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 This study employs classical molecular dynamics simulations using the 

OPLS-AA force field to systematically investigate the influence of the 

length of alkyl chain on the structural, thermodynamic, and dynamical 

properties of a homologous series of pyridinium-based ionic liquids 

(methyl- to pentyl-pyridinium bromide). The main objective is to 

elucidate how the gradual elongation of the alkyl chain affects 

intermolecular interactions and ion transport behavior at the molecular 

level. The model demonstrates good agreement with available 

experimental density data, confirming its reliability for predicting 

physicochemical trends in these systems. The results indicate that 

increasing the length of the alkyl chain weakens electrostatic 

interactions and enhances free volume, leading to a systematic reduction 

in density and cohesive energy density. The structural analysis reveals 

well-defined cation–anion coordination shells, reflecting strong local 

ionic organization across all systems. The dynamical analysis shows a 

consistent decrease in the ionic mobility with the elongationof chains, 

due to stronger van der Waals interactions and steric effects, which in 

turn reduce diffusion and ionic conductivity. Importantly, the ionic 

transference numbers calculated from ion mobilities clearly 

demonstrate that cations contribute more to charge transport than 

anions in all investigated systems. This cation-dominated transport 

behavior provides a direct molecular-level explanation for the observed 

decrease in ionic conductivity by increasing the length of chains. 
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1. Introduction 

One of the major contributors to 

environmental pollution is solvent waste, 

which contaminates both the atmosphere and 

groundwater systems [1–4]. A substantial 

fraction of these solvents is consumed in the 

pharmaceutical industry, significantly 

contributing to the greenhouse gas emissions 

associated with chemical manufacturing 

processes [5,6]. Consequently, the 

development of environmentally benign 

solvents has become increasingly important 

within the framework of green chemistry. 

Ionic liquids (ILs) have attracted considerable 

attention as alternative green solvents because 

of their unique physicochemical properties, 

including negligible vapor pressure, excellent 

thermal stability, high ionic conductivity, and 

tunable solvation characteristics. These 

features make ILs attractive for numerous 

applications such as producing low-toxicity 

electrolytes, catalysis, extraction, 

electrochemical technologies, pharmaceutical 

processes, gas separation, polymerization, and 

energy storage systems [7–16]. Furthermore, 

ILs are often referred to as “designer solvents” 

because their physicochemical properties can 

be tailored through the structural modification 

of both the cationic and anionic components 

[17]. 

Among the various classes of ionic liquids, 

alkyl pyridinium bromides have attracted 

growing interest because of their facile 

synthesis, simple purification procedures, and 

versatile physicochemical behavior. These 

ionic liquids have found applications in 

extraction and separation technologies, 

catalysis, electrochemical systems, and 

materials science. In particular, their tunable 

hydrophobicity and strong ionic interactions 

make them promising candidates for anion 

exchange membranes used in selective ion 

separation processes such as electrodialysis 

[18–20]. 

Despite their advantages, the experimental 

characterization of ionic liquids remains 

challenging because their physicochemical 

properties are highly sensitive to impurities 

such as water and residual halide ions. Even 

trace impurities can significantly alter 

intermolecular interactions, leading to 

substantial changes in viscosity, conductivity, 

density, and thermal stability [21]. Therefore, 

molecular dynamics (MD) simulations have 

become increasingly important for 

investigating the microscopic structure, 

thermodynamics, and transport properties of 

ionic liquids under a broad range of conditions. 

Compared with experimental approaches, MD 

simulations provide molecular-level insight 

while reducing experimental costs and time 

requirements and enabling the rational design 

of ionic liquids with tailored properties [22]. 

Previous MD studies have demonstrated that 

the length of the alkyl chain and the anion type 

strongly influence the viscosity, ionic 

conductivity, diffusion behavior, and 

structural organization in ionic liquid systems 

[21, 22]. However, despite extensive 

investigations, a comprehensive molecular-

level framework correlating the length of the 

alkyl chain with the coupled structural 

organization, thermodynamic stability, and 

transport behavior of pyridinium-based 

bromide ionic liquids is still lacking. In 

particular, systematic comparative studies, 

capable of directly linking the nanoscale 

structural heterogeneity with macroscopic 

thermodynamic and transport properties across 

homologous pyridinium bromide series, 

remain relatively scarce. 

In the present work, this gap is addressed 

through the comprehensive MD investigation 

of a homologous series of 1-alkyl-pyridinium 

bromide ionic liquids ranging from methyl- to 

pentyl-substituted systems (C1–C5). The 

novelty of the present study lies in the 

investigation of structural, thermodynamic, 
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and dynamic properties within a unified 

simulation framework. Radial distribution 

functions (RDFs), velocity autocorrelation 

functions (VACFs), density, molar volume, 

enthalpy of vaporization, cohesive energy 

density, molar heat capacity, and self-diffusion 

coefficients were systematically analyzed to 

establish direct relationships between ion–ion 

spatial organization and macroscopic transport 

behavior. Furthermore, the influence of the 

elongation of the alkyl chain on free volume, 

electrostatic interactions, and dispersion-

induced structural organization was 

quantitatively evaluated to provide deeper 

mechanistic insight into how density, ion 

mobility, and ionic conductivity are governed 

by molecular-scale interactions in pyridinium-

based ionic liquids. By establishing these 

structure–property correlations, the present 

study provides a molecular interpretation of 

pyridinium bromide ionic liquids and offers 

valuable guidance for the rational design of 

ionic liquids with suitable physicochemical 

properties for industrial and technological 

applications. 

 

2. Method 

2.1 Simulation details 

MD simulations were carried out for the IL 

systems of 1-alkyl pyridinium bromide 

[RnPy]+[Br]- (n=1-5) using the DL_POLY 2.20 

software package [23]. Each cubic simulation 

box consisted of 200 ion pairs, and the initial 

configurations were generated by placing ions 

randomly. The geometry of isolated ions was 

optimized at the B3LYP/6-31+G* [24-26] 

level using Gaussian 09 [27], and a schematic 

representation of the optimized structures of 

[RnPy]+[Br]- are shown in Fig. 1. All ions were 

described using the Optimized Potentials for 

Liquid Simulations – All Atom (OPLS-AA) 

force field proposed by Jorgensen et al.  [28]. 

Controlling temperature and pressure was 

managed through the Nosé–Hoover [29] 

thermostat and barostat, with relaxation times 

set to 0.1 ps and 2 ps respectively. The 

equations of motion were integrated using the 

Verlet [30] leapfrog method with a timestep of 

1 fs. For accurate calculation of long-range 

Coulombic interactions, the Ewald summation 

technique [30] with a real-space cutoff 

explicitly set to 14 Å, was used. Lennard-Jones 

interactions were truncated at the same cutoff 

distance of 14 Å. To ensure a smooth decay of 

the Lennard-Jones potential, a switching 

function was applied between 12 Å and 14 Å. 

Periodic boundary conditions (PBC) were 

applied in all three spatial directions to 

maintain bulk-like conditions and to mimic an 

infinite system, thereby eliminating surface 

effects and artificial interfaces. This approach 

ensures that the simulated system accurately 

represents bulk behavior. Long-range 

electrostatic interactions were calculated using 

the Ewald summation method, which takes 

into account interactions with all periodic 

images. In addition, a sufficiently large cutoff 

distance (14 Å) was employed, together with 

an suitably sized simulation box (200 ion 

pairs), to reduce finite-size effects and ensure 

the reliability of the calculated properties. No 

external driving force was applied in this 

study, and all simulations were performed 

under equilibrium conditions. The system 

dynamics are governed solely by interatomic 

forces derived from the employed force field. 

No tail corrections were applied to the van der 

Waals energy and pressure. An NPT 

production run with a purity of 500 ps was 

performed at 400 K to calculate the density. To 

investigate temperature-dependent properties, 

simulations were conducted at five 

temperatures: 298.15, 303.15, 308.15, 313.15, 

and 318.15 K. At each temperature, following 

a 200 ps equilibration period, three 

independent 1 ns NVT production runs were 

carried out. The initial configurations for the 

NVT runs were taken from the balanced 
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structures of the previous NPT simulations, 

ensuring the accuracy and reliability of the 

calculated properties. This structured 

simulation protocol provides comprehensive 

insight into the physicochemical properties of 

ionic liquids under different thermodynamic 

conditions. 

 

 
Figure 1. Schematic representation of the structure of pyridinium-based ionic liquids. 

 

2.2 Force field 

In this study, the modeling of intramolecular 

and intermolecular interactions was performed 

using the classical OPLS-AA force field. The 

inherent limitations of nonpolarizable force 

fields, particularly their tendency to 

underestimate diffusion coefficients due to the 

absence of explicit electronic polarization 

effects, should be taken into account. Although 

employing polarizable force fields and charge-

scaling methods can result in obtaining more 

accurate transport properties of ionic liquids, 

their high computational cost restricts their use 

in large-scale and long simulations. The 

selection of OPLS-AA was based on its proven 

reliability in reproducing the structural and 

thermophysical properties of ionic liquid 

systems, especially those involving alkyl 

chains and heterocyclic cations. This force 

field provides an optimal balance between 

computational efficiency and predictive 

accuracy, which is crucial for large-scale and 

long-term molecular dynamics simulations. A 

force field consists of a mathematical 

functional form describing the potential energy 

surface together with a set of associated 

parameters.  
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In this model, 0r  and 0 represent equilibrium 

structural parameters, while rK , K  and K

are force constants. The multiplicity is denoted 

by n and  is the phase angle for torsional 

parameters. The total potential energy of the 

ionic systems is expressed as the sum of the 

bonded interactions (harmonic bond 

stretching, angle bending, and torsional terms 

represented by cosine series) and non-bonded 

interactions, including Lennard-Jones (12–6) 

and Coulombic potentials. Parameters for the 

[RnPy]+ cation are adapted from the studies of 

Liu et al. [30], and for the Br- anion from those 

of Lopes and Padua [31]. Nonbonded 

interactions between atoms, separated by three 

bonds (1–4 interactions), were scaled by a 

factor of ½ for both electrostatic and van der 

Waals terms, while 1–5 electrostatic 

interactions were scaled by a factor of 1/1.2. 

All nonbonded interactions between, atoms 

separated by more than three bonds, were fully 

included without scaling. The Lorentz-

Berthelot combination rules, 
ij ii jj  =  and

( ) / 2ij ii jj  = + apply to the Lennard-Jones 

parameters, and the partial charges for the 

[RnPy]+ cations are taken from those of Liu et 

al.’s [30]. The intramolecular and 

intermolecular parameters used in this study 

are provided in the Supplementary Information 

along with the corresponding reference. 

It is worth noting that the OPLS-AA used in 

this study does not include explicit hydrogen 

atoms; rather, hydrogens are incorporated into 

their neighboring carbon or nitrogen atoms as 

united atoms. This approach reduces the 

computational cost while maintaining reliable 

accuracy in describing ionic liquids. The 

schematic structures shown in Fig. 1 represent 

the optimized geometries of ions but do not 

explicitly display hydrogen atoms as separate 

entities. 

 

3. Results and discussion 

3.1 Density, molar volume and thermal 

expansion coefficients 

MD simulations have become powerful tools 

for investigating the properties of ionic liquids 

(ILs), as direct experimental measurements 

can be challenging due to their complex 

physicochemical nature. The choice of 

interatomic potential models, such as OPLS-

AA, is crucial for accurate results and allows 

for the study of ion interactions and structural 

properties. MD simulations provide insights 

into how structural variations, such as changes 

in the length of the alkyl chain in cations, affect 

the properties such as density and cohesive 

energy, aiding in the optimization of ILs for 

applications in energy storage devices, 

electrolyte systems, and separation processes. 

The results often align closely with 

experimental data, demonstrating the 

effectiveness of MD in analyzing the 

thermodynamic and structural behavior of ILs. 

In this study, the density of [RnPy]+Br- was 

evaluated using a 500 ps production run 

performed in the NPT ensemble. The OPLS-

AA approach was employed to calculate the 

density of the ionic liquid at various 

temperatures. The simulated density values are 

presented in Table 1. Reliable experimental 

data for the direct comparison of density 

values over a broad temperature range, 

particularly for the investigated pyridinium 

bromide ionic liquids, remain relatively 

limited in the literature. Therefore, only two 

reliable literature sources were identified for 

the comparison and validation of the 

simulation results. These data correspond to 

propyl- and butyl-pyridinium bromide systems 

with the mole fractions close to unity. The 

variation of density as a function of 
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temperature for pyridinium-based ionic 

liquids, with different lengths of alkyl chains, 

is illustrated in Fig. 2. 

 

 
Figure 2. Variation of the calculated density 𝜌Cal/(gr ⋅ cm−3) as a function of temperature ,T, for 

pyridinium-based ionic liquids with the different lengths of alkyl chains (Cn, n = 1 to 5) at 1 atm. 

 

Also, the thermal expansion coefficients ( ) 

of the ionic liquids from fitting the linear 

variation of ln with T (− 𝑙𝑛 𝜌 = 𝑎 + 𝛼𝑇) were 

calculated, and the obtained values are 

systematically presented in Table 1. 

 

 

Table 1. 

Simulated densities, 𝜌Cal/(gr ⋅ cm−3), experimental densities 𝜌Exp/(gr ⋅ cm−3) at 298.15K and at 1 atm, 

with the percent error in densities, 𝐸𝜌%, and the thermal expansion coefficients , , for [RnPy]+Br- ILs. 

ILs 𝜌Cal/(gr ⋅ cm−3) 𝜌Exp/(gr ⋅ cm−3) 𝐸𝜌% 103𝛼/𝐾−1 

[MeP]+Br- 1.3418   0.2648 

[EtP]+Br- 1.2575   0.4918 

[PrP]+Br- 1.0701 1.0402 [32] 2.8 0.3641 

[BuP]+Br- 1.0362 1.018424 [33] 1.7 0.1382 

[PeP]+Br- 1.0172   0.1971 

Standard uncertainties, u, are 4 -3

Cal(( ) 3K, ) 7 10 gr cmu T u  −= =     

 

The calculation of molar volume, which is 

obtained from the ratio of the volume of the 

ionic liquid in question to the number of moles 

of that liquid, will be discussed next. The 

changes in the molar volume of [RnPy]+Br-: 

[MePy]+Br-, [EtPy]+Br-, [PrPy]+Br-, 

[BuPy]+Br-, and [PePy]+Br- at different 

temperatures, presented in Table 2, Fig. 3, 

show that the molar volume increases with  

temperature.  
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Figure 3. Variation in the molar volume 𝑉𝑚(𝑚3 ⋅ mol
−1) as a function of the length of alkyl chains (Cn, n 

= 1 to 5) in pyridinium-based ionic liquids at different temperatures and 1 atm pressure. 

 

The molar volume of ionic liquids with longer 

cations, such as [PePy]+Br-, is higher than that 

of shorter cations, like [MePy]+Br-, due to 

hydrophobic effects and stronger 

intermolecular interactions. The changes in the 

molar volume with temperature are minor, 

indicating the moderate expansion of ionic 

liquids by increasing temperature. These 

findings can serve as a solid basis for 

evaluating and optimizing the properties of 

ionic liquids for various applications, such as 

energy storage and electrolyte systems. 

 

 

Table 2. 

Molar volume for [RnPy]+Br- ILs at different temperatures and at 1 atm 

ILs 298.15 K 303.15 K 308.15 K 313.15 K 318.15 K 400.15 K 

𝑉𝑚(cm3 ⋅ mol−1) 

[MeP]+Br- 58.281 58.321 58.422 58.627 58.794 59.808 

[EtP]+Br- 66.866 66.889 66.970 66.982 67.166 68.073 

[PrP]+Br- 75.402 75.417 75.733 75.873 75.877 76.148 

[BuP]+Br- 83.908 84.061 84.374 84.854 84.869 85.348 

[PeP]+Br- 93.741 93.884 93.897 93.992 93.998 94.650 

 

3.2 Molar vaporization enthalpy, cohesive 

energy density and molar heat capacity  

This section focuses on the calculation of 

vaporization enthalpy Vap, ,H and cohesive 

energy density , ,c . Both properties can be 

utilized to understand the thermodynamic 

behavior and intermolecular interactions of 

ionic liquids. 

 

𝛥𝐻Vap = 𝑅𝑇 − (𝑈𝑖𝑛𝑡 − 𝑈𝑖𝑜𝑛𝑝𝑎𝑖𝑟)                 (2) 

 

where Vap, ,H is the molar vaporization 

enthalpy change at temperatures T and R is the 
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gas constant. intU  is the intermolecular energy 

of the liquid which can be obtained from the 

simulation. ion pairU  represents the average 

intermolecular energy of an ion pair in the 

ideal gas state, which can be simulated by a 

single ion pair at the same temperature in a 

large enough box. Equation 2 shows the energy 

difference between the ideal gas state ion pair, ,U

and the liquid phase int, ,U that plays a crucial 

role in determining Vap, H . Essentially, this 

difference represents the amount of the energy 

required to overcome the intermolecular forces 

in the liquid. The molar vaporization enthalpy 

of [RnPy]+Br- ILs ([MePy]+Br-, [EtPy]+Br-, 

[PrPy]+Br-, [BuPy]+Br-, and [PePy]+Br-), listed 

in Table 3 and Fig. 4, decreases from 298.15 K 

to 400.15 K, indicating the expected behavior 

of liquids responding to an increase in 

temperature. However, the molar evaporation 

enthalpy is higher for ionic liquids with longer 

cations compared to those with shorter cations, 

reflecting stronger intermolecular interactions 

and a greater energy requirement for 

evaporation. This trend is attributed to 

enhanced van der Waals forces and 

hydrophobic effects in longer cations. At 

higher temperatures, the decrease in 

evaporation enthalpy is lower for longer 

cationic liquids due to the greater difficulty of 

breaking these bonds and evaporating. 

Additionally, there is a possibility of the 

aggregation of alkyl chains and the formation 

of non-polar domains or nanoscale 

heterogeneity in ionic liquids with longer 

cations, which could impact their evaporation 

properties.  

 

 

 

Figure 4. Variation in the enthalpy of vaporization 𝛥𝐻Vap(kJ ⋅ mol−1) as a function of the length of alkyl 

chains (Cn, n = 1 to 5) in pyridinium-based ionic liquids at different temperatures and 1 atm pressure. 

 

The cohesive energy density (CED) , ,c is a 

measure of the energy needed to overcome 

intermolecular interactions within a unit 

volume of a substance. The greater the 

cohesive energy density, the more adhesive the 

material is, and the stronger the intermolecular 

forces become. The cohesive energy density is 

a measure of the strength of intermolecular 

interactions in liquids and is calculated using 

the following equation: 
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𝑐 = (𝑈𝑖𝑛𝑡 − 𝑈𝑖𝑜𝑛𝑝𝑎𝑖𝑟)/𝑉𝑚                                      (3) 

𝑐 = (∆𝐻𝑉𝑎𝑝 − 𝑅𝑇)/𝑉𝑚                                       (4) 
 

,c reflects the intermolecular forces in the 

liquid phase and explains the liquid's 

thermodynamic and structural properties. This 

parameter significantly impacts the physical 

properties of liquids, solids, and solutions and 

is important in materials science, chemistry, 

and biology. Cohesive energy quantifies the 

strength and extent of these forces that 

maintain the density and structure of liquids, 

aiding in the design of materials with specific 

properties. An increase in the energy 

difference between the ideal gas state and the 

liquid state indicates the higher c . These 

simulated values at different temperatures and 

at 1 atm are reported in Table 4. Also, the 

changes of ,c  are shown in Fig. 5. 

 

 

Table 3. 

Molar vaporization enthalpy, 𝛥𝐻Vap, for [RnPy]+Br- ILs at different temperatures and at 1 atm. 

ILs 298.15 K 303.15 K 308.15 K 313.15 K 318.15 K 400.15 K 

𝛥𝐻Vap(kJ ⋅ mol−1) 

[MeP]+Br- 200.371 198.591 196.086 195.756 193.921 180.301 

[EtP]+Br- 201.676 200.531 199.827 198.756 197.895 181.586 

[PrP]+Br- 202.303 201.854 201.074 200.203 198.712 183.423 

[BuP]+Br- 206.954 205.913 204.556 204.013 203.348 184.725 

[PeP]+Br- 208.549 206.922 205.833 205.007 203.824 186.910 

 

 

 
Figure 5. Variation in the cohesive energy density (CED, 𝑐/𝐽 ⋅ cm-3) as a function of the length of  alkyl 

chains (Cn, n = 1 to 5) in pyridinium-based ionic liquids at different temperatures and 1 atm pressure. 

 

Both increasing temperature and the 

elongation of the alkyl chains reduce the 

cohesive energy density (CED) of ionic 

liquids, although through different 

mechanisms. At higher temperatures, the 

enhanced molecular motion and increased 

intermolecular distances weaken the overall 

intermolecular interactions, thereby 
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decreasing the CED. In contrast, the 

elongation of alkyl chains increases the molar 

volume, causing the intermolecular cohesive 

energy to be distributed over a larger volume. 

Consequently, although the total 

intermolecular energy becomes more negative 

by increasing the length of alkyl chains, 

indicating stronger cohesive interactions, the 

CED decreases because of the dominant 

volumetric effect. 

 

 

Table 4. 

Cohesive energy density , ,c for [RnPy]+Br- ILs at different temperatures and at 1 atm. 

ILs 298.15 K 303.15 K 308.15 K 313.15 K 318.15 K 400.15 K 

𝑐/𝐽 ⋅ cm-3 

[MeP]+Br- 3380.940 3350.398 3299.408 3282.260 3258.321 2921.426 

[EtP]+Br- 2970.809 2953.660 2947.367 2922.003 2916.348 2211.032 

[PrP]+Br- 2638.355 2632.401 2611.117 2594.820 2575.016 2027.547 

[BuP]+Br- 2426.793 2409.977 2384.953 2422.150 2358.478 1929.087 

[PeP]+Br- 2189.233 2191.936 2168.232 2159.492 2134.135 1727.480 

 

At the end, the calculation of the molar heat 

capacity p, ,C )from the slope of the enthalpy of 

ILs with respect to temperature T) was 

performed.   These values are reported in Table 

5. These changes are shown in Fig. 6. The p, ,C

of ILs increases from [MePy]+Br- to 

[PePy]+Br- as the alkyl chain lengthens. This 

rise is due to more atoms and greater degrees 

of freedom, allowing higher thermal energy 

storage. However, the rate of increase 

decreases with longer chains, as they have a 

diminished impact on the thermal degrees of 

freedom. Shorter chains exhibit stronger 

electrostatic interactions, while longer chains 

show greater hydrophobic effects. This trend 

highlights the crucial role of the length of 

chains in the thermodynamic behavior and 

thermal stability of ionic liquids. 

 

 

 

Figure 6. Variation in the molar heat capacity 𝐶𝑝/kJ ⋅ 𝐾-1mol−1 as a function of the length of alkyl chains 

(Cn, n = 1 to 5) in pyridinium-based ionic liquids at different temperatures and 1 atm pressure. 
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Table 5. 

Molar heat capacity for [RnPy]+Br- ILs at different 

temperatures and at 1 atm. 

ILs 𝐶𝑝/kJ ⋅ 𝐾-1mol−1 

[MeP]+Br- 81.9 

[EtP]+Br- 96.04 

[PrP]+Br- 120.36 

[BuP]+Br- 142.32 

[PeP]+Br- 155.14 

  

3. 3 Microscopic structure and RDF 

The radial distribution function (RDF) is a 

widely used structural analysis tool for 

characterizing the microscopic organization of 

fluids [34,35]. It describes the probability of 

finding particles at a given distance from a 

reference particle and provides important 

information regarding short-range ordering, 

intermolecular correlations, and local 

structural arrangements in complex systems 

such as ionic liquids. The RDF analysis is 

particularly useful for examining how 

structural variations, including alkyl chain 

elongation, influence the molecular 

organization and ion–ion interactions within 

the system. 

Using the Center of ring (CR) as the reference 

point provides a more accurate and reliable 

depiction of cation structure due to its 

geometrical rigidity and insensitivity to alkyl 

chain fluctuations. In contrast, the center of 

mass is prone to artifacts caused by the 

movement of flexible side chains. 

The RDF for CR of pyridinium -Br- reveals 

two distinct peaks for the bromine anion 

interacting with the pyridinium ring, as 

exhibited in Fig. 7a. The first sharp peak 

indicates a close interaction between the 

bromine anion and the nitrogen atom of the 

pyridinium ring, leading to the aggregation of 

alkyl chains and the formation of non-polar 

domains or nanoscale heterogeneity at smaller 

radii. These interactions are electrostatic in 

nature, where the positively charged nitrogen 

interacts strongly with the negatively charged 

bromine anion, stabilizing the initial 

aggregation. This behavior is consistent with 

nanosegregation [36-38], referring to the 

nanoscale separation into polar and apolar 

domains within the ionic liquid. As the 

distance increases, the second, broader peak 

emerges, reflecting hydrophobic interactions 

between the alkyl chains. These hydrophobic 

interactions facilitate the organization and 

stabilization of alkyl chain aggregates, 

promoting the formation of more ordered 

nanoscale domains. 

By increasing the length of alkyl chains, the 

size and stability of hydrophobic aggregates 

increase, as indicated by the shift in the second 

peak. This behavior is consistent with 

nanosegregation, i.e., the formation of distinct 

polar and apolar domains at the nanoscale, 

which plays a key role in determining the 

microstructure and properties of liquids. 

Shorter chains, like methyl, tend to form 

smaller, less stable aggregates, whereas longer 

chains, such as pentyl, promote the formation 

of larger and more stable hydrophobic 

domains due to enhanced hydrophobic 

interactions. The bromide anion exhibits a 

clear preference for interacting with the 

pyridinium nitrogen rather than the alkyl 

groups. This preference is due to the 

electrostatic nature of the nitrogen in the 

pyridinium ring, which creates a positive 

charge that attracts the negatively charged 

bromide anion. These interactions help 

stabilize the central core of the aggregates. The 

combination of this interaction with the length 

of the alkyl chains, which dictates the stability 

and size of these aggregates, plays a crucial 

role in designing ionic liquids with specific 

properties. 

The analysis of the RDF of N-Br for 

[RnPy]+Br- with varying lengths of alkyl 

chains, as shown in Fig. 7b, reveals that the 

peak intensities in RDF are significantly 
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influenced by the length of alkyl chains. The 

peaks for longer alkyl chains, such as pentyl, 

exhibit higher intensities, indicating stronger 

hydrophobic interactions and the formation of 

larger, more stable alkyl chain aggregates. 

These more intense peaks correspond to the 

enhanced hydrophobic interactions at larger 

distances and stronger electrostatic 

interactions between the bromide anion and 

pyridinium nitrogen. In contrast, shorter chains 

like methyl, ethyl, and propyl lead to smaller 

and less stable aggregates, with 

correspondingly weaker RDF peaks. The RDF 

peaks near zero represent closer interactions 

between the bromide anion and the pyridinium 

nitrogen, which stabilize the central core of the 

aggregates. At larger radii, the hydrophobic 

interactions between the alkyl chains 

dominate, leading to the formation and 

stabilization of these aggregates. Additionally, 

the bromide anion has a greater affinity for 

interacting with the nitrogen in the pyridinium 

ring rather than the alkyl chains, helping to 

stabilize the aggregate core. Overall, this study 

emphasizes the critical roles of the length of 

alkyl chains and the electrostatic properties of 

the bromide anion in the formation and 

stability of aggregates. These findings are vital 

for the design and optimization of ionic liquids 

for applications in catalysis, drug delivery 

systems, and non-polar material transport. 

 

 

 
Figure 7. (a) RDFs for the center of the ring (CR) for cation–anion interactions, and (b) N-Br interactions 

for pyridinium-based ionic liquids at 400 K and 1 atm. 

 

Fig. 8a shows the RDFs for cation-cation 

interactions using CR as the reference point, 

revealing two distinct peaks. The first, sharp 

and pronounced peak corresponds to the first 

coordination shell, where strong electrostatic 

and van der Waals interactions organize 

cations into a well-defined, densely packed 

structure at short distances. The second peak, 

broader and less intense, represents the second 

coordination shell, reflecting less ordered and 

more dynamic cation arrangements at longer 

distances. This peak highlights the effects of 

molecular mobility and increased 

hydrophobicity on the liquid structure beyond 

the immediate coordination environment. 

In propylpyridinium, the first peak is notably 

sharper and higher than the same in other ionic 

liquids, indicating a more compact and stable 

cation network. This is attributed to the 

optimal length of alkyl chains, which balances 

flexibility and steric hindrance, resulting in 

stronger electrostatic and dispersion 

interactions. Conversely, longer alkyl chains, 

such as butyl and pentyl, exhibit broader and 
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lower peaks, indicating reduced structural 

order and cation proximity due to enhanced 

hydrophobic effects. This leads to decreased 

packing density and weakened structural 

correlations. 

As shown in Fig. 8b, the RDF of Br-Br for 

[RnPy]+Br- ILs suggest that anions have a 

strong preference for interacting with the 

nitrogen atom in the pyridinium ring, rather 

than the alkyl chains. This preference is driven 

by the electrostatic interactions between the 

negatively charged bromide anion and the 

positively charged nitrogen. In systems with 

shorter alkyl chains, such as methyl, the RDF 

peaks are sharper and more concentrated, 

indicating tighter and more organized 

interactions between the bromide anions and 

the nitrogen. These interactions lead to the 

stabilization of the aggregate core. In contrast, 

for systems with longer alkyl chains, such as 

pentyl, the hydrophobic interactions between 

the alkyl groups become more prominent, 

causing a reduction in the order of the anion-

anion interactions and resulting in broader and 

weaker RDF peaks. This suggests that longer 

alkyl chains disrupt the close packing of 

bromide anions around the pyridinium 

nitrogen, weakening the electrostatic 

interactions and leading to a more disordered 

structure. 

 

 

 
Figure 8. RDFs for (a) the center of ring (CR) of cation–cation interactions, (b) anion– anion interactions 

for pyridinium-based ionic liquids at 400 K and 1 atm. 

 

3.4 Velocity Autocorrelation Function 

(VACF) 

The enhancement of the ionic conductivity in 

ionic liquids can be achieved by facilitating ion 

mobility through reducing the cage effect, 

shortening velocity randomization times, and 

optimizing cation–anion interactions. In 

general, ions with lower effective mass and 

bulkier alkyl substituents tend to exhibit 

weaker electrostatic interactions and reduced 

transient ion trapping, thereby promoting ionic 

transport. Furthermore, the selection of cation–

anion combinations with weaker 

intermolecular interactions and faster velocity 

relaxation dynamics can contribute to 

improved ionic conductivity. These factors 

play an important role in the rational design of 

ionic liquids for electrochemical applications 

such as batteries and fuel cells. 

The normalized Velocity Autocorrelation 

Function, , ( )v iC t , is a mathematical tool 

derived from MD simulations. It quantifies the 

temporal correlation of the velocity of the 

center of mass of a specific ion, i, in the system 

[39]. It is expressed as: 
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𝐶𝑣,𝑖(𝑡) =
⟨𝑉𝑖

𝑐(𝑡)𝑉𝑖
𝑐(0)⟩

⟨𝑉𝑖
𝑐(0)𝑉𝑖

𝑐(0)⟩
 

 

(5) 

, ( )v iC t measures the correlation between the 

velocity of the ion at time t and its initial 

velocity at t=0, averaged over all possible 

starting points in time, indicated by ⟨ ⟩. ( )c

iV t

denotes the velocity of the center of mass of 

the ion at time t. This normalized function 

provides insights into the dynamical behavior 

of ions, such as their mobility and interaction 

with the surrounding environment. VACF is 

particularly important as it connects the 

microscopic motion of particles to 

macroscopic transport properties. By 

analyzing the decay of VACF, one can gain a 

deeper understanding of ionic motion, 

collisional processes, and cage effects within a 

system, especially in complex fluids like ionic 

liquids. For the calculation of VACFs, three 

independent 1 ns NVT simulations were 

carried out at each temperature. Initial 

configurations were taken from well-separated 

snapshots of the equilibrated 500 ps NPT 

trajectory to ensure statistical independence 

and reproducibility. In Figs.7a, b, the 

calculated VACF is plotted for both cations 

and anions at 400K and at 1.0 atm. 

In the Fig. 9a, for the cations ([MePy]+, 

[EtPy]+, [PrPy]+, [BuPy]+, [PePy]+), the first 

zero in VACF occurs within the range of 0.15 

to 0.2 ps, indicating the mean collision time. 

As the length of alkyl chains increases from 

[MePy]+ to [PePy]+, this time slightly 

increases. After the first zero, VACF enters 

negative values, representing the cage effect, 

which persists for approximately 0.2 to 0.4 ps. 

The cage effect is more pronounced and stable 

for the heavier cations. At longer times, 

beyond 0.4 ps, VACF approaches zero as the 

velocities randomize. Lighter cations, such as 

[MePy]+, equilibrate faster, while heavier 

cations, such as [PePy]+, exhibit slower 

velocity relaxation. 

In the Fig. 9b, for the bromide anion (Br-), the 

first zero in VACF occurs at approximately 0.2 

ps, representing its mean collision time. Unlike 

for the cations, the VACF for bromide 

decreases more rapidly and reaches negative 

values sooner. The cage effect for the anion 

occurs within a shorter range, approximately 

0.2 to 0.3 ps, and with less intensity compared 

to that for the cations. This behavior suggests 

that the bromide anion has greater mobility and 

escapes its local cage environment more 

quickly. After 0.3 ps, the VACF for bromide 

rapidly approaches zero, indicating faster 

velocity randomization and a shorter 

relaxation time compared to the same for 

cations. 

In the final comparison between cations and 

the bromide anion, the mean collision time for 

the lighter cations is shorter (~0.15 ps) and 

increases to around 0.2 ps as the length of alkyl 

chains grows. The bromide anion has a mean 

collision time similar to the heavier cations but 

displays a faster decrease in its VACF. The 

cage effect lasts longer and is more intense for 

the cations, extending up to approximately 0.4 

ps, whereas for the bromide anion, it ends 

around 0.3 ps. Ultimately, the velocity of the 

heavier cations, particularly [PePy]+, relaxes 

more slowly, while the bromide anion 

randomizes its velocity more quickly and 

reaches equilibrium faster. 

The dynamic concepts discussed in this topic 

can be used to optimize thermodynamic 

properties and electrical conductivity [36]. 
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Figure 9. VACF curves normalized for the cation (a) and the anion (b) for pyridinium-based ionic liquids 

within an NVT ensemble at 400 K and 1 atm. 

 

3.5 MSD and Self-diffusion coefficient and 

ionic conductivity 

The mobility of ions in ionic liquids (ILs) is 

commonly characterized using two important 

dynamic properties: MSD and diffusion 

coefficients [40]. Among these, the self-

diffusion coefficient provides direct insight 

into the random thermal motion of individual 

ions within the liquid medium. This coefficient 

is typically determined from the slope of MSD 

as a function of time after the system reaches 

the diffusive regime. Unlike thermodynamic 

properties, which are primarily equilibrium-

based, the self-diffusion coefficient is 

inherently dynamic and therefore requires 

time-dependent approaches such as MD 

simulations. One of the major challenges in 

studying ionic liquids is identifying an 

appropriate simulation time scale for reliable 

diffusion calculations, since ion pairing and 

strong interionic interactions can significantly 

influence ion mobility. Nevertheless, the 

Einstein relation remains a well-established 

and reliable framework for evaluating self-

diffusion coefficients in condensed-phase 

systems. 

 

𝐷𝑖 =
1

6
𝑙𝑖𝑚
𝑡→∞

𝑑

𝑑𝑡
⟨[𝑟

→

𝑖(𝑡) − 𝑟
→

𝑖(0)]
2

⟩                        (6) 

 

In the above equation, the quantity in braces 

represents the ensemble-averaged MSDs of the 

molecules over time t, with ir
→

denoting the 

position vector of the center of mass of ion i. 

MSDs were calculated from the NVT 

simulations for five ILs, and the averages for 

the centers of mass of both cations and anions 

at 400 K and at 1.0 atm up to 1 ns are shown in 

Figs.  8a, b. 

 
 

Table 6. 

Diffusion coefficient, D, of cations and anions for [RnPy]+Br- ILs from the slope of MSD plots, and cationic 

and anionic transference numbers at 400K and 1 atm.  

ILs 𝐷+/10−11𝑚2

/𝑠 

 𝐷−/10−11𝑚2/𝑠 𝑡+ 𝑡− 𝜎/𝑆

⋅ 𝑚−1 

[MePy]+Br- 0.685  0.408 0.626 0.373 0.164 

[EtPy]+Br- 1.085  0.675 0.138 0.861 0.299 

[PrPy]+Br- 1.334  1.332 0.500 0.499 0.465 

[BuPy]+Br- 1.553  1.394 0.527 0.473 0.525 

[PePy]+Br- 0.766  0.391 0.662 0.337 0.197 



Fakhri and Soltanabadi / Iranian Journal of Chemical Engineering, Vol. 23, No. 1, 87-107, (2026) 

 

102  

 

In Fig. 10a, the MSD analysis shows that the 

cations with longer alkyl chains, such as 

[BuPy]+ and [PePy]+, appear to enter the sub-

diffusive (Cage Escape) region and then the 

diffusive region more quickly. This is likely 

due to the greater freedom of movement and 

fewer electrostatic interactions, compared to 

smaller cations like [MePy]+ and [EtPy]+. For 

the anions, brought in Fig. 10b, a similar effect 

seems to be observed. Bromide anions in 

compounds with longer alkyl chains like 

[PePy]+ and [PrPy]+ enter the diffusive region 

faster. While cations with longer alkyl chains 

enter the diffusive region more quickly, this 

does not necessarily indicate an overall 

increase in diffusivity for longer chains. The 

MSD curve represents the initial dynamic 

behavior, but the overall diffusion coefficient 

depends on the data listed in Table 6. The MSD 

curves for anions and cations in ionic liquids 

[RnPy]+Br- show three key dynamic regions, 

each providing valuable insights into ionic 

motion behavior: First, the Ballistic Region is 

examined. At very short times (sub-

picosecond scale ~ < 1 ps), in the ballistic 

regime, both cations and anions move with 

nearly constant velocity, as collisions have not 

yet occurred. This results in free, non-

accelerated motion governed by the initial 

momentum of the ions. Movement in this 

region is primarily influenced by the initial 

momentum and short-term interactions with 

the environment. Cations with longer alkyl 

chains (e.g., [PePy]+) show less displacement 

in this region due to their larger mass and 

fewer interactions with other ions. In contrast, 

anions, due to their stronger charge and 

electrostatic interactions with cations, show 

faster initial motion. The Sub-Diffusive (Cage 

Escape) Region, typically observed at up to 

~1-50 ps, is when ions encounter the "cage" 

formed by electrostatic and van der Waals 

interactions with their surroundings. Cations 

and anions with longer alkyl chains (like 

[BuPy]+ and [PePy]+) escape the cage faster 

due to fewer hydrophobic interactions and 

more space to move. Smaller cations ([MePy]+ 

and [EtPy]+) remain in this region longer due 

to stronger interactions with the environment. 

In the Diffusive Region, occurring at longer 

times, ions exhibit free diffusion. Larger 

cations like [BuPy]+ and [PePy]+ reach this 

region faster because the formation of alkyl 

chain aggregates reduces electrostatic 

interactions with the anions. Anions in 

compounds with shorter alkyl chains, such as 

[MePy]+ and [EtPy]+, enter this region more 

slowly. The diffusivity values for cations ( D+ ) 

and anions ( D− ) are provided in Table 6. 

Cation diffusivity initially increases with the 

length of alkyl chains (from [MePy]+ to 

[BuPy]+), peaking at [BuPy]+Br-, but decreases 

in [PePy]+Br-. This decrease is likely attributed 

to enhanced hydrophobic interactions and the 

resulting aggregation of alkyl chains. For 

anions, the highest diffusivity is observed in 

[PrPy]+Br-, but decreases for longer chains. 

This reduction results from the restricted anion 

mobility caused by the formation of 

hydrophobic domains. Table 6 shows the 

cation ( t+ ) and anion ( t− ) transfer numbers. 

t+ increases in longer alkyl chains, while t−

decreases, indicating the reduced anion 

involvement in charge transfer. Longer alkyl 

chains in cations (like [PePy]+) enhance 

hydrophobic interactions and promote the 

formation of alkyl chain aggregates, which 

decrease the overall diffusivity of both cations 

and anions. This results in faster entry into the 

diffusive region for cations like [PePy]+ but 

reduced ion mobility and lower anion transfer 

numbers, limiting the contribution of anions to 

charge conduction. 

In shorter alkyl chains (like [MePy]+), stronger 

electrostatic interactions reduce the mobility 

and charge transfer of both cations and anions. 
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In longer alkyl chains (like [PePy]+), the 

formation of nanoscale aggregates reduces 

overall diffusivity but increases the 

contribution of cations cations to charge 

transfer. In compounds with longer chains, 

hydrophobic effects and nanoscale 

aggregation play the most significant role in 

reducing ion mobility. In cations D+ , by 

increasing the lenghth of alkyl chains from 

[MePy]+ to [BuPy]+, cation diffusivity 

increases and peaks at [BuPy]+Br- (1.553Å). In 

[PePy]+Br-, diffusivity decreases to 0.766. This 

reduction is due to stronger hydrophobic 

interactions and the formation of more stable 

hydrophobic clusters, which limit the 

movement of cations. In anions D− , the highest 

diffusivity is observed in [PrPy]+Br- (1.332Å), 

but it decreases in longer alkyl chains like 

[BuPy]+ and [PePy]+. This decrease is due to 

the formation of hydrophobic clusters by 

longer-chain cations, which trap the anions in 

a more restricted environment. These findings 

suggest that tuning the length of alkyl chains 

and ionic structure can optimize transport 

properties in ionic liquids, providing valuable 

insights for material design and industrial 

applications. 

The apparent simultaneous observation of an 

earlier onset of the diffusive regime and a 

reduction in diffusivity for longer alkyl chains 

suggests the presence of two distinct 

dynamical processes operating on different 

time scales. The faster transition to the 

diffusive regime is associated with a more 

rapid decay of the short-time ballistic and sub-

diffusive motion, which arises from the 

enhanced local structural disorder and 

increased conformational flexibility of the 

elongated alkyl side chains. This facilitates the 

quicker relaxation of velocity correlations at 

short times. In contrast, the long-time diffusive 

behavior is governed by collective 

intermolecular interactions and spatial 

constraints within the ionic network. In this 

regime, increasing the length of alkyl chains 

strengthens van der Waals interactions and 

promotes steric hindrance and nanoscale 

aggregation, which collectively restrict the 

long-range translational motion of ions. 

Consequently, although longer chains exhibit 

faster relaxation into the diffusive regime, their 

overall mobility is reduced. This clearly 

demonstrates that the onset of diffusion and the 

magnitude of diffusivity are controlled by 

different physical mechanisms and should not 

be interpreted as contradictory trends. 

 

  
Figure 10. MSDs for the cation (a) and the anion (b) in pyridinium-based ionic liquids within an NVT 

ensemble at 400 K and 1 atm. 
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To complement the microscopic diffusion 

analysis, we estimated the ionic conductivity 

, , of the studied ionic liquids using the 

Nernst-Einstein equation: 

𝜎 =
𝑒2

𝑉𝑘𝐵𝑇
(𝑁+𝐷+ + 𝑁−𝐷−)                         (7) 

where e is the elementary charge, V is the 

system volume, k
B  is the Boltzmann’s 

constant, T is the absolute temperature, and 

N
  and D

  denote the number and diffusion 

coefficients of cations and anions respectively. 

Based on the data presented in Table 6, the 

, ,  of [RnPy]+Br- ionic liquids at 400 K is 

evidently influenced by the length of the alkyl 

chain of the cation. The initial increase in 

conductivity by increasing the length of alkyl 

chains can be attributed to the enhanced free 

volume and improved ion mobility, facilitating 

more efficient charge transport. However, a 

significant decline in conductivity is observed 

for samples with longer alkyl chains, which is 

primarily due to increased structural cohesion 

and dynamic constraints, particularly through 

the formation of nanoscale aggregates that 

effectively restrict ionic motion. This behavior 

reflects a delicate and complex balance 

between the molecular spatial effects and 

structural organization, playing a decisive role 

in the charge transport mechanisms within 

these complex ionic liquid systems. The 

absence of charge scaling may affect the 

absolute magnitude of transport properties; 

however, since all systems were simulated 

consistently, the comparative trends across the 

homologous series remained reliable. 

 

4. Conclusions 

In this study, [RnPy]+Br- (n ranges from 1 to 5) 

ILs were systematically investigated using 

molecular dynamics simulations, employing a 

OPLS-AA to ensure the accurate 

representation of their structural and 

thermodynamic properties. The length of the 

alkyl chain of cations is a key determinant of 

the properties of ionic liquids. Extended chains 

substantially increase the molar volume and 

attenuate electrostatic interactions, resulting in 

significant alterations to both their structural 

organization and thermodynamic 

characteristics. Minor changes in molar 

volume with temperature indicate the thermal 

stability of these liquids. By increasing 

temperature and the length of chains, 

vaporization enthalpy and cohesive energy 

density decrease, while molar heat capacity 

increases. These findings highlight the critical 

role of the length of alkyl chainsin the 

thermodynamic behavior and thermal stability 

of ionic liquids. 

RDFs were used to investigate the local 

structure of ionic liquids. The calculations 

included the center of ring RDFs for various 

pairs and site–site RDFs. The results showed 

that increasing the length of the alkyl chain of 

cations leads to a more ordered and closer first 

anion shell around the cation. These changes 

indicate the impact of the length of alkyl chains 

on intermolecular interactions and the overall 

liquid structure, which in turn influences the 

thermodynamic and dynamic properties of 

ionic liquids. The results from the RDF 

analyses, alkyl chain aggregation, and 

thermodynamic behavior collectively indicate 

nanosegregation in the ionic liquids, 

characterized by the formation of polar and 

apolar domains.  

The VACF analysis shows that lighter cations, 

such as [MePy]+, have shorter velocity 

relaxation and collision times (~0.15 ps), while 

heavier cations like [PePy]+ exhibit longer 

collision times (~0.2 ps) and slower velocity 

randomization. The cage effect is more 

pronounced and longer-lasting for heavier 

cations (~0.4 ps), while for the bromide anion 

(Br-), it is shorter (~0.3 ps) and less intense, 

indicating greater mobility. These results 
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highlight the importance of the size of ions and 

length of alkyl chains in ionic conductivity, 

and optimizing these factors can improve 

performance in the applications such as energy 

storage and fuel cells. 

The MSD analysis and ion diffusivity show 

that longer alkyl chains accelerate cage escape 

and ion diffusion, but due to the formation of 

self-assembled alkyl chain structures and 

stronger hydrophobic interactions, ion 

mobility decreases. Cation diffusivity initially 

increases and peaks at [BuPy]+, but decreases 

in [PePy]+ due to the restricted movement from 

more stable nanoscale aggregates. Anion 

diffusivity also decreases with the length of 

chains. Optimizing the length of alkyl chains 

can improve transport properties. The onset of 

diffusive behavior and the magnitude of 

diffusivity originate from different dynamical 

regimes and should not be interpreted as 

contradictory trends. 

OPLS-AA serves as a powerful and reliable 

framework for accurately simulating and 

optimizing the thermodynamic properties of 

ionic liquids. It facilitates the rational design of 

ionic liquids with superior ionic conductivity, 

exceptional thermal stability, and optimized 

transport properties, making them ideal for 

applications in energy storage and advanced 

electrochemical systems. This approach lays 

the groundwork for future research into more 

complex systems, driving innovations in 

cutting-edge technologies such as 

supercapacitors and lithium-ion batteries. 
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