefore, a total of 4 ns simulated annealing processing is performed. 

After this pre equilibrium process, each system runs a 20 ns MD simulation in NVT 

ensemble. Two types of simulations are performed. One is constant temperature 

simulation where temperature is kept fixed. The other is temperature increasing 

simulation where temperature increases continuously. For each unique simulation 

condition, five independent initial configurations are generated by choosing different 

random seeds. Therefore, a more robust conclusion can be drawn from simulation data 

with small statistical errors.  

For fixed temperature simulations, a grid search for different affecting factors is 

done. The temperatures vary from 300 to 750 K by 50 K increment. Nanotube confined 

ILs of [CnMIM][NTf2] n=2, 4, 6, 8 are studied. Both single-walled and double-walled 

nanotubes are employed for nanoconfinement. For single-walled nanotube confined ILs 

systems, SWCNT(14,16), SWCNT(15,15), SWCNT(21,8) and SWCNT(26,0) are 

adopted where chiralities are different but diameters are close to 20.3 Å. To see whether 

nanotube diameters affecting nanoconfined ILs behaviors, SWCNT(11,11), 

SWCNT(15,15) and SWCNT(19,19) systems with the same chirality are studied. For 
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double-walled nanotube cases, tube length of ~40Å and ~80Å with 4,5 and 10 pairs of 

ILs are studied.  

For temperature increasing simulations, SWCNT (15,15) is adopted for ILs 

confinement. [CnMIM][NTf2] n=2, 4, 6, 8 are heated from 250 to 750K in 20 ns. The 

temperature increasing rate is 25K/ns which is much faster than DSC (Differential 

Scanning Calorimetry) experiments. Still, these runs help to reveal the critical behavior 

of confined ILs systems. All MD simulations are done by LAMMPS packages.294 

Results and Discussion 

A representative system: temperature induced [C8MIM][NTf2] center of mass 

switch in SWCNT(15,15)  

In order to understand the molecular origin of nanoconfined ILs rearrangement 

phenomenon evidenced by Jiang’s experiment304. A fixed temperate simulation for 

SWCNT (15,15) confined [C8MIM][NTf2] is performed. The nanotube is ~40 Å and 

five ion pairs are confined into it. The initial configuration built by Ionic Liquid 

Nanoconfinement System Modeling Tool is equilibrated by simulated annealing method 

from target temperature to 1000K and back to target temperature by two cycles in 4 ns 

time. Then, a 20 ns constant target temperature NVT run is performed. Ten discrete 

target temperatures are adopted. They are 300, 350, 400, 450, 500, 550, 600, 650, 700 

and 750 K. For each temperature condition, five redundant runs with different 

nanoconfined IL initial configurations are performed to reduce the statistical errors. 

Center of mass (COM) data are extracted during the 20 ns NVT run. The COM density 
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distribution is accumulated by cation/anion COM data points during 20 ns NVT run. A 

temperature-induced COM switch between cations and anions is observed. 

Figure 42. Center of mass (COM) density distribution of SWCNT(15,15) 

nanoconfined [C8MIM][NTf2] along radial direction at different temperatures for 

fixed temperature cases. Radial axis unit is in angstrom. Red curves denote the 

COM distribution probability density of cation [C8MIM]. Blue ones denote the 

COM distribution probability density of anion [NTf2]. 
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Figure 42. Continued. 

The COM distribution probability density of cation/anion is sampled from the 20 

ns constant temperature trajectories with a frame output frequency of 20 fs. As can be 

seen above, COM switch occurs at 400~500 K range. The [C8MIM] suddenly moves 

close to nanotube walls. The COM distribution probability density peak of [NTf2] and 

[C8MIM] switch positions. A similar result obtained in Jiang’s experiment304 too where 

ion arrangement transits from layered to near-planar configuration. However, different 

ionic liquid [C6MIM][Br] is used. This indicates that a universal reason for 

nanoconfined ILs rearrangement is hidden behind experiment and simulation 

observations. With the increased temperature, both COM distribution probability density 

curves of cation and anion become broader. This is reasonable due to the higher mobility 
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of molecules with high temperatures. But we can see the peak position of cation/anion 

tends to be together. This indicates a more closed packing between cations and anions. 

At 300K, the peak position of [C8MIM] is around 5 Å. While the peak position of 

[NTf2] is around 5.5 Å. Clearly, cation [C8MIM] is closer to the center of nanotube and 

anion [NTf2] is close to nanotube walls. The configuration does not change when 

temperature increases to 350K.  However, when the temperature reaches 400 K, the peak 

position of cation [C8MIM] is about 6 Å while the peak position of anion [NTf2] does 

not change. A COM switching phenomenon occurs. Cation [C8MIM] seems move 

toward SWCNT (15,15) walls. The same nanoconfined [C8MIM][NTf2] configuration is 

observed in 450 and 500 K too. However, when temperate is at or above 550 K, peak 

position of cation [C8MIM] restores to the original 5 Å. This means [C8MIM] again is 

far away from nanotube walls. At higher temperatures such as 550 to 700 K, the COM 

density distributions of cation and anion tend to overlap together. This can be explained 

by the higher mobility of cation/anion at high temperatures. 

We also analyzed the Columbic and Van der Waals interaction energy of 

SWCNT (15,15) confined [C8MIM][NTf2] systems at different temperatures. As shown 

in figure 42, a COM switching behavior is observed at 400K~500K. The thermo data are 

also extracted during the 20 ns NVT runs where each individual initial configuration is 

repeated 5 times to reduce the statistical errors. Only the last 10 ns data are used to get 

the averaged Columbic and Van der Waals energy data. Note that the Van der Waals 

interaction energy between nanotube wall atoms are not included during the calculation 

since it is just a constant energy term and does not relate to the COM switching 
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behavior. Since these energies are also depending on temperatures. A correction is made 

to nullify the temperature effects by subtracting averaged energy from 5 independent 

sample runs at each temperature.  

200 400 600 800

-1

0

1

2

c
o

u
lo

m
b

ic
 e

n
e

rg
y

 (
K

c
a

l/
m

o
l)

temperature (K)

Figure 43. Coulombic energy of SWCNT(15,15) confined [C8MIM][NTf2] at 

different temperatures after correction. 
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Figure 44. Van der Waals energy of SWCNT(15,15) confined [C8MIM][NTf2] at 

different temperatures after correction. 

As can be seen above, both Coulombic and Van der Waals energy is at the lowest 

level for representative system [C8MIM][NTf2] in 400, 450 and 500K. This indicates that 

a certain type of configuration which shows a COM switching behavior is a stable 

configuration at 400~500K due to energy favorable.  

 But still, there are a lot of unanswered questions. Why the temperature-induced 

nanoconfined cation-anion COM peak switch occurs? What happed inside SWCNT 

(15,15)? Does the nanotube chirality matter? Is the cation side chain length an important 

factor for this COM peak switch behavior? Is nanotube diameter important? How about 

switching SWCNT to MWCNT. Is that going to make a difference? Is the result 

reproducible when nanotube length doubled?  In order to answer these questions, 

different simulation experiments are designed. 
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Cation Side Chain Length 

Cation side chain length is the most important factor for this temperature-induced 

molecular rearrangement of nanoconfined ILs behavior. SWCNT (15,15) is chosen as 

confinement matrix. Five pairs of [CnMIM][NTf2] n=2,4,6,8 are confined into SWCNT 

(15,15) where the radius is 10.07Å and length is 39.35 Å. Systems with temperatures 

from 300K to 700K are simulated. However, only [C8MIM][NTf2] nanoconfined 

system exhibits COM switch behavior. Take nanoconfined [C2MIM][NTf2] for 

example. Their COM distribution density curves along nanotube radius with different 

temperatures are as follow: 

Figure 45. Center of mass (COM) density distribution of SWCNT(15,15) 

nanoconfined [C2MIM][NTf2] along radial direction at different temperatures for 

fixed temperature cases. Radial axis unit is in angstrom. Red curves denote the 

COM distribution probability density of cation [C2MIM]. Blue ones denote the 

COM distribution probability density of anion [NTf2]. 
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Figure 45. Continued. 
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We can see, there is no COM switching behavior when temperature changes for 

[C2MIM][NTf2] systems. This is also true for [C4MIM][NTf2], [C6MIM][NTf2] and 

[C8MIM][NTf2] systems. One important characteristic of these systems is that COM 

peak position of cation is always close to nanotube walls. Taking [C2MIM][NTf2] 

nanoconfined system, for example, the COM peak of cation [C2MIM] is around 6 Å and 

the COM peak of anion [NTf2] is around 5 Å. Anion is always closer to the center of 

nanotube than cation. With increased temperature, both COM distribution curves of 

cation and anion are getting broader due to the enhanced mobility of molecules. But, 

when comparing the COM distribution between [C8MIM][NTf2] and [C2MIM][NTf2] 

systems, the COM distribution curves of [C8MIM] at low temperatures such as 300K 

and 350K are more close to nanotube center.  

Figure 46. Center of mass (COM) density distribution of SWCNT (15,15) 

nanoconfined [CnMIM][NTf2] n=2,4,6,8 along radial direction at 300 K for fixed 

temperature cases. Radial axis unit is in angstrom. Red curves denote the COM 

distribution probability density of cation. Blue ones denote the COM distribution 

probability density of anion [NTf2]. 
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Figure 46. Continued. 

While for [C2MIM], [C4MIM] and [C6MIM] systems, the cations are closer to 

nanotube walls. Therefore, we can conclude that the long cation side chain affects COM 

distribution. After a threshold cation side-chain value, i.e. 8, the COM distribution of 

cation at low temperatures switches from close to nanotube walls to nanotube center. 

This is the foundation for the COM switching behavior when temperature gets higher. 

Thus, we can conclude that cation side chain length is the critical factor for reproducing 

temperature-induced COM switching behavior. For anion [NTf2] systems, cation 

[CnMIM] side chain length must reach 8 to see the COM switching behavior. We can 

make a wild guess. If the anion size is smaller, such as [Br], [CI], the [CnMIM] side 

chain length threshold may decrease to 6 or 4 to observe the COM switching behavior. 

Because, the smaller anion, the longer cation seems to be. Thus, the COM of cation 

tends more to be at the center of nanotube. This is partially evidenced by Jiang’s 

experiment since he adopted [C6MIM][Br] and observed a similar ion rearrangement 

behavior of cations and anions.  
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Nanotube Chirality 

Chirality of SWCNT is a potentially important factor for COM switching 

behavior. But we need to test it before making any conclusion. Therefore, the chirality 

effects on the center of mass switching behavior for confined ILs systems are 

systematically studied. However, it is hard to separate chirality effect from tube diameter 

effect. Since we change the chirality of nanotube, the diameter of nanotube will also be 

affected. Therefore, the Chirality of SWCNT must be carefully chosen so that the 

resulting SWCNTs have similar tube diameters. After a careful evaluation, SWCNT 

(14,16), SWCNT (15,15), SWCNT (21,8) and SWCNT (26,0) are chosen to be the 

nanoconfinement matrix. Their diameters are all close to 20.3 Å. 

For each charity type of SWCNT, five pairs of [CnMIM] [NTf2] n=2,4,6,8 are 

confined into them. Also, to reduce the statistical errors, five independent initial 

configurations are built form Ionic Liquid Nanoconfinement System Modeling Tool. The 

same simulated annealing and NVT process are adopted for these systems. However, 

only [C8MIM][NTf2] confined systems show COM switching behavior. The Chirality of 

nanotubes seems does not affect COM switching behavior.  

We find the COM switching behavior of [C8MIM][NTf2] system could happen 

at various temperatures from 300K~550K due to randomness in initial configuration. 

Therefore, a stability test is performed for all the COM switching configurations. These 

configurations are directly taken from chirality/cation-side-chain-length scan runs. Each 

configuration is set to a constant temperature for 20 ns MD run. To our surprise, these 

COM switched configurations are very stable. The COM distribution remains the same 
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until 600K. This means the nanoconfined ILs configurations will not break down until 

temperature is higher than 600K. This fits out finding in figure 42 of COM distribution 

for SWCNT (15,15) confined [C8MIM][NTf2] system. This indicates that once a COM 

switched configuration is formed. It will be very stable until a high temperature (>600K) 

breaks it down. The reason is that, at high temperatures, the relaxation time for 

molecules is smaller. The configurations of cation and anion will undergo large 

deformation and the local packing of molecules will relax quicker than low temperature. 

Therefore, it is much harder to maintain a collective configuration at high temperatures.  

In summary, nanotube chirality does not affect the COM switching behavior of 

nanotube confined [CnMIM][NTf2] n=2,4,6,8 systems. Once the COM switched 

configurations are formed, they are very stable and break down at >600 K.  

Single/Double Nanotube Walls 

In the previous sections, all [CnMIM][NTf2] n=2,4,6,8 systems are confined into 

SWCNTs. Does single to double-walled nanotubes make a difference for nanoconfined 

ILs?  With this question in mind, we tested double-walled nanotubes (DWCNTs) 

confined IL systems as well. For the consistency of nanotube diameter. The inner tube of 

DWCNT is chosen to be CNT (15,15). The length of DWCNTs is chosen to be ~40 Å 

which is similar to SWCNT nanoconfined ILs cases. But this time, two set number of 

IL-pairs are confined into DWCNTs. Originally, five pairs of ILs are confined in 

SWCNT systems where a smaller than bulk IL density is reached. Therefore, in 

DWCNT cases, five IL-pairs of [CnMIM][NTf2] n=2,4,6,8 are packed into nanotubes. 

We also confined four pairs of ILs as a comparison. The five pairs of ILs 
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nanoconfinement cases are exactly the same as figure 42 of SWCNT cases. Only 

DWCNT confined [C8MIM][NTf2] system exhibits the temperature-induced COM 

switching behavior. Therefore, the number of nanotubes walls makes no difference to 

this COM switching behavior. However, by reducing the number of IL-pairs packing in 

DWCNTs, the small cation peak at the center of nanotubes is reduced. The COM 

distribution density of double-wall confined four pairs of [C8MIM][NTf2] is depicted as 

follow:  
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Figure 47. Center of mass (COM) density distribution of DWCNT nanoconfined 4 

pairs of [C8MIM][NTf2] along radial direction at different temperatures for fixed 

temperature cases. Radial axis unit is in 0.1 angstrom. Red curves denote the COM 

distribution probability density of cation [C8MIM]. Blue ones denote the COM 

distribution probability density of anion [NTf2]. 
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We can see, the COM peak position of [C8MIM] is closer to DWCNT center at 

300 K comparing to [NTf2]. The peak positions of [C8MIM] is around 5 Å. While the 

peak position of [NTf2] is around 5.5 Å. This is exactly the same peak position for 

SWCNT systems at 300 K. Thus, the choice of SWCNT or DWCNT seems to have little 

impact on nanoconfined ILs. When temperature gets higher. For example, at 350 K, the 

COM peak position of [C8MIM] increases and is around 6.5 Å.  While COM peak 

position of [NTf2] remains the same. From 300 K to 350 K, the cation [C8MIM] clearly 

move towards DWCNT walls. The COM distributions of cation and anion switch 

positions.  When temperature reaches 400 K, the COM distribution curves become 

broader comparing to 350 K cases. This is due to the high mobility of molecules at high 

temperatures. However, the COM of cation and anion still hold to the switching position 

where cation [C8MIM] is closer to DWCNT walls. When temperature reaches 450 K, 

the COM switching configuration of nanoconfined ILs suddenly recover back to the 

original low-temperature configuration where anion is closer to DWCNT walls. This 

may be explained by the high temperature break down effects. In “Nanotube Chirality” 

section, we did a stability test for the COM switching configurations. In the DWCNT 

confined ILs cases the 350 K and 400 K DWCNT confined systems are these COM 

switching configurations. Based on previous observation, these COM switching 

configurations are quite stable. They can only be broken down by very high 

temperatures. Thus, at 450 K or above, COM switching configurations become unstable 

and recover back to their low-temperature configurations. Therefore, we observe the 

temperature-induced molecular rearrangement of nanoconfined ILs, where COM 
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switching behavior is presented. If we look through DWCNT confined [C8MIM][NTf2] 

configurations from 450K to 700K, a more smooth COM density distribution trend can 

be found. At 700 K, the cation COM density distribution curve even overlaps with the 

anion COM density distribution curve. In section “Benchmark of Modeling Code and 

Force Field”, the concept of the characteristic time 2 is introduced The COM 

distribution curves broaden behavior can be explained by the relationship between 

rotational correlation time 2 and temperature. As can be seen in figure 35, 2 value 

drops exponentially with a higher temperature. This means the molecule configuration 

relaxation, especially the rotational relaxation time is dramatically reduced with a higher 

temperature. Therefore, nanoconfined ILs at higher temperatures are more easily to 

change their local configurations. Thus, the nanoconfined ILs molecules can explore 

more space at high temperature than low temperature conditions. Therefore, the COM 

density distribution curves for both cation and anion are getting broader when 

temperature increases.  

The DWCNT confined [C8MIM][NTf2] COM distribution curves are depicted 

and explained above. The temperature-induced COM switching behavior is observed. 

However, this behavior is an anomaly and exclusive to [C8MIM][NTf2] nanoconfined 

systems. We also studied the [C2MIM][NTf2], [C4MIM][NTf2] and [C8MIM][NTf2] 

systems with both SWCNT and DWCNT. The number of confined IL-pairs are also 

adjusted from five to four pairs. But still, no COM switching behavior is found. The 

COM distributions of SWCNT confined [CnMIM][NTf2] n=2,4,6,8 systems are already 

shown in figure 42, 45 and 46. The COM density distribution of DWCNT confined 
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[C8MIM][NTf2] is already depicted in figure 47. Therefore, COM density distribution 

of DWCNT confined [CnMIM][NTf2] n=2,4,6 are depicted as follow: 

Figure 48. Center of mass (COM) density distribution of DWCNT nanoconfined 4 

pairs of [C2MIM][NTf2] along radial direction at different temperatures for fixed 

temperature cases. Radial axis unit is in 0.1 angstrom. Red curves denote the COM 

distribution probability density of cation [C2MIM]. Blue ones denote the COM 

distribution probability density of anion [NTf2]. 
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Figure 49. Center of mass (COM) density distribution of DWCNT nanoconfined 4 

pairs of [C4MIM][NTf2] along radial direction at different temperatures for fixed 

temperature cases. Radial axis unit is in 0.1 angstrom. Red curves denote the COM 

distribution probability density of cation [C4MIM]. Blue ones denote the COM 

distribution probability density of anion [NTf2]. 
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Figure 50. Center of mass (COM) density distribution of DWCNT nanoconfined 4 

pairs of [C6MIM][NTf2] along radial direction at different temperatures for fixed 

temperature cases. Radial axis unit is in 0.1 angstrom. Red curves denote the COM 

distribution probability density of cation [C6MIM]. Blue ones denote the COM 

distribution probability density of anion [NTf2]. 
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As can be seen above, COM density distributions of [CnMIM][NTf2] n=2,4,6 

share the same pattern. The COM of cation [CnMIM] n=2,4,6 is always close to 

DWCNT walls. The COM of anion [NTf2] is always close to DWCNT center. One 

anomaly is the [C6MIM][NTf2] at 500 K case. The COM density distribution curves of 

cation [C6MIM] and anion [NTf2] are overlapping together. However, no COM 

switching behavior is observed in DWCNT confined [C6MIM][NTf2] system. As we 

concluded earlier, the side chain of [C6MIM] is not long enough to make COM 

distribution close to the center of DWCNT at low temperatures. Thus, no COM 

switching behavior occurs when temperature increases. From cation side chain length of 

2 to 6, the low temperature COM distribution of cation and anion is always separable 

into two distinct curves. But this is not true for high temperature COM distributions. 

With the increasing side chain length of cation [CnMIM], COM distribution curves of 

cation and anion are getting close together. In the [C8MIM][NTf2] and [C6MIM][NTf2] 

cases of 750 K, the COM density distribution curves of cation and anion are basically 

overlapped together.  Another interesting finding is that the peak positions of cation and 

anion are always within 2 Å no matter what temperature will be. This is clear evidence 

that ILs in nanoconfinement still exist in pairs. Cation and anion are close together and 

form ion-pairs due to Columbic interactions and the nanoconfinement effect. The 

detailed configurations still need to be visualized so that we can get a direct observation 

of what happed during the COM switching process. Moreover, direct visualization will 

help us confirm that nanoconfined ILs are indeed presented in ion-pairs. Therefore, we 
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took several snapshots of DWCNT confined [CnMIM][NTf2] n=2,4,6,8 systems by 

VMD305 package. 

Figure 51. DWCNT of ~40 Å, configuration A and configuration B of confined 

[CnMIM][NTf2] systems, where n=2,4,6,8 respectively. For the configuration B, a 

cross section view is provided. 
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After a careful scanning of all snapshots from different temperature and different cation 

side chain length systems, we conclude that there are two types of configurations in 

nanotube confined ILs. One is A type, the other is B type. From figure 51, we can clearly 

see the microstructure difference between configuration A and configuration B. 

For configuration A, cation and anion alternated packing together. This is due to 

the Columbic interaction between anions and cations. By adopting alternating packing 

style, the Columbic energy can be minimized. Also, the ions in nanotube of 

configuration A is more evenly distributed than configuration B. Cations and anions 

form a line-shaped structure in the nanotube longitudinal axis. Therefore, the mass of ILs 

are evenly distributed in the nanotube longitudinal axis direction. Another important 

feature of configuration A is that the principle axis defined in section “Shape of cation 

[CnMIM] n=2,4,6,8” for cation is perpendicular to nanotube longitudinal axis. This can 

be easily seen by the cation side-chain visualization in figure 51. The principle axis of 

anion is also perpendicular to nanotube longitudinal axis. This is due to the Columbic 

interactions between cation and anion. It also proves that nanoconfined ILs still form 

ion-pairs the same as they are in bulk. Due to the Van der Waals interactions between 

nanotube walls and cation side chains, these chains tend to adhere to the nanotube walls. 

Therefore, the side chains tend to have the same curvature as the nanotubes. This trend is 

not prominent for short cation side chain systems such as [C2MIM][NTf2]. But, the 

curved cation side chains can clearly be seen in the nanotube confined [C8MIM][NTf2] 

systems.  The longer the cation side chain, the more prominent the curved cation side-

chain effect is.  
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For configuration B, cation and anion still alternated packing together but in a 

different way. As can be seen in figure 51, cations and anions form a cylinder-shaped IL-

pairs cluster. The potential energy is minimized by adopting this configuration since the 

ions are in the form of cation/anion pairs. This helps to minimize the Columbic 

interactions between cation and anion. Also, we notice that the principle axis of cations 

is parallel to the nanotube longitudinal axis direction. Therefore, the cation side chains 

are pointed to the nanotube longitudinal axis direction. Due to the randomness in the 

initial configurations, cation side chains point to the two open ends of nanotube 

randomly. (Periodic boundary conditions are applied in the two “open ends” of 

nanotube. The open ends are indeed closed periodic ends.) From the side view of 

configuration B, we can see that both cations and anions are adhering to the nanotube 

walls. The alternated packing of cations and anions form a loop where the center of 

nanotube is empty space. This explains why there is no cation or anion peak around zero 

angstrom in all COM density distribution curves from figure 47 to figure 50. Since four 

pairs of ILs are inserted into DWCNT in the above simulations. If five pairs of ILs are 

inserted, we can see a too closed packing of cations/anions which leads to the close 

nanotube center small peak in the COM density distribution curves. Because some of the 

anions or cations will not fit into the cylinder-shaped IL-pairs cluster and be squeezed 

into the center position of nanotube. This is also the one major drawback of 

configuration B. The local density of ILs is much higher than the configuration A. Since 

an ion-pairs cluster is formed. The cluster cannot spread across the nanotube longitudinal 

axis. This leads to empty spaces inside nanotubes.  
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Now, we can explain the COM switching behavior of nanotubes confined 

[C8MIM][NTf2] systems. As can be seen in figure 51, all systems such as 

[C2MIM][NTf2], [C4MIM][NTf2], [C6MIM][NTf2] and [C8MIM][NTf2] exhibit two 

types of configurations A and B at 300~750K temperature range. But, only 

[C8MIM][NTf2] system exhibits the COM switching behavior. This abnormal behavior 

of nanotube confined [C8MIM][NTf2] system is easy to understand. In configuration A, 

the cation side chains are adhering to the nanotube walls. Therefore, the curvature of 

cation side chains tends to be the same as nanotube walls. When we calculate the COM 

of cation, the curved cation side chains contribute greatly to the final COM positions. 

The cation side chains in configuration A are perpendicular to the nanotube longitudinal 

axis. But, in three dimensions, the cation side chains of [C8MIM] are forming a circle 

that is perpendicular to nanotube longitudinal direction. Therefore, the COM distribution 

of [C8MIM] tends to be close to the nanotube center. This is proved in figure 42 and 

figure 47. At low temperature 300K, the COM density distribution peak position of 

[C8MIM] is close to the center of nanotube around 5 Å regardless of nanotube types. 

When temperature increase to 350K or 400 K, the nanotube confined [C8MIM][NTf2] 

pairs adopt configuration B. As shown in figure 51, the cation side chains of [C8MIM] 

are stick to nanotube walls due to Wan der Waals interactions. Moreover, the π-π 

interactions between cation rings and nanotube walls make cation closer to nanotube 

walls than anion. Also, these [C8MIM] side chains are parallel to nanotube longitudinal 

direction. When computing the density distribution of COM, the cation peak position 

bound to be close to nanotube walls. This is proved by all COM density distribution 
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figures. Thus, the reason for COM switching of [C8MIM][NTf2] system can be derived. 

The DWCNT/SWCNT confined [C8MIM][NTf2] system changes its configuration from 

A to B and back to A. This leads to the COM switching behavior for [C8MIM][NTf2] 

system. But how the configuration of [C8MIM][NTf2] changing from B back to A? We 

did the stability test of these switched configuration B in section “Nanotube Chirality”. 

The conclusion is that the switched configuration can be broken down at high 

temperatures. This is exactly what happened in figure 42 and 47. The peak position of 

COM density distribution curves for [C8MIM] goes from close to the nanotube walls 

back to near nanotube center due to increased temperature. Therefore, the mechanism for 

the temperature-induced molecular rearrangement of nanoconfined [C8MIM][NTf2] is 

clear. SWCNT/DWCNT confined [C8MIM][NTf2] system changes the configuration 

from A to B and back to A with the increasing temperatures. But, there is no COM 

switching behavior in nanotube confined [C2MIM][NTf2], [C4MIM][NTf2] and 

[C6MIM][NTf2] systems. We can see the peak positions of COM density distribution 

curves for cation from figure 48~50 are always close to nanotube walls. While both 

configurations A and B are observed in [CnMIM][NTf2] n=2,4,6 systems. (See figure 

51.)  The reason for no COM switching behavior is that the cation side chains are too 

short for [CnMIM][NTf2] n=2,4,6 systems. Therefore, in configuration A, the cation 

side chains are not long enough to form a side chain arch which drags cation COM to the 

nanotube center.  
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To conclude, the number of nanotube walls does not affect COM switching 

behavior. The mechanism for COM switching is the molecular rearrangement of 

configuration A to B and back to A (As shown in Figure 51).  

Nanotube Length 

Figure 52. DWCNT of  ~80 Å, periodic image of configuration A and configuration 

B of confined [C8MIM][NTf2] system. 
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Nanotube length is another factor for temperature-induced molecular 

rearrangement of ILs under nanotube confinement. Though periodic boundary 

conditions are applied at nanotube ends, it is still meaningful to simulate a longer 

nanotube confined ILs system. Therefore, both the length and number of 

[C8MIM][NTf2] pairs are doubled. The length of DWCNT reaches ~80 Å. Ten pairs of 

[C8MIM][NTf2] are confined into DWCNT. The same simulated annealing process is 

applied with an NVT MD simulation of 20 ns. We carefully scanning the snapshots for 

DWCNT confined [C8MIM][NTf2] systems at various temperatures, the patterns of 

configuration A and B can still be found. Configuration A is the same as the shorter 

nanotube length system where [C8MIM] side chains align perpendicular to the nanotube 

longitudinal axis. [C8MIM][NTf2] ion pairs form a line-shaped pattern so that the mass 

of ILs are evenly distributed along nanotube longitudinal direction. The configuration B 

is same as the shorter nanotube length system one too. [C8MIM] side chains align 

parallel to the nanotube longitudinal direction. A much larger [C8MIM][NTf2] cluster is 

formed. Still, the rest space of nanotube remains vacuum. Thus, we can infer from the 

above configurations. The COM switching behavior will happen again in longer 

nanotube confined [C8MIM][NTf2] system. The mechanism remains the same, the 

system will transform from configuration A to configuration B and back to configuration 

A when temperature increases. We also simulated [CnMIM][NTf2] n=2,4,6 systems 

confined into ~80 Å DWCNT, no COM switching behavior is found. As explained 

before, cation [CnMIM] side chain length for n<8 is not long enough to have a dramatic 

affection on COM calculation. Also due to the strong π-π interactions between cation 
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ring and nanotube walls, the peak positions of COM for cations are always close to 

nanotubes walls. Therefore, we only visualize and calculate the COM density 

distribution curves of [C8MIM] and [NTf2] in ~80 Å DWCNT.  

Figure 53. Center of mass (COM) density distribution of 80 Å DWCNT 

nanoconfined ten pairs of [C8MIM][NTf2] along radial direction at different 

temperatures for fixed temperature cases. Radial axis unit is in angstrom. Red 

curves denote the COM distribution probability density of cation [C8MIM]. Blue 

ones denote the COM distribution probability density of anion [NTf2]. 
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Figure 53. Continued. 

We can see from the figure above, the COM switching behavior happens at 350 K. From 

400 K and above, the nanotube confined [C8MIM][NTf2] system restores to 

configuration A. Thus, the A->B->A configuration rearrangement process occurs with 

the increased temperatures. This leads to COM switching behavior. With the high 
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temperature, COM density distributions of cation and anion tend to overlap together, as 

shown in figure 53 above. 

In summary, nanotube length does not affect the temperature-induced 

[C8MIM][NTf2] COM switching behavior.  

Nanotube Diameters 

Nanotube diameter is another key factor for molecular rearrangement behavior. 

We know from previous analysis that nanotube chirality does not affect the COM 

switching behavior. Therefore, to make a fair comparison between different nanotube 

diameters. All nanotubes are armchair types. We adopt SWCNT (11,11), SWCNT 

(15,15) and SWCNT (19,19) as nanoconfined matrices. Their diameters are 14.9, 20.3 

and 25.7 Å respectively. Five pairs of [CnMIM][NTf2] n=2,4,6,8 are packed inside 

SWCNT with the temperature ranging from 200 to 750 K increased by 50K. The 4 ns 

simulated annealing process is applied with each initial configuration generated by Ionic 

Liquid Nanoconfinement System Modeling Tool. Then a 20 ns NVT run is performed. 

The mechanism of COM switching behavior is discussed in previous paragraph. 

The key for COM switching is the initial configuration of cation side chains. The cation 

side chain must be perpendicular to longitudinal direction of nanotube. Also, due to the 

Van der Walls interactions between cations and nanotube walls, the cation side chains 

will stick to nanotube walls. The cation side chain and nanotube walls will share the 

same curvature. Thus, if the side chain length long enough so that they could form an 

arch under nanotube confinement.  The COM position of cation could be dragged to the 

center of nanotube. With increased temperature, the confined system converts its 
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configuration from type A to type B and back to type A. This leads to the COM 

switching behavior of long cation side chain systems. We can see the equivalence 

between increasing cation side chain length and reducing nanotube diameter. In order to 

unify the effect of cation side chain length and nanotube diameter, a characteristic ratio 

L/D is defined as follow: 

𝐿

𝐷
=
𝐶𝑎𝑡𝑖𝑜𝑛 𝑙𝑒𝑛𝑔𝑡ℎ 𝑖𝑛 𝑖𝑡𝑠 𝑝𝑟𝑖𝑛𝑐𝑖𝑝𝑙𝑒 𝑎𝑥𝑖𝑠 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛

𝑛𝑎𝑛𝑜𝑡𝑢𝑏𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
…… (63) 

where the data of L are taken from bulk benchmark simulations in section “Shape of 

cation [CnMIM] n=2,4,5,8”. The detailed data are listed in table 9.  

Table 10. Temperature-induced COM patterns for [CnMIM][NTf2] n=2,4,6,8 at 

different SWCNT diameters. Red curve for cation COM density distribution. Blue 

curve for anion. All the COM density distributions are taken from the 300K 

simulation data.  

Nanotube 

Ionic liquid 

SWCNT(11,11) 

Diameter 14.9 Å 

SWCNT(15,15) 

Diameter 20.3 Å 

SWCNT(19,19) 

Diameter 25.7 Å 

[C2MIM] [NTf2] 

L/D=0.349 L/D=0.256 L/D=0.202 

[C4MIM] [NTf2] 

L/D=0.530 L/D=0.389 L/D=0.307 
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Table 10. Continued. 

Nanotube 

Ionic liquid 

SWCNT(11,11) 

Diameter 14.9 Å 

SWCNT(15,15) 

Diameter 20.3 Å 

SWCNT(19,19) 

Diameter 25.7 Å 

[C6MIM] [NTf2] 

L/D=0.732 L/D=0.537 L/D=0.424 

[C8MIM] [NTf2] 

L/D=0.960 

Temperature 

dependent 

See Figure 42 

L/D=0.704 L/D=0.556 

The 300 K COM density distribution curves for each system are presented. 

Because the COM pattern is same for different temperatures. The SWCNT (15,15) 

confined [C8MIM][NTf2] system is the only anomaly. Their COM behavior depends on 

temperature as shown in figure 42. The L/D value ranges from 0.202 to 0.960. The upper 

right table cell has the smallest L/D value and lower left cell has the highest L/D value.  

We can also see that peak position of COM density curve for cation is at right-hand side 

of anion ones for systems at the upper right of the table. It means cations are more close 

to nanotube walls. This corresponds to configuration B in Figures 51 and 52. But, the 

peak position of COM density curve for cation is at left-hand side of anion ones for 

systems at the lower left of the table. It means the cations are more close to nanotube 
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center. This corresponds to configuration A in Figures 51 and 52. These behaviors are 

reasonable.  

For a very large diameter nanotube or very short cation side chain length, i.e. a 

small L/D ratio, cations can be fully relaxed and packed at any orientation inside 

nanotubes. Also, due to Van der Waals interactions between cations and nanotube walls, 

the cations will stick to nanotube walls and have the same curvature of nanotube. This 

means the cations will have a small curvature when confined inside nanotube. Hence, the 

small length cation side chain has little affection on COM of cation. Therefore, the peak 

position of cation COM density distribution is more close to nanotube walls. However, 

we know the COM switching mechanism is the rearrangement of ILs where 

configuration changes from A to B and back to A. The small L/D cases are stuck to 

configuration B at the beginning. Therefore, no COM switching behavior can be 

observed.  

For a very small diameter nanotube or a very long cation side chain length, i.e. a 

large L/D ratio, cation side chains will still stick to nanotube walls due to the Van der 

Waals interactions. But the cations will form a curly configuration as shown in Figure 51 

and 52 of configuration A. Let us assume we have a very long cation side chain. And we 

confine the long side chain cation into a very small diameter nanotube. The cation side 

chain will be swirled into circled shapes. This makes them very hard to change their 

configurations from A to B where cation side chains can be fully relaxed to the parallel 

direction of nanotube longitudinal direction. As shown in figure 40, the longer the cation 

side chain, the larger the rotational correlation time 2 will be especially when ILs are 
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confined into nanotubes. Moreover, in the extreme case, the fully relaxed cation of 

configuration B will occupy all room at the radial direction of nanotube. The anion 

cannot be packed close to cation but to the head or tail of cation. This will dramatically 

increase the Columbic energy between cations and anions. the relaxation of 

configuration from A to B becomes energy unfavorable especially nanotube diameter is 

too small. Thus, configuration B will be unstable at a large L/D ratio. Therefore, a too 

large L/D value will lead to nanotube confined ILs stuck to configuration A. Still the 

A->B->A configurational rearrangement will not happen. Therefore, no COM switching 

behavior will be observed.   

Thus, the only way to observe the COM switching behavior is to have a moderate 

L/D value. A suitable range for [CnMIM][NTf2] systems is L/D≈0.7. At this range, the 

nanotube confined [CnMIM][NTf2] system will not be stuck into a single configuration. 

Also, we can infer from Table.10 the row of [C6MIM][NTf2], there should be a 

nanotube diameter in the range of 14.9 to 20.3 Å which can reproduce the temperature 

enabled COM switching behavior for [C6MIM] [NTf2] system. Since the peak position 

for cation and anion is switched when the confined nanotube type changes from SWCNT 

(11,11) to SWCNT (15,15). Due to the delicate balance between configuration A and 

configuration B when L/D≈0.7, temperature becomes the most important factor for 

COM switching of nanotube confined ILs. Therefore, temperature continuously 

increasing simulations are performed and analyzed in following sections.  
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Cation side chain orientation analysis of continuously temperature increasing cases 

For continuous temperature increasing simulations, the initial nanotube confined 

IL configurations are still built from Ionic Liquid Nanoconfinement System Modeling 

Tool. SWCNT (15,15) is adopted. The nanotube is ~40 Å and five ion pairs of 

[CnMIM][NTf2] n=2,4,6,8 are confined into it. These initial configurations are 

equilibrated by simulated annealing method from 250 K to 1000 K and back to 250 K 

temperature by two cycles in 4 ns time. So that the high energy initial configuration is 

fully relaxed. Then, a 20 ns continuously temperature increasing NVT run is performed. 

The nanotube confined ILs are heated from 250 K to 750 K in 20 ns with a heating rate 

of 25 K/ns. This heating rate is too fast compared to the DSC experiment heating rate. 

Nevertheless, the continuously temperature increasing simulations provide a lot insights 

into the COM switching behavior of [C8MIM][NTf2] nanotube confined system. To 

reduce the statistical error, each nanoconfined system is repeated simulated by 5 times.  

Figure 54. The vectors defined for P2 calculation. For [CnMIM], the vector is 

defined from CR atom to the terminal carbon atom CT of cation. For [NTf2], the 

vector is defined between two sulfur atoms. 

(See figure 29 for the Nomenclature of cation [CnMIM] and anion [NTf2].) To give a 

direct description of cation side-chain direction and anion orientations, we introduce the 
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orientation parameter P2 which is the second-order Legendre Polynomials. The formula 

is given by: 

𝑃2 =
1

2
[3𝑐𝑜𝑠2(𝜃) − 1]                                   …… (64)

where θ is the angle between vectors defined in the figure above and the nanotube 

longitudinal axis direction. If the vectors of figure 54 are parallel to the nanotube 

longitudinal axis, the θ will be close to zero degrees so that P2 value is close to 1. If these 

vectors are perpendicular to nanotube longitudinal axis, the θ will be close to 90 degrees 

that P2 value is close to -0.5. If these vectors are randomly oriented, then P2 value will be 

close to zero. Therefore, by P2 calculation, we can extract the ion-orientation 

information. The same concept of P2 is also used for the rotational correlation time 2 

calculation in Chapter III. 

Figure 55. [C8MIM][NTf2] COM switching P2 analysis at continuously 

temperature increasing condition with a heating rate of 25 K/ns. The plotted P2 

data are averaged over 1ns time. Red curve is for [C8MIM]. Blue curve is for 

[NTf2].  
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Since each simulation is repeated 5 times with independent initial configurations. Not all 

[C8MIM][NTf2] system shows a COM switch behavior during temperature increasing 

cycle. We visualized the P2 V.S. temperature curves for both COM switching cases and 

none COM switching cases.  

For COM switching case, at low temperature, the nanotube confined 

[C8MIM][NTf2] system will stay in configuration A depicted in Figures 51 and 52. The 

cation side chains are perpendicular to nanotube longitudinal axis, therefore, the 

averaged P2 value of [C8MIM] will be small. As shown in the figure above, the 250 K P2 

value of [C8MIM] is close to zero. This means at the initial low temperature, the cations 

[C8MIM] are randomly packed. However, when temperature gets higher to 400~550 K, 

P2 value of [C8MIM] increases dramatically. At 450 K the P2 value of [C8MIM] even 

larger than 0.6. This means the nanotube confined [C8MIM][NTf2] system changes its 

configuration from type A to type B as depicted in figure 51 and 52. In configuration B, 

the cation side chains are parallel to longitudinal direction of nanotube. In theory, the P2

value should be 1. But, due to the thermal fluctuation and randomness in cation side 

chains, the final value from simulation is around 0.6. Never the less, we can conclude 

that the [C8MIM][NTf2] system changes its configuration from A to B. When 

temperature increases further, we can see both the P2 values for cation [C8MIM] and 

anion [NTf2] are decreased and close to 0. This is due to the high mobility of molecules 

at high temperatures. Both the molecular configurations of cation and anion can be fully 

relaxed and rotate freely. Therefore, the random configurations lead to a P2 value close to 

zero. Due to the reduced P2 value of [C8MIM] with the increasing temperature, the 



196 

system configuration is more similar to type A as depicted in Figures 51 and 52. Thus, 

we can see a clear configurational changing pattern of A->B->A during the heating 

process. The pattern of P2 value for anion [NTf2] is simple. Anions [NTf2] tend to be 

parallel to nanotube longitudinal direction. With the increased temperature, anions are 

more randomly oriented lead to a decrease in P2 value. These P2 v.s. temperature curves 

are consistent with the constant temperature simulation results in Figure 42 where COM 

switch range is 400~500K. 

For none COM switching cases. i.e. nanotube confined [CnMIM+][ NTf2-] 

n=2,4,6, systems, the typical P2 v.s. temperature curve patterns are as follow: 

Figure 56. Temperature continuously increasing simulation from 250 to 700K in 

20ns. Two typical P2 behavior of None Center of mass (COM) switching cases. Red 

curve for cation, blue curve for anion. Upper figure for initial configuration similar 

to configuration A case. Lower one for initial configuration similar to configuration 

B case. 
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Figure 56. Continued. 

When the initial configuration is similar to configuration A. Both cation/anion P2 

cures show an increasing trend toward P2 value of 0. This is the L/D value too large case 

as we introduced in “Nanotube Diameters” section, where the nanotube confined system 

will be stuck to configuration A forever. These configurations are not temperature 

sensitive. The increased temperature only makes molecules orient more randomly so that 

both P2 values of cation and anion get close to zero.  

When the initial configuration is similar to configuration B. Both cation/anion P2 

cures show a decreasing trend toward P2 value of 0. This is the L/D value too small case, 

where the nanotube confined system will be stuck into configuration B forever. These 

configurations are not temperature sensitive too. Just as the L/D value too large case, for 

current L/D too small cases, the increased temperature only makes molecules orient 

more randomly so that both P2 values of cation and anion get close to zero. 
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Therefore, only CNT (15,15) confined [C8MIM][NTf2] system show the 

temperature-sensitive property for P2 curves. This is because the L/D value is about 0.7 

which is just in the suitable range. Therefore, the delicate balance between configuration 

A and configuration B depicted in figure 51,52 can be adjusted by changing 

temperatures. As we see in figure 55, the P2 values of [C8MIM] are fist going up with 

the increased temperatures, then going down when temperature gets more higher. This 

indicates the molecular rearrangement of nanotube confined molecules transform from 

configuration A to configuration B and back to A as depicted in figure 51 and 52. Thus, 

the COM switching behavior is only observable in SWCNT (15,15) confined 

[C8MIM][NTf2] system. [CnMIM][NTf2] n=2,4,6 systems do not exhibit COM 

switching behavior.  
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CHAPTER IV 

CONCLUSION 

In summary, bulk ILs are limited by their liquid state. IL-devices often require a 

solid shape with no leakage. IL nanoconfinement enhances the portability of these 

devices. Therefore, nanoconfined ILs become a practical solution to overcome the 

weakness of bulk ILs. In detail, nonconfinement overcomes the high cost, high viscosity 

and low diffusion rate of bulk ILs. This lowers the cost and solves the problems of high 

viscosity and low diffusivity owning to the ultrathin IL layers formed during 

nanoconfinement. Moreover, the synergetic effect of matrix and ILs enhances properties 

of ILs. Microporous, mesoporous and hierarchical porous materials are all used as 

confinement matrix. The diversified matrices widen the applications of ILs. Therefore, 

nanoconfined ILs are applied to the fields of catalysis, gas capture, gas separation, 

supercapacitors, electrolyte, carbonization and so on. Hence, it is very important to study 

the nanoconfined ILs systems. 

However, the detailed mechanism for ILs nanoconfinement is still lack of 

understanding due to the limitation of experiment measurement. Also, experiments are 

usually high cost and hard to precisely control all parameters which affect the final 

results. Therefore, molecular simulation becomes a vital tool to explore nanoconfined 

ILs. Based on the spatial scale and time scale of nanoconfined ILs, the most suitable 

simulation method is classical molecular dynamics technique at full-atomistic level. But 

one major drawback of this method is the forefield. We have to define and assign a 

suitable force field so that the simulated model really represents the real-world process. 
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Also, we what to do a systematic study on all possible parameters which affect ILs 

nanoconfinement. Therefore, a modeling tool that meets the needs for high throughput 

scanning must be designed. It must be automatic for nanoconfined ILs modeling. Also, 

the MD post-processing should be automated too. However, there is no off-the-shelf 

program specifically designed for nanoconfined ILs modeling and post-processing. 

Therefore, we coded our own scripts. The most complicated challenges are solved by 

employing VF2 algorithm for bond/angle/dihedral/improper types matching. The final 

result is an OOP style Python package called “Ionic Liquid Nanoconfinement System 

Modeling Tool”. Within few lines of Python code, we can create all the files needed for 

MD simulation, even the post-processing codes are generated at the same time. 

Therefore, the large-scale scanning parameters for nanoconfined IL systems now 

become possible. Without the homemade “Ionic Liquid Nanoconfinement System 

Modeling Tool”, the high throughput parameters grid search could never have been 

done. For a newly written package, benchmarks to publicly available papers’ results are 

important. Therefore, based on force field reviews, a full-atomistic force field for 

imidazolium-based ILs from Koddermann271 et al is adopted. (It is transferable to 

different cation side chain length at a wide range of temperatures. Moreover, both the 

static and dynamic properties are correctly reproduced by this force field.) Our 

benchmark results fit both the original paper and experimental values well. Especially 

the rotational correlation time 2, which determines how accurately we can simulate the 

configurational relaxation of ILs under nanoconfinement. By calculating all the static 

and dynamic properties and comparing them with experiment values, the “Ionic Liquid 
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Nanoconfinement System Modeling Tool” is well benchmarked and ready to use. For 

nanoconfinement matrix, carbon nanotubes are selected due to their well-defined 

geometry structures and commercial availability. Also enlightened by the paper304 of 

Jiang et al., we decided to systematically investigate the origin of temperature-induced 

nanoconfined ILs molecular rearrangement phenomenon. 

Figure 57. The schematic diagram of temperature-induced molecular 

rearrangement of ionic liquids under nanoconfinement.  

[CnMIM][NTf2] n=2,4,6,8 are considered. Both Single-walled and double-

walled nanotubes with different lengths are adopted for ILs nanoconfinement. For 

single-walled nanotubes, the effects of chiralities are investigated. Nanotube diameters 

are assessed too. More importantly, all systems are put into different temperatures. A 
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temperature-dependent analysis is performed later on. In order to reduce the statistical 

errors, five repeated simulations are performed at each condition.  

After the high throughput MD simulations, we found that there is no evidence 

that nanotube length and the number of walls affect cation/anion rearrangement 

behavior.  Moreover, different chiralities of nanotubes do not affect the COM switching 

behavior either. However, cation side chain length and nanotube diameter play key roles. 

Two typical confined IL configurations are identified as configuration type A and type 

B. The cation principle axis in configuration A is perpendicular to nanotube longitudinal

direction and packing alternatively with anion along nanotube axis. The mass density is 

distributed along the nanotube longitudinal direction. While cations in configuration B 

are parallel to nanotube and packed closely with anion forming a high local density 

cluster. We also found evidence that configuration B at COM switching system is energy 

favorable configuration. Once the configuration type B is formed, it is very stable and 

can only be broken down at high temperatures. If the nanotube confined IL systems are 

within a too small L/D ratio, these systems will be stuck to configuration B forever. 

While a too large L/D ratio will result in configuration A forever. Therefore, there exists 

an optimal cation principle axis length to nanotube diameter ratio L/D.  For 

[CnMIM][NTf2] family, this value is around 0.7.  At this L/D range, changing of 

temperatures can lead to ILs configuration rearrangement from A to B and back to A. 

This indicates a delicate balance between configuration A and B exists when L/D is at 

optimal range. One thing to notice is that the COM distribution of cation for 

configuration A is vastly different from configuration B. Clearly, cation COM of 
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configuration A is close to the center of nanotube due to confined side chain effect. At 

the suitable L/D range, the longer the cation side chains, the more cation side-chain arch 

contributes to the overall centered COM calculation. While cation COM of configuration 

B is close to nanotube walls due to the paralleled cation packing. This is the origin of 

COM switching behavior. As long as there is a configurational rearrangement from A to 

B and back to A, there is a COM switching behavior. The schematic diagram is depicted 

in figure 57. Therefore, no significant COM switching is observed for the CNT (15,15) 

confined [CnMIM][NTf2] n=2,4,6 systems. Because their L/D ratio is not at the correct 

range. Therefore, one prerequisite for COM switching is that initial configuration of 

nanotube confined ILs must be in configuration type A. Another prerequisite is that there 

should exist a delicate balance between configuration type A and B so that temperature 

becomes an important factor for molecular configuration rearrangement. This again 

relates to a suitable L/D ratio. From the temperature continuously increasing simulations, 

we can see the importance of initial configurations and how delicate the balance between 

configuration A and B is. We can conclude that the most suitable L/D ratio is system 

dependent. Take [CnMIM][NTf2] family, for example, the most suitable L/D ratio is 

about 0.7. For shorter cation side chains where n<8, the side chains have minor influence 

on the final cation COM calculation. Even an A->B->A configuration rearrangement 

happens, we cannot observe COM switching behavior by COM analysis. Likewise, for a 

smaller anion such as [CI] or [Br], the effective cation side chain length seems to be 

longer compared to anion size. Thus, the L/D value seems to be enlarged. Therefore, the 

smaller cation side chain length system such as [C6MIM] may still be able to exhibit 
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COM switching behavior. In fact, some researchers already observed the molecular 

rearrangement behavior for [C6MIM][Br] system 304 .  

In summary, an “Ionic Liquid Nanoconfinement System Modeling Tool” is 

developed along with this work. It is easily extensible and adaptable to different 

nanoconfined matrices. What’s more, it is also adaptable to different force fields. By 

adding corresponding modeling code, different nanoconfinement systems can be 

simulated within few lines of Python code. Also, our classical MD simulation results 

provide a theoretical basis for understanding the origin of configuration rearrangement 

for nanoconfined ILs in response to temperature. This work should be helpful in 

expanding the IL applications where confinement effects and temperature are involved. 
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APPENDIX 

MOL2 FILES 

The atom names are renamed form the original ones generated by Avogadro296. 

C2MIM.mol2 

@<TRIPOS>MOLECULE 

***** 

 19 19 0 0 0 

SMALL 

GASTEIGER 

@<TRIPOS>ATOM 

      1 CR         -2.2975    2.9157    0.0396 S.3     1  LIG1        0.0000 

      2 NA         -3.4552    2.2353    0.1025 N.3     1  LIG1        0.0000 

      3 NA         -1.2932    2.0313    0.1102 N.3     1  LIG1        0.0000 

      4 CW         -1.8129    0.7534    0.2117 P.3     1  LIG1        0.0000 

      5 CW         -3.1743    0.8795    0.2093 P.3     1  LIG1        0.0000 

      6 C1          0.1225    2.3764    0.1021 C.3     1  LIG1        0.0000 

      7 H1          0.2489    3.4164   -0.2102 H       1  LIG1        0.0000 

      8 H1          0.6518    1.7229   -0.5965 H       1  LIG1        0.0000 

      9 H1          0.5229    2.2463    1.1110 H       1  LIG1        0.0000 

     10 C1         -4.7677    2.8996    0.0882 C.3     1  LIG1        0.0000 

     11 CE         -5.9556    1.9703   -0.0650 Br      1  LIG1        0.0000 
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     12 H1         -4.7590    3.6181   -0.7396 H       1  LIG1        0.0000 

     13 H1         -4.8544    3.4643    1.0232 H       1  LIG1        0.0000 

     14 HC         -5.8799    1.3823   -0.9850 F       1  LIG1        0.0000 

     15 HC         -6.8850    2.5470   -0.1034 F       1  LIG1        0.0000 

     16 HC         -6.0262    1.2776    0.7796 F       1  LIG1        0.0000 

     17 HA         -2.1970    3.9920   -0.0446 B       1  LIG1        0.0000 

     18 HB         -1.1418   -0.0855    0.2786 O.3     1  LIG1        0.0000 

     19 HB         -3.9747    0.1630    0.2743 O.3     1  LIG1        0.0000 

@<TRIPOS>BOND 

     1     1     2    1 

     2     1     3    1 

     3     3     4    1 

     4     4     5    1 

     5     5     2    1 

     6     3     6    1 

     7     6     7    1 

     8     6     8    1 

     9     6     9    1 

    10     2    10    1 

    11    10    11    1 

    12    10    12    1 

    13    10    13    1 
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    14    11    14    1 

    15    11    15    1 

 16    11    16    1 

    17     1    17    1 

    18     4    18    1 

    19     5    19    1 

C4MIM.mol2 

@<TRIPOS>MOLECULE 

***** 

 25 25 0 0 0 

SMALL 

GASTEIGER 

@<TRIPOS>ATOM 

      1 CR         -1.4025    2.7072    0.0641 S.3     1  LIG1        0.0000 

      2 NA         -2.4451    1.9300   -0.2717 N.3     1  LIG1        0.0000 

      3 CW         -2.0001    0.6268   -0.4474 P.3     1  LIG1        0.0000 

      4 CW         -0.6538    0.6309   -0.2101 P.3     1  LIG1        0.0000 

      5 NA         -0.3055    1.9367    0.0873 N.3     1  LIG1        0.0000 

      6 C1          1.0432    2.4275    0.3408 C.3     1  LIG1        0.0000 

      7 H1          1.0054    3.2286    1.0835 H       1  LIG1        0.0000 

      8 H1          1.4559    2.8119   -0.5960 H       1  LIG1        0.0000 
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      9 H1          1.6727    1.6163    0.7157 H       1  LIG1        0.0000 

     10 C1         -3.8022    2.4412   -0.5126 C.3     1  LIG1        0.0000 

     11 C2         -4.8990    1.5894    0.1195 Br      1  LIG1        0.0000 

     12 H1         -3.9343    2.4996   -1.5991 H       1  LIG1        0.0000 

     13 H1         -3.8525    3.4625   -0.1162 H       1  LIG1        0.0000 

     14 CS         -6.2806    2.1766   -0.1717 Si      1  LIG1        0.0000 

     15 HC         -4.7380    1.5219    1.2022 F       1  LIG1        0.0000 

     16 HC         -4.8525    0.5670   -0.2721 F       1  LIG1        0.0000 

     17 CT         -7.3938    1.2926    0.3666 Pb      1  LIG1        0.0000 

     18 HC         -6.4132    2.2944   -1.2537 F       1  LIG1        0.0000 

     19 HC         -6.3625    3.1743    0.2749 F       1  LIG1        0.0000 

     20 HC         -7.3566    0.2963   -0.0859 F       1  LIG1        0.0000 

     21 HC         -8.3698    1.7316    0.1363 F       1  LIG1        0.0000 

  22 HC         -7.3178    1.1811    1.4526 F       1  LIG1        0.0000 

     23 HB         -2.6960   -0.1427   -0.7327 O.3     1  LIG1        0.0000 

     24 HB          0.1090   -0.1280   -0.2341 O.3     1  LIG1        0.0000 

     25 HA         -1.4392    3.7182    0.2680 B       1  LIG1        0.0000 

@<TRIPOS>BOND 

     1     1     2    1 

     2     2     3    1 

     3     3     4    1 

     4     4     5    1 
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     5     5     1    1 

     6     5     6    1 

     7     6     7    1 

     8     6     8    1 

    9     6     9    1 

    10     2    10    1 

    11    10    11    1 

    12    10    12    1 

    13    10    13    1 

    14    11    14    1 

    15    11    15    1 

    16    11    16    1 

    17    14    17    1 

    18    14    18    1 

    19    14    19    1 

    20    17    20    1 

    21    17    21    1 

    22    17    22    1 

    23     3    23    1 

    24     4    24    1 

25     1    25    1 
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C6MIM.mol2 

@<TRIPOS>MOLECULE 

***** 

 31 31 0 0 0 

SMALL 

GASTEIGER 

@<TRIPOS>ATOM 

      1 CR         -1.5326    3.0557   -0.0949 S.3     1  LIG1        0.0000 

      2 NA         -2.7025    2.4029   -0.2062 N.3     1  LIG1        0.0000 

      3 CW         -2.4529    1.0384   -0.2569 P.3     1  LIG1        0.0000 

      4 CW         -1.0972    0.8783   -0.1764 P.3     1  LIG1        0.0000 

      5 NA         -0.5495    2.1453   -0.0838 N.3     1  LIG1        0.0000 

      6 C1          0.8708    2.4647   -0.0203 C.3     1  LIG1        0.0000 

      7 H1          1.0089    3.4148    0.5028 H       1  LIG1        0.0000 

    8 H1          1.2571    2.5471   -1.0398 H       1  LIG1        0.0000 

      9 H1          1.4047    1.6768    0.5172 H       1  LIG1        0.0000 

     10 C1         -3.9896    3.1040   -0.3253 C.3     1  LIG1        0.0000 

     11 C2         -5.2231    2.2620   -0.0145 Ge      1  LIG1        0.0000 

     12 H1         -4.0438    3.4902   -1.3500 H       1  LIG1        0.0000 

     13 H1         -3.9508    3.9647    0.3537 H       1  LIG1        0.0000 

     14 CS         -6.4886    3.1170   -0.1143 Si    1  LIG1        0.0000 
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     15 HC         -5.1401    1.8311    0.9904 F       1  LIG1        0.0000 

     16 HC         -5.2912    1.4266   -0.7207 F       1  LIG1        0.0000 

     17 CS         -7.7611    2.2906    0.0736 Si      1  LIG1        0.0000 

     18 HC         -6.5195    3.6069   -1.0954 F       1  LIG1        0.0000 

     19 HC         -6.4519    3.9121    0.6406 F       1  LIG1        0.0000 

     20 CS         -9.0041    3.1736   -0.0496 Si      1  LIG1        0.0000 

     21 HC         -7.7476    1.8048    1.0566 F       1  LIG1        0.0000 

     22 HC         -7.7979    1.4956   -0.6811 F       1  LIG1        0.0000 

     23 CT        -10.2857    2.3655    0.0680 Pb      1  LIG1        0.0000 

     24 HC         -8.9980    3.6928   -1.0153 F       1  LIG1        0.0000 

     25 HC         -8.9904    3.9434    0.7309 F       1  LIG1        0.0000 

     26 HC        -10.3502    1.6155   -0.7268 F       1  LIG1        0.0000 

     27 HC        -11.1561    3.0239   -0.0166 F      1  LIG1        0.0000 

     28 HC        -10.3401    1.8518    1.0328 F       1  LIG1        0.0000 

     29 HB         -3.2680    0.3420   -0.3529 O.3     1  LIG1        0.0000 

     30 HB         -0.4456    0.0212   -0.1841 O.3     1  LIG1        0.0000 

     31 HA         -1.4127    4.0786   -0.0294 B       1  LIG1        0.0000 

@<TRIPOS>BOND 

     1     1     2    1 

     2     2     3    1 

     3     3     4    1 

     4     4     5    1 
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     5     5     1    1 

     6     5     6    1 

     7     6     7    1 

     8     6     8    1 

     9     6     9    1 

    10     2    10    1 

    11    10    11    1 

    12    10    12    1 

    13    10    13    1 

    14    11    14    1 

    15    11    15    1 

    16    11    16    1 

    17    14    17    1 

    18    14    18    1 

    19    14    19    1 

    20    17    20    1 

    21    17    21    1 

    22    17    22    1 

    23    20    23    1 

    24    20    24    1 

    25    20    25    1 

    26    23    26    1 
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    27    23    27    1 

    28    23    28    1 

 29     3    29    1 

    30     4    30    1 

    31     1    31    1 

C8MIM.mol2 

@<TRIPOS>MOLECULE 

***** 

 37 37 0 0 0 

SMALL 

GASTEIGER 

@<TRIPOS>ATOM 

      1 CR         -0.4245    3.4092   -0.0768 S.3     1  LIG1        0.0000 

  2 NA         -1.6089    2.7833   -0.1904 N.3     1  LIG1        0.0000 

      3 CW         -1.3872    1.4153   -0.2769 P.3     1  LIG1        0.0000 

      4 CW         -0.0349    1.2255   -0.2142 P.3     1  LIG1        0.0000 

 5 NA          0.5394    2.4782   -0.0958 N.3     1  LIG1        0.0000 

      6 C1          1.9670    2.7631   -0.0346 C.3     1  LIG1        0.0000 

      7 H1          2.1304    3.7038    0.4980 H       1  LIG1        0.0000 

      8 H1          2.3519    2.8459   -1.0545 H       1  LIG1        0.0000 

  9 H1          2.4831    1.9565    0.4929 H       1  LIG1        0.0000 
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     10 C1         -2.8864    3.5100   -0.2713 C.3     1  LIG1        0.0000 

     11 C2         -4.1260    2.6651    0.0042 Si      1  LIG1        0.0000 

   12 H1         -2.9390    3.9445   -1.2765 H       1  LIG1        0.0000 

     13 H1         -2.8346    4.3364    0.4481 H       1  LIG1        0.0000 

     14 CS         -5.3967    3.5134   -0.0785 Ge      1  LIG1        0.0000 

     15 HC         -4.0492    2.2030    0.9957 F  1  LIG1        0.0000 

     16 HC         -4.1894    1.8516   -0.7276 F      1  LIG1        0.0000 

     17 CS         -6.6547    2.6596    0.0885 Ge      1  LIG1        0.0000 

     18 HC         -5.4315    4.0242   -1.0487 F    1  LIG1        0.0000 

   19 HC         -5.3716    4.2909    0.6948 F       1  LIG1        0.0000 

     20 CS         -7.9204    3.5104   -0.0334 Ge      1  LIG1        0.0000 

     21 HC         -6.6370    2.1616    1.0655 F       1  LIG1        0.0000 

     22 HC         -6.6670    1.8730   -0.6758 F       1  LIG1        0.0000 

     23 CS         -9.1826    2.6516    0.0589 Ge      1  LIG1        0.0000 

     24 HC         -7.9132    4.0445   -0.9915 F       1  LIG1        0.0000 

     25 HC         -7.9301    4.2687    0.7590 F    1  LIG1        0.0000 

     26 CS        -10.4446    3.5064   -0.0564 Ge      1  LIG1        0.0000 

     27 HC         -9.1912    2.1092    1.0121 F       1  LIG1        0.0000 

     28 HC         -9.1737    1.9006   -0.7405 F      1  LIG1        0.0000 

     29 CT        -11.7025    2.6546    0.0020 Pb      1  LIG1        0.0000 

     30 HC        -10.4329    4.0643   -1.0001 F       1  LIG1        0.0000 

     31 HC        -10.4702    4.2427    0.7553 F       1  LIG1        0.0000 
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     32 HC        -11.7268    1.9348   -0.8225 F       1  LIG1        0.0000 

     33 HC        -12.5925    3.2872   -0.0738 F       1  LIG1        0.0000 

     34 HC        -11.7583    2.1004    0.9443 F       1  LIG1        0.0000 

     35 HA         -0.2760    4.4803    0.0007 B      1  LIG1        0.0000 

     36 HB         -2.2162    0.7366   -0.3800 O.3     1  LIG1        0.0000 

     37 HB          0.5980    0.3552   -0.2484 O.3     1  LIG1        0.0000 

@<TRIPOS>BOND 

     1     1     2    1 

     2     2     3    1 

     3     3     4    1 

     4     4     5    1 

     5     5     1    1 

     6     5     6    1 

     7     6     7    1 

     8     6     8    1 

     9     6     9    1 

    10     2    10    1 

    11    10    11    1 

    12    10    12    1 

  13    10    13    1 

    14    11    14    1 

    15    11    15    1 
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    16    11    16    1 

    17    14    17    1 

    18    14    18    1 

    19    14    19    1 

    20    17    20    1 

    21    17    21    1 

    22    17    22    1 

    23    20    23    1 

    24    20    24    1 

    25    20    25    1 

    26    23    26    1 

    27    23    27    1 

    28    23    28    1 

    29    26    29    1 

    30    26    30    1 

    31    26    31    1 

    32    29    32    1 

    33    29    33    1 

    34    29    34    1 

    35     1    35    1 

    36     3    36    1 

    37     4    37    1 
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NTf2.mol2 

@<TRIPOS>MOLECULE 

***** 

 15 14 0 0 0 

SMALL 

GASTEIGER 

@<TRIPOS>ATOM 

      1 N          -3.2395    4.2811   -0.0491 N.3     1  LIG1        0.0775 

      2 S      -3.2240    2.7139   -0.2758 S.O2    1  LIG1        0.1638 

      3 S          -4.6850    4.9082   -0.2080 S.O2    1  LIG1        0.1638 

      4 C          -1.4586    2.4672    0.1132 C.3     1  LIG1        0.5387 

      5 F          -1.0629    1.1646    0.0292 F       1  LIG1     -0.1492

     6 F          -1.1410    2.8843    1.3760 F       1  LIG1       -0.1492

      7 F          -0.6392    3.1720   -0.7245 F       1  LIG1       -0.1492

      8 C          -4.1840    6.6452    0.0387 C.3     1  LIG1 0.5387

      9 F      -5.2264    7.5228   -0.0218 F       1  LIG1       -0.1492

     10 F          -3.2758    7.0624   -0.8942 F       1  LIG1       -0.1492

     11 F          -3.5847    6.8449    1.2516 F       1  LIG1       -0.1492

     12 O    -5.2694    4.8800   -1.5511 O.2     1  LIG1 -0.1468

     13 O          -5.6310    4.6395    0.8781 O.2     1  LIG1 -0.1468

     14 O          -3.3639    2.2591   -1.6618 O.2     1  LIG1 -0.1468
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     15 O          -3.9361    1.8990    0.7115 O.2     1  LIG1 -0.1468

@<TRIPOS>BOND 

     1     1     2    1 

     2     1     3    1 

     3     2     4    1 

     4     4     5    1 

     5     4     6    1 

     6     4     7    1 

     7     3     8    1 

     8     8     9    1 

     9     8    10    1 

    10     8    11    1 

    11     3    12    2 

    12     3    13    2 

    13     2    14    2 

    14     2    15    2 




