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Abstract 

Carbon dots have emerged as promising materials for numerous applications on account of 

carbon’s intrinsic merits of high stability, low cost, and environment-friendliness. They are 

promising materials for biological and biomedical applications, as well as photocatalysis, 

photovoltaics, chiral sensing and optoelectronics. This thesis includes study of the influence 

of temperature, the number of carbon atoms in the chain, the presence of a solvent on the 

behavior and properties of polymer carbon dots such as evaporation and melting temperature, 

radius of gyration, distribution of dihedrals and probability of gauche defects. We also 

verified the effect that different “scaling factors” (an ad hoc parameter in most force fields) 

have in the properties of that system. For this purpose, extensive molecular dynamics (MD) 

computer simulations were performed, containing in total approximately 6 x 109 time steps. It 

was observed that increasing the temperature and/or the presence of methane around the 

cluster increases the internal disorder of the alkane molecules in the cluster. Increasing 

number of carbon atoms in an alkane chain leads to increased evaporation temperature. Two 

opposite behaviors were also noticed depending on the presence of methane in the system. In 

case of systems without methane molecules: the shorter the alkane chains, the more rigid the 

molecules are; in case of systems containing methane molecules: the shorter the chains, the 

more globular the molecules are. 

 

Keywords: Molecular Dynamics, simulation, carbon dots, molecular conformation, radius of 

gyration, evaporation 
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Introduction 

Carbon nanostructures are an important set of systems in materials science due to their 

unique structural, optical and electronic properties and the accessibility of precursor materials 

[1]. The carbon nanostructure list of fullerenes, nanodiamonds, nanotubes, nanographite and 

graphene has recently been updated with three novel structures of carbon dots (CDs): 

graphene quantum dots (GQDs), carbon nanodots (CNDs) and polymer carbon dots (PDs). 

Unlike quantum dots (QDs) based on inorganic semiconductors (e.g., metal chalcogenides 

such as CdSe), CDs have low toxicity, low production costs and high biocompatibility, 

making them a promising substitute for QDs in biological and biomedical applications. 

Moreover, a wide range of useful optical features makes CNDs and PDs attractive for 

photocatalysis, photovoltaics, chiral sensing and optoelectronics [2]. 

CDs have been discovered quite recently [3], however they have become one of the most 

studied classes of nanomaterials. They are a promising material for diagnostic and therapeutic 

applications, particularly in optical and photoacoustic imaging, drug delivery and 

photothermal therapy [4]. CDs are characterized by a very low toxicity compared to 

traditional QDs, nevertheless they have similar advantages in terms of fluorescence, such as 

low photobleaching [5]. Consequently, research in this area has developed very dynamically 

in the last few years, driven by expectations of breakthrough appliances in technological 

fields, e.g., water splitting, light emitting diodes, etc. The surface shell may also be modified 

to contain functional groups, such as carbonyl, carboxylic, amine and amide group, and it can 

have a noteworthy net charge that is recognized by enzymes and significantly changes the 

behavior of CDs in organisms [6].  

Carbon nanostructures have been widely studied theoretically and experimentally with the 

majority of studies concentrating on their optoelectronic properties. However as far as we 

know, there is no comprehensive study of the structural properties of the CDs, for example:  

(i) how they depend on the molecular characteristics of the constituent molecules, (ii) how 

these depend on the presence of solvent molecules, and (iii) how they vary with temperature.  

In this study we have performed extensive computer simulations of these structural properties 

for a family of PDs.  We found that there is a remarkable relationship between the presence of 

a solvent and the internal order of the alkane molecules in the cluster. Additionally, the length 

of the polymer chain (i.e., number of carbon atoms in the alkane) modifies substantially the 

evaporation temperature of the cluster. The presence of a solvent (in this case methane) also 

substantial impact on the structural properties. 
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1. Review of carbon dots research 

1.1 Carbon dots 

1.1.1. Types of carbon dots  
Carbon dots are a new class of fluorescence small carbon nanoparticles with a particle size 

of less than 10 nm. They are characterized by properties such as: 

⎯ good conductivity [7],  

⎯ high chemical stability [8],  

⎯ environmental friendliness [9],  

⎯ broadband optical absorption [8],  

⎯ low toxicity [10],  

⎯ strong photoluminescence emission and optical properties [8],  

⎯ ease to synthesize at large-scale with low cost (compared to QD) [7], 

⎯ great solubility in water and biocompatibility due to the presence of carboxyl moieties 

on the surface [11], 

⎯ surface passivation and chemical modification with several polymeric, inorganic, 

organic or biological materials [7]. 

 

 
Figure 1. Three types of carbon dots: polymer dots (PDs), carbon nanodots (CNDs) and 

graphene quantum dots (GQDs) [7]. 
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CDs were first discovered by Xu et al. in 2004 [12] accidentally while purifying of single-

walled carbon nanotubes. This discovery led to extensive research into the exploitation of the 

fluorescent properties of CDs [13] and in the last decade significant improvements have been 

achieved in the synthesis, features and applications of CDs. Additionally, carbon nano-

crystals have been found to have important application in biomedical fields such as bio-

imaging and optical sensing [14]. Their small size and biocompatibility features allow them to 

be efficiently used as drug delivery carriers and their rare catalytic and physicochemical 

properties allow application in several biomedical fields [15].  

Graphene quantum dots (GDs) and carbon nanodots (CNDs) (Figure 1) are two types of 

quantum dots that have interesting fluorescence properties. They form a new class of 

semiconductor nanocrystals with a size from 2 to 10 nm, called quantum dots (QDs), and are 

of great interest for their enormous potential of highly tunable photoluminescence (PL) [16]. 

Recently, this type of QDs has proven to be efficient and universal fluorophores [17]. In order 

to improve their photocatalytic properties, CDs were combined with semiconductor 

nanoparticles such as TiO2 and SiO2 for design and synthesize novel photocatalysts which 

find application in for photo-assisted catalytic reactions [18]. 

The distance between the CDs layers is approximately 0.34 nm, which corresponds to 

(002) spacing of the crystalline graphite [7]. CNDs are quasi-spherical particles with a 

multilayer graphene structure and sizes typically 2-3 nm in all dimensions (below 10 nm). 

GDs are the similar systems to CNDs, consisting of several layers of graphene up to 100 nm 

in size. CNDs and GDs can be modified in the core structure by partial substitution of carbon 

with other elements (i.e., nitrogen, sulfur or boron doping) or by surface functionalisation [6]. 

PDs are cross-linked or aggregated polymers, made from a linear monomer or polymer. PDs 

consist of aggregation of the carbon core and connected polymer chains. The structures of the 

carbon-based quantum dots affect their different properties. Multiple carboxyl groups on the 

CDs surface provide exceptional biocompatibility and water solubility. CDs are also suitable 

for surface passivation and chemical modification with polymeric, biological, organic or 

inorganic materials [19]. The physical and fluorescence properties of CDs are improved by 

passivation of the surface. CDs maintain such properties as good photochemical stability, 

chemical composition and conductivity [7]. 

 

1.1.2. Synthesis methods 
The chemical structures of CDs vary depending on several synthesis methods. The 

methods are divided into two paths: "top-down" and "bottom-up" (Figure 2). They can be 

carried out as a physical, chemical or electrochemical method. The synthesized CDs can be 

optimized during preparation or post-treatment. This modification provides good surface 

properties which are critical for solubility and specified applications. Table 1 summarizes the 

various synthetic methods for preparing CDs [7]. 
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Figure 2. Schematic methods of CDs synthesis [7]. In the top-down method CDs are formed 

by cutting larger carbon structure materials using, e.g., arc discharge, laser ablation, 

electrochemical synthesis, nanometer etching and hydrothermal/solvothermal/special 

oxidation cleavage. The bottom-up method includes, e.g., combustion, pyrolyzation, 

hydrothermal, solvothermal and microwave assistant pyrolysis, in which CDs are usually 

synthesized by molecular or/and polymeric precursors [20]. 

 

In bottom-up methods, CDs are synthesized mainly in the processes of dehydration and 

carbonization. There are few methods used for dehydration and carbonization processes, 

including hydrothermal, micro-reactor carbonization, microwave-hydrothermal, and plasma-

hydrothermal. These methods allow supreme control of the properties of the final product [7]. 

Hydrothermal is an convenient, economic and environment-friendly synthesis method. It is, 

thus, used often for preparation of CDs from raw materials, such as natural products [21], 

polymer [22] and small molecules [23], etc. 
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Table 1. Characteristics of various synthetic methods of QDs preparation [7]. 

 

Synthesis 

technique 
Size range/color 

Quantum yield 

(QY) 

Photoluminescence 

transformation 
Range Advantages Disadvantages 

Chemical ablation Thickness:  

2–3 nm  

Up to 4.34% 

- - 

Availability, 

many different 

sources 

Harsh conditions, 

multiple-steps, 

weak control over 

sizes, drastic 

processes 

Electrochemical 

carbonization 

Monodisperse with an 

uniform diameter: 

ca. 3–5 nm,  

green luminescence 

25.6% Stability in water for 

several months  

The topographic 

heights:  

1 – 2 nm; 1–3 

graphene layers 

excited at 450 

nm. 

Controllable, 

stable and one-

step size and 

nanostructure 

Few small molecule 

precursors 

Laser ablation 

- 

4.0% - 10% Improving QY through 

doping with inorganic 

salts (e.g. zinc acetate 

and Na2S or NaOH), in 

which the dopants (e.g. 

ZnS and ZnO) are 

secondary passivating 

agents for the CD; 

Doped C-dots have 

strong PL (QY of 45%); 

the blueluminescent 

bGQDs were obtained 

with almost the same 

dimension and height 

Fast, effective, 

highly tunable 

Low QY, weak 

control over sizes, 

modification 

needed 

Microwave 

irradiation 

Greenish 

yellowluminescent 

gGQDs showed an 

average diameter of 4.5 

nm mostly single 

layered or bilayered 

The PL QYs of 

gGQDs : 11.7%  

bGQDs : 22.9% 

- 

Fast, scalable, 

inexpensive, 

eco-friendly 

Weak control over 

sizes 

Hydrothermal/ 

solvothermal 

treatment 

5–13 nm diameter, 

single layered or 

bilayered 
 

Strong fluorescence 

with PL QY 11.4%;  

dissolvable in water and 

most polar organic 

solvents without 

chemical modifications 

Average 

height: 1.2 nm 

Inexpensive, 

eco-friendly, 

non-toxic 

Weak control over 

sizes 
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1.1.3. Polymer carbon dots 
PDs have similar overall structures of fluorescent nonconjugated polymers and CDs. They 

are a complex hybrid structure consisting mostly of organic polymer chains and sometimes a 

small amount of inorganic carbon core. The carbonization degree is an important factor used 

to assess the structure of PDs, which can be described as CDs with low value of this 

parameter [24]. PDs can also be seen as transition materials between nonconjugated polymer 

and fully carbonized CDs, as it can be seen in Figure 3. The process of condensation and 

cross-linking of the precursor material is relevant for obtaining PDs. The properties of PDs 

are highly variable due to the many possible starting materials, methods of synthesis and 

parameters of reaction. Therefore, it is difficult to clearly define a specific one chemical 

structure of PDs due to the irregular chemical substance constitutions and polydispersity. 

Moreover, some researchers simply described their products as CDs. That is the reason, why 

there are few publications examining the structure of PDs [25].  

 

 
 

Figure 3. Structures of PDs and CDs. The carbonization degree is important to the structure 

of PDs.  PDs normally have low carbonization degree and represent a transition material 

between nonconjugated polymer and fully carbonized CDs [25]. 

 

For example, one PD model has been synthesized from hydrothermal treatment of citric 

acid and ethylenediamine [26]; the resultant PD product was considered as a mixture of small 

molecules, oligomers, polymer clusters and carbon cores. By changing the temperature of the 

hydrothermal process, different end-product structures could be obtained: 

⎯ 150°C – low molecular weight, 

⎯ 200°C – polymer cluster, 

⎯ 300°C – high carbonization degree. 

PDs or polymer-like CDs were an important transition complex for the synthesis of 

carbonized CDs from low molecular weight precursors, as shown in Figure 4. During their 

experiment, Huang et al. synthesized graphene oxide quantum dots by pyrolysis of citric acid 

and diethylenetriamine at 290°C and PDs at 100°C [26]. 
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Figure 4. Structures of CDs obtained by Huang et al. [26]. Depending on the treatment 

process two different families of CDs could be obtained, polymer-like quantum dots (PQD) or 

graphene oxide quantum dots (GOQD) [27]. 

 

The most popular way to prepare PDs is hydrothermal (see Section 1.1.2) and microwave 

assisted condensation of monomers with multiple carboxyl, hydroxyl or amine groups, such 

as citric acid, glucose, and amino acid [28]. PDs can be produced with a high yield (60%) 

with the use of the hydrothermal method [28]. As an example, the synthesis of PDs from the 

hydrothermal treatment of glucose and glycine by Lai et al. [29] can be mentioned. The PDs 

product showed a bright blue emission with a quantum yield equals to 13.8% and low 

carbonization degree. Another example includes the preparation of phenol formaldehyde 

resin-based PDs from the hydrothermal reaction of monomers by Zhang et al. [30]. The 

product had a polymer structure and a low carbonization degree. Microwave assisted 

condensation of monomers can produce PDs in a very short time (few minutes): Wang et al. 

[31] obtained PDs using this method and various carbohydrates, such as glycerol, glycol, 

glucose, sucrose. In this process, new C=O and C=C bonds were formed in the PDs structure 

with many residual hydroxyl groups. These PDs turned out to be stable in physiological and 

pathological pH from 4.5 to 9.5 and did not show photobleaching, which makes them 

adequate for cell imaging applications [25]. 
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1.1.4. Properties of polymer carbon dots 
The photoluminescence of CDs mostly comes from the defect/surface state and subdomain 

state within the graphitic carbon core without quantum confinement effect of the particle size. 

In the carbon core, four subclasses can be distinguished [20]: 

⎯ two kinds of completely carbonization cores, 

⎯ a paracrystalline carbon structure composed of tiny carbon clusters surrounded by 

polymer frames, 

⎯ a highly dehydrated crosslinking, 

⎯ close-knit polymer frame structure. 

 In case of PDs, the photoluminescence comes from the surface state, subdomain state, 

molecular state, and crosslink enhanced emission (CEE) effect, shown in Figure 5. Mainly, 

the molecular state and CEE effect contribute the prevalent optical property. The other types 

of CDs do not have these photoluminescence mechanism and features [20]. 

 

 
Figure 5. CEE effect with specific crosslinking forms [20]. 

 

PDs photoluminescence is one of their most interesting properties. Most reported PDs have 

strong blue and green emission and their excitation-dependent emission comes from different 

fluorescence centers and their various energy levels [32,33]. PDs nanoparticles contain 

numerous fluorophores as a fluorescent cocktail, which leads to a wide composition and 

spectrum distribution and the photoluminescence depends markedly on the chemical 

environment which can affect it i.e., by shifting the emission wavelength due to different 

polarity. Various photoluminescence states in PDs cause excitation-dependent emission, 

which has been used to modify the photoluminescent color by thickness- or concentration-

dependent methods in film or solution. Full width at half maximum (FWHM) of the PDs is 

typically larger than semiconductor quantum dots and can be assigned to the polydispersity of 

fluorescence centers [34]. The emission with a wide wavelength range and a large FWHM is 

caused by the appearance of multiple energy level transitions from polydisperse fluorescence 

centers. Thanks to a special photoluminescence mechanism (for example molecular state 

emission, crosslink enhanced emission effect and the surface state emission from the surface 

passivation of the polymer/carbon hybrid structure), PDs have higher quantum yield than fully 

carbonized CDs [20]. 

The mechanism of CDs photoluminescence is, so far, unclear, and four mechanisms of 

photoluminescence have been accepted:  
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⎯ carbon core state luminescence from conjugated π-domain with quantum confinement 

effect [35],  

⎯ surface state luminescence from the interaction of surface groups and carbon core 

[36],  

⎯ molecular state luminescence from the specific molecular structure that is similar with 

organic luminescent molecules [37],  

⎯ crosslink enhanced emission effect [38]. 

These photoluminescence mechanisms were used to explain the luminescence of different 

types of CDs and they must be analyzed and combined with the newest PDs research to 

demonstrate a reasonable PDs photoluminescence mechanism.  

Importantly, as is well-known from the physics of semiconductor devices [39], there is a 

very strong connection between the electronic/optic properties of the material and its structure 

and morphology; i.e., function from structure. This was first observed in CDs in 2006 [40]. 

Surface states in semiconductors are often classified as intrinsic and extrinsic surface states. 

Internal surface states are the electronic states that cause termination of the elemental lattice at 

the semiconductor/vacuum interface. Intrinsic surface states are computationally modeled as 

Shockley or Tamm states [39]. The Shockley surface states are modeled using the "nearly-free 

electron" model and can be used accurately for narrow gap semiconductors (bandgap around 

1-2 eV). Tamm states are modeled using a "tight bound" approach and are expressed as linear 

combination of atomic orbitals (LCAO). These states are valuable for semiconductors with 

wide gaps (2-4 eV bandgap) [41]. Extrinsic surface states in semiconductors can result from 

defects in the lattice at a surface, adsorbates to the semiconductor and at the interfaces 

between two materials. Moreover, these surface states are often unique to a particular system, 

depending on the atoms present and the structure and the defects of this structure [42].  

In 2015, Ding et al. [43] produced CDs with p-phenylenediamine and urea and different 

fractions were separated by column chromatography. They found the wavelength PL 

increased with increasing degree of oxidation. They attribute PL of CDs to conjugate sp2 

carbons on the surface of CDs. Their bandgap can be reduced by the degree of oxidation of 

surface defects [44]. The luminescence of the carbon core may come from intrinsic emission 

of a carbon core with graphite structure and the bandgap may depend on the carbon core size 

[35]. Additionally, the surface state luminescence is an essential source of fluorescence for 

PDs due to the specific polymer/carbon hybrid structure of a carbon core, which surface is 

covered with polymer chains. The optical properties of PDs can be changed because of the 

passivation of surface defect sites and formation of surface energy level [64]. Increased 

fluorescence can be achieved through the passivation of surface defect sites, that reduces the 

quenching of the exciton caused by the surface trap. The photoluminescence of surface state 

could also be modified by adjustment the surface chemical structures to change the surface 

energy level, what is shown in Figure 6 [20]. 
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Figure 6. The tunable photoluminescence of CPDs by changing the surface state with 

different degrees of surface oxidation [20]. 

 

1.1.5. Structure-function relation and overview of this 

thesis 
As stated in Section 1.1.4, the structure and morphology of a PD has an important effect in 

its optoelectronic properties.  To the best of our knowledge, no comprehensive studies exist 

about what the actual structures of PDs are in various physicochemical environments. In this 

view, this thesis seeks to explore what structures a set of simple PDs take under changing 

conditions like the length of the polymer chain, variations in the internal rigidity, presence of 

solvents, and temperature. A description of the basic theory of on which our calculations are 

based is presented in Section 1.2, the methodology in Section 2, and the results are discussed 

in Section 3. 

 

1.2. Molecular dynamics simulations 

1.2.1. Theory of MD simulations 
The very first set of Molecular dynamics (MD) simulations was performed in 1956 for a 

very simple case: “hard spheres” with elastic collisions (i.e., ballistic motion, with geometric 

collisions with energy and momentum conservation [46]. By the late 1950’s and during the 

1960’s the method then was further developed to perform the first “realistic” treatment of a 
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system with dynamics (i.e., the resolution of Newton’s laws of motion) for a system with on 

the order of a few tens of particles (e.g., a vdW model for Argon. In the following decades it 

has been expanded from simulating several tens to hundred atoms to systems of biological 

significance, including whole proteins in solution with clear representations of solvents, 

membrane embedded proteins, or large macromolecular complexes such as nucleosomes or 

ribosomes. Simulations of systems that contain from ~50,000 to ~100,000 atoms are usual 

today, and simulations of around 500,000 atoms are universal when the proper computing 

equipment is accessible. This significant development is largely a result of the use of High-

Performance Computing (HPC) and the simplicity of the basic MD algorithm, shown in 

Figure 7. The initial system model comes from experimental structures or comparative 

modeling data. The simulated system can be introduced at various levels of detail. When large 

systems or long simulations are needed, coarse-grained representations are chosen more often 

[47]. For example, in early “United Atom Approximation” MD, groups of atoms (e.g., a 

methylene group) were aggregated into “super atoms” to reduce the number of degrees of 

freedom.  Even today, for biological systems units that represent very large aggregates are 

still employed. However, an atomistic representation is the one that produces the best 

reproduction of running systems and is what is used in this work. Solvent representation is 

another key issue in the system definition since the number of solvent molecules can quickly 

dominate the computational cost. Several approaches have been used, but again the most 

accurate and realistic is the clear representation of the solvent molecules, but in the same time 

it increases the size of the simulated systems and its computational cost. The explicit solvent 

model is able to recover most of the solvation effects of a real solvent, including those from 

entropic origin such as the hydrophobic effect [45]. After building the system, the forces 

acting on each atom are calculated from established force fields, in which the potential energy 

is deduced from the molecular structure through a lengthy fitting to experiment process, ab 

initio calculations, or a combination of the two. Energy and force calculations are very fast, 

even if simulated systems are large, thanks to the simplicity of representation of the force and 

field of molecular features springs for bond length and angles, periodic functions for bond 

rotations and Lennard–Jones potentials, and the Coulomb’s law for van der Waals and 

electrostatic interactions. The force fields used at the present time in atomistic molecular 

simulations vary in the way of parameterization. The parameters are not inevitably 

interchangeable, and not all force fields can represent all types of molecules, but simulations 

using modern force fields are usually coequal [48,49]. After obtaining the forces acting on 

individual atoms, Newton's classical law of motion is used to calculate accelerations and 

velocities and to update the positions of the atoms. Since the integration of the motion is 

numerical, a time step shorter than the fastest movements of the molecule should be used to 

avoid instability. In the case of fully-atomistic simulations, it is usually in the range of 1 to 2 

fs (in this thesis 1 fs was used). A typical microsecond simulation, barely scratching the 

timescale of biological processes, need ~ 109 iterations in this computational cycle. This is 

one of the advantages of coarse-grained strategies: much larger time steps are possible, since 

more simplified representation of the system is used and consequently the effective length of 

the simulation is significantly extended, but  at the expense of the accuracy of the simulation 

ensemble. Algorithmic advances, including fine-tuning of energy calculations, parallelization 
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or the use of graphical processing units (GPUs), have significantly improved MD simulation 

performance [50]. 

 
Figure 7. Molecular Dynamics algorithm. Abbreviations: Epot, potential energy; t, simulation 

time; dt, iteration time; For each spatial coordinate of the N simulated atoms (i): x, atom 

coordinate; F, forces component; a, acceleration; m, atom mass; v, velocity [50]. 

 

 

The current generation of computers uses parallelism and accelerators to make the process 

significantly faster. The most popular simulation codes (AMBER [51], NAMD [52], 

GROMACS [53] or CHARMM [54]) have been compatible with the Messaging Passing 

Interface (MPI) for a long time. MPI can significantly reduce computation time, if a large 

number of computer cores can be used simultaneously. To take advantage of the local 

interaction site, the overall strategy is to distribute the simulation system between processors, 

dubbed spatial distribution. The most effective partition is based in their position in space. 

Each processor deals with a volume of space, no matter which molecules are there. 

Communication between processors is limited because only simulating adjacent regions need 

to share information. The use of accelerators, especially GPU, is considered as huge 

breakthrough in simulation codes. GPUs designed to support computer graphics and games, 

have evolved into universal, fully programmable, high-performance processors and represent 

a significant technical advance in atomistic MD. Simulation on only GPU or GPU in 

conjunction with MPI is now the standard strategy for high performance MD simulations. 

Interestingly, while simulations are the most popular use of HPC in life sciences, the 

increasing power of GPUs has led to larger use of personal workstations with similar 

performance at a much reduced cost [50]. 

An ensemble is a collection of all possible systems that have different microscopic states 

but have an identical macroscopic or thermodynamic state. There are different ensembles with 

different characteristics [55]: 
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⎯ Microcanonical ensemble (NVE): corresponds to an isolated system, 

⎯ Canonical Ensemble (NVT): corresponds to a closed system in thermal contact with a 

heat bath, 

⎯ Isobaric-Isothermal Ensemble (NPT), 

⎯ Grand Canonical Ensemble (VT), 

Where N is the number of atoms (fixed, except when  is specified), V is the system 

volume, E a fixed system total energy, T the system’s temperature, P the externally imposed 

pressure and  – the chemical potential set through a virtual reservoir. 

In this thesis the NVT canonical ensemble was used. In reality, the equations that MD 

solves are consistent with the micocanonical NVE ensemble, since Newton’s laws with 

conservative potentials should conserve energy if the algorithm solves them correctly. 

However, by the use of an ad hoc thermostat, one can achieve NVT ensemble from NVE. This 

thermostat is introduced to periodically adjust the temperature of a system. A variety of 

thermostat methods are available to add and remove energy from the MD system in a 

(hopefully) realistic way, thus approximating the canonical ensemble. Common techniques to 

control temperature include the Anderson thermostat, Berendsen thermostat, Nosé-Hoover 

thermostat, and Langevin (stochastic) thermostat. In addition to fixing the temperature, the 

addition of the thermostat ensures that the average temperature of a system be the desired one 

[56]. In this thesis, the thermostat used was a Gaussian thermostat, i.e., a velocity-rescaling 

was performed at some intervals to keep the kinetic energy in agreement with the 

equipartition theorem (i.e., kinetic energy = kBT/2 per degree of freedom, where kB is 

Boltzmann’s consntant). 

1.2.2. Classical Mechanics 
The molecular dynamics simulation method is based on Newton's second law or the 

equation of motion, F = ma, where F is the force acting on the particle, m is its mass, and a is 

the acceleration. Based on the knowledge of the force acting on each atom, the acceleration of 

each atom in the system can be determined. Integrating the equations of motion then yields a 

trajectory that describes the positions, velocities, and accelerations of the particles as they 

vary over time. Based on this trajectory, the average values of properties can be calculated. 

This is a deterministic method, which means that once the positions and velocities of each 

atom are known, the state of the system can be predicted at any point in the future or in the 

past [55]. 

 Newton’s equation of motion is given by: 

𝐅𝑖 = 𝑚𝑖𝐚𝑖 , 

where Fi is the force exerted on particle i, mi is the mass of particle i and ai is the acceleration 

of particle i. The force can also be expressed as the gradient of the potential energy: 

𝐅𝑖 = −𝛁𝑖𝑉. 

Combining these two equations yields: 

−
𝑑𝑉

𝑑𝐫𝑖
= 𝑚𝑖

𝑑2𝐫𝑖

𝑑𝑡2
, 
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where V is the potential energy of the system. Newton’s equation of motion can then relate the 

derivative of the potential energy to the changes in position as a function of time. 

A simple application of Newton’s Second Law of motion: 

𝐅 = 𝑚𝐚 = 𝑚
𝑑𝐯

𝑑𝑡
= 𝑚

𝑑2𝐱

𝑑𝑡2
. 

Taking the simple case where the acceleration is constant: 

𝐚 =
𝑑𝐯

𝑑𝑡
 

we obtain an expression for the velocity after integration: 

𝐯 = 𝐚𝑡 + 𝐯0 

and since: 

𝐯 =
𝑑𝐱

𝑑𝑡
 

we can once again integrate to obtain: 

𝐱 = 𝐯𝑡 + 𝐱𝟎. 

Combining this equation with the expression for the velocity, we obtain the following 

relation which gives the value of x at time t as a function of the acceleration a, the initial 

position, x0 , and the initial velocity, v0: 

𝐱 =
1

2
𝐚𝑡2 + 𝐯0𝑡 + 𝐱0. 

 The acceleration is given as the derivative of the potential energy with respect to the 

position r: 

𝐚 = −
1

𝑚

𝑑𝐸

𝑑𝐱
. 

 Therefore, to calculate a trajectory, one only needs the initial positions of the atoms, an 

initial distribution of velocities and the acceleration, which is determined by the gradient of 

the potential energy function from the force field. The equations of motion are deterministic, 

e.g., the positions and the velocities at time zero determine the positions and velocities at all 

other times, t. The initial positions can be obtained from experimental structures, such as the 

X-ray crystal structure of the protein or the solution structure determined by NMR 

spectroscopy. 

The initial distribution of velocities is usually determined from a random distribution with 

the magnitudes conforming to the required temperature and corrected so there is no overall 

momentum, i.e.: 

𝐏 = ∑ 𝑚𝑖𝐯𝑖 = 0

𝑁

𝑖=1

. 

The velocities vi are often chosen randomly from a Maxwell-Boltzmann or Gaussian 

distribution at a given temperature, which gives the probability that an atom i has a velocity 

vx in the x direction at a temperature T: 

𝑝(𝑣𝑖,𝑥) = (
𝑚𝑖

2𝜋𝑘𝐵𝑇
)

1/2

exp [−
1

2

𝑚𝑖𝑣𝑖,𝑥
2

𝑘𝐵𝑇
]. 

The temperature can be calculated from the velocities using the relation: 
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𝑇 =
1

(3𝑁)
∑

|𝑝𝑖
2|

2𝑚𝑖
,

𝑁

𝑖=1

 

where N is the number of atoms in the system [55].  

As mentioned earlier (Section 1.2.1) we use the “velocity rescaling” thermostat which 

periodically scales the particles’ velocities/momenta to satisfy the equipartition theorem (last 

equation). This method is actually one of the first methods [57] proposed to keep the 

temperature a fixed value during a simulation without allowing fluctuations of T. In this 

method, the velocities are scaled according to :  

𝑝𝑖 → √
𝑇0

𝑇
𝑝𝑖, 

where T0 is the desired temperature, and T the actual temperature calculated from the velocity 

of the particles. However, a drawback for the velocity-rescaling is that this method leads to 

discontinuities in the momentum part of the phase space trajectory due to the rescaling 

procedure at each time step [56]. 

 

1.2.3. Integration algorithms 
The potential energy is a function of the atomic positions (3N) of all the atoms in the 

system. Due to the complicated nature of this function, there is no analytical solution to the 

equations of motion; they must be solved numerically [55]. 

Numerous numerical algorithms have been developed for integrating the equations of 

motion. There are several different algorithms [55], for example: 

⎯ Verlet algorithm, 

⎯ Leap-frog algorithm, 

⎯ Velocity Verlet, 

⎯ Beeman’s algorithm. 

In choosing which algorithm to use, one should consider the following criteria [55]: 

⎯ The algorithm should conserve energy and momentum. 

⎯ It should be computationally efficient 

⎯ It should permit the longest possible time step for integration to reduce 

computational cost. 

All the integration algorithms assume the positions, velocities and accelerations can be 

approximated by a Taylor series expansion: 

𝐱(𝑡 + 𝛿𝑡) = 𝐱(𝑡) + 𝐯(𝑡)𝛿𝑡 +
1

2
𝐚(𝑡)𝛿𝑡2 + ⋯ 

𝐯(𝑡 + 𝛿𝑡) = 𝐯(𝑡) + 𝐚(𝑡)𝛿𝑡 +
1

2
𝐛(𝑡)𝛿𝑡2 + ⋯ 

𝐚(𝑡 + 𝛿𝑡) = 𝐚(𝑡) + 𝐛(𝑡)𝛿𝑡 + ⋯ 

https://embnet.vital-it.ch/MD_tutorial/pages/MD.Part1.html#Verlet
https://embnet.vital-it.ch/MD_tutorial/pages/MD.Part1.html#Leap-frog
https://embnet.vital-it.ch/MD_tutorial/pages/MD.Part1.html#Velocity%20Verlet
https://embnet.vital-it.ch/MD_tutorial/pages/MD.Part1.html#Beerman
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1.2.4. Velocity Verlet integration method 
The velocity Verlet integration method is used to advance the positions and velocities of 

the atoms in time [58]. It is used in NAMD – a parallel, object-oriented molecular dynamics 

code designed for high-performance simulation of large biomolecular systems [59]. This 

algorithm calculates positions, velocities and accelerations (forces) at the same step without 

compromising the precision and is shown in Figure 8. Basic relations of velocity Verlet 

method: 

𝐱(𝑡 + 𝛿𝑡) = 𝐱(𝑡) + 𝐯(𝑡)𝛿𝑡 +
1

2𝑚
𝐅(𝑡)𝛿𝑡2, 

𝐯(𝑡 + 𝛿𝑡) = 𝐯(𝑡) +
1

2𝑚
[𝐅(𝑡) + 𝐅(𝑡 + 𝛿𝑡)]𝛿𝑡. 

 

The algorithm is implemented in three stages: 

⎯ Calculate the new positions using v(t) and F(t): 

𝐱(𝑡 + 𝛿𝑡) = 𝐱(𝑡) + 𝐯(𝑡)𝛿𝑡 +
1

2𝑚
𝐅(𝑡)𝛿𝑡 

⎯ Calculate the velocities at t + δt/2: 

𝐯 (𝑡 +
1

2
𝛿𝑡) = 𝐯(𝑡) +

𝐅(𝑡)

2𝑚
𝛿𝑡 

⎯ Calculate the forces at t + δt: 

𝐅(𝑡 + 𝛿𝑡) = [𝐯 (𝑡 +
1

2
𝛿𝑡) − 𝐯(𝑡)]

2𝑚

𝛿𝑡
− 𝐅(𝑡) 

⎯ Calculate the velocities at t + δt: 

𝐯(𝑡 + 𝛿𝑡) = 𝐯 (𝑡 +
1

2
𝛿𝑡) +

𝐅(𝑡 + 𝛿𝑡)

2𝑚
𝛿(𝑡) 
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Figure 8. Schematic of the velocity Verlet algorithm [60]. 

The time symmetry inherent in the method reduces the level of errors introduced into the 

integration by calculating the position at the next time step. The error is quantified by 

inserting the exact values 𝐱(𝑡𝑛−1), 𝐱(𝑡𝑛), 𝐱(𝑡𝑘+𝑛) into the iteration and computing the Taylor 

expansions at time t = tn of the position vector 𝐱(𝑡 ± ∆𝑡) in different time directions [61].  

𝐱(𝑡 + ∆𝑡) = 𝐱(𝑡) + 𝐯(𝑡)∆𝑡 +
𝐚(𝑡)∆𝑡2

2
+

𝐛(𝑡)∆𝑡3

6
+ 𝑂(∆𝑡4), 

𝐱(𝑡 − ∆𝑡) = 𝐱(𝑡) − 𝐯(𝑡)∆𝑡 +
𝐚(𝑡)∆𝑡2

2
−

𝐛(𝑡)∆𝑡3

6
+ 𝑂(∆𝑡4), 

where 𝐛 is the third derivative of the position with respect to the time. Adding these two 

expansions gives : 

𝐱(𝑡 + ∆𝑡) = 2𝐱(𝑡) − 𝐱(𝑡 − ∆𝑡) + 𝐚(𝑡)∆𝑡2 + 𝑂(∆𝑡4). 

The local error in position of the Verlet integrator is of the order 𝑂(∆𝑡4) as described above, 

and the local error in velocity is 𝑂(∆𝑡2). The global error in position is 𝑂(∆𝑡2) and the global 

error in velocity is 𝑂(∆𝑡2). These can be derived by noting the following :  

error(𝐱(𝑡0 + ∆𝑡)) =  𝑂(∆𝑡4). 

And after transformations, the global (cumulative) error over a constant interval of time is 

given by [61]:  

error(𝐱(𝑡0 + 𝑇)) =  𝑂(∆𝑡2). 
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2. Methodology 

2.1. Interaction potentials 
In the calculations performed in this thesis, the CHARMM force field [62] was employed.  

The interaction potentials can be classified in terms of bonded (i.e., intramolecular forces 

between atoms that share a chemical bond) and non-bonded (generally for intermolecular 

forces, but also for some intramolecular forces as well): 

 

𝑈(𝐫) = ∑ 𝑈bonded(𝐱) + ∑ 𝑈nonbonded(𝐱). 

 

Within the bonded terms, the interactions are generally classified as: (i) the two-body 

stretch (bond), (ii) the three-body bend (angle), and (iii) the four-body torsion (dihedral). The 

bonded potential parameters used in the simulations are given in Table 2. Non-bonded 

interactions include (i) the electrostatic interaction between partial atomic charges, and (ii) 

two-body atom-atom Lennard-Jones interactions. The nonbonded potential parameters are 

given in Table 3. The vdW interaction was scaled for atoms 1-4 by either the commonly used 

scaling factor SF = 0.4, or the finely tuned scaling factors of Figure 12 and Reference 62. All 

interactions both bonded and nonbonded existing in simulated systems are depicted in 

Table 4.  
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Table 2. Bonded potential parameters used in the simulations. In these tables, the atoms are 

denoted as follows: CA = aromatic carbons (not used in this thesis), C2 = carbon in methylene 

group, C3 = carbon in methyl group, C4 = carbon in methane, H hydrogens in alkanes. [63] 

 

 

 
 

Table 3. Nonbonded potential parameters used in the simulations. Atoms are denoted as in 

Table 2. 
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Table 4. All particle-particle interaction and their representation. 

Interaction Representation 

Bond 

 

 
 

Angle 

 

 
 

Dihedral 

 

 

 

Nonbonded – LJ potential 

 

 

Nonbonded - Coulomb 

 

 
 



25 
 
 

 

2.2. Numerical procedures 
In this Master Thesis, simulations were performed using molecular dynamics method 

(Figure 9) within the NAMD2 code [59] on Linux machine. NAMD2 is a parallelized MD 

simulation package which has been carefully and thoughtfully developed and validated for 

different systems such as nucleic acids and lipid bilayers [64]. The applied interaction model 

uses the CHARMM22 force field format and parameters [62]. In order to propagate the 

system using a force field, there are three typical stages: 

⎯ Minimization, 

⎯ Equilibration, 

⎯ Dynamics (production runs). 

 

 

Figure 9. Molecular dynamics method approach (schematic) [50]. 

 

1–4 interaction scaling factors are used in CHARM/AMBER forcefields to reduce the 

exaggeration of short-range repulsion caused by the 6–12 Lennard-Jones potential and a 

nonpolarizable charge model and to obtain better agreements of small-molecule 

conformational energies with experimental data [65]. Nonbonded interactions, involving 

atoms separated by three covalent bonds, do have nonbonded contributions as well as their 

spatial relationship being influenced by the internal terms, including the dihedral term. 

However, different biomolecular force fields treat the 1,4 nonbond interactions differently. 
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This is important as the 1,4 interactions contribute to the conformational energies, influencing 

both the relative energies of minima and the barriers betweens those minima. The change of 

the form of the potential energy function via alterations of the scaling factors improves the 

ability of the models to treat carbohydrates [66]. 

 

Periodic boundary conditions (PBC) are a set of boundary conditions which are often 

chosen for approximating a large (infinite) system by using a small part called a unit cell. 

PBCs are often used in computer simulations and mathematical models. The large systems 

approximated by PBC consist of an infinite number of unit cells. In computer simulations, one 

of these is the original simulation box, and others are copies called images. During the 

simulation, only the properties of the original simulation box need to be recorded and 

propagated. Three-dimensional PBCs are useful for approximating the behavior of macro-

scale systems of gases, liquids, and solids [67]. The rationale is that by creating these copies 

the system effectively has no boundary or surface, therefore a small simulation cell may 

represent an essentially macroscopic system. In this thesis, PBCs were implemented in all 

directions - (x,y,z) - with the lengths (100Å, 100Å, 100Å) in each direction. It is important 

that the size of the simulation cell needs to be sufficiently large so that an atom cannot interact 

with its own image in a nearby cell.  In the simulations presented here the interactions were 

cut-off at distances > 12 Å so 100Å is more than adequate. The simulation box is shown in 

Figure 10. 

 

 
 

Figure 10. Simulation box in the simulations presented here. 

 

The system simulated in this numerical experiment contains a single cluster of 7 alkane 

chains placed next to each other in the simulation box, as shown in Figure 11. 18 different 

systems were simulated that which vary as follows: 

https://en.wikipedia.org/wiki/Boundary_condition
https://en.wikipedia.org/wiki/Computer_simulation
https://en.wikipedia.org/wiki/Mathematical_model
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⎯ the numer of carbon atoms in the chain: n = 8, 12,16, 20, 24, 

⎯ different scaling factor, 

⎯ presence and absence of a solvent represented by 100 methane molecules 

introduced into the system. 

 

 
 

Figure 11. Initial configuration of an n-hexadecane (C16) cluster with the presence of 

methane and scaling factor SF = 0.55 at T = 100K. Top panel: system is shown in PBC 

simulation box with methane particles. Bottom panel: a closer look at the alkane cluster. 
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Each cluster was calculated at specific temperatures in the range 100–550 K. An example 

cluster is shown in Figure 11. The clusters were simulated using the generally assumed 

scaling factor SF = 0.4, and then the clusters were simulated again using the optimal scaling 

factor dependent on the number of carbon atoms in the alkane backbone as shown in Figure 

12 [62]. The purpose of the simulation was to study the influence of temperature, the number 

of carbon atoms in the chain, the presence of methane and the scaling factor on the behavior 

and properties of PDs such as evaporation and melting temperature, radius of gyration (Figure 

13), distribution of dihedrals and probability of gauche defect (Figure 14). 

 

 

 
Figure 12. Optimal scaling factor as a function of the number of carbons in the alkane 

backbone [62]. 

 

Here is a short description of the quantities that are calculated in the numerical experiments 

and used to characterize the state of the systems:: 

⎯ Radius of gyration (Rgyr) –  the radial distance to a point which would have a moment 

of inertia the same as the body's actual distribution of mass, if the total mass of the 

body were concentrated, shown in Figure 13. It is calculated from the system’s mass 

distribution as: 

𝑅𝑔𝑦𝑟 = √
∑ 𝑚𝑖𝑟𝑖

2

∑ 𝑚𝑖
. 

⎯ Evaporation temperature (Tevaporation) – breakdown temperature of a cluster.  This 

can be determined visually from direct observations of the simulations.  However, in a 
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more systematic way, we characterized the evaporation temperature by a sharp 

increase in the cluster’s Rgyr. 

⎯ Probability of gauche defects (Pgauche) – probability that dihedral angles of ±60° 

occur in molecule configuration, shown in Figure 14. These are higher configurational 

energy states, and correspond to a more globular molecular shape, vs. a straighter 

configuration in the trans state (Figure 14a). 

⎯ Melting temperature (Tmelting) – the temperature at which the molecules become 

globular, determined from a sharp increase in the gauche defect probability Pgauche. 

 

 

 
Figure 13. Schematic representation of radius of gyration. 

 

   
 

Figure 14. Left panel: trans configuration of a butane molecule. Right panel: gauche 

configuration. 

 

The simulation required a time step of 1 femtosecond, since motion present in the system 

of flexible molecules included such types as translation, rotation, torsion and vibration. The 
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number of steps ran during the simulations were between 106 and 10 x 106. Thermodynamic 

averages were taken over the last 1–8 x 106 time steps, after equilibration was finished (Figure 

15). In total, approximately 6 x 109 time steps were taken to carry out all the simulations in 

this experiment. The number of steps depends on the equilibration time of a given system.  

After the simulation was completed, the results were obtained, among others, in the form 

of DCD trajectory files. In order to visualize the results via VMD program, Protein Structure 

Files (PSFs) were added to provide detailed information about bonds, charges, etc. VMD is a 

molecular visualization program for displaying, animating, and analyzing large biomolecular 

systems using 3-D graphics and built-in scripting [68]. Other files needed for the simulation 

process are shown in the Figure 16. 

 

 
Figure 15. Various components of the configuration energy of a cluster of decane (C20) with 

SF = 0.4 and 100 methane molecules at T = 400 K. The various energies indicate a complete 

equilibration of the system by the ~12 x 106 time step of 1 fs (12 ns). For this system, 

thermodynamic averages were computed on the last 5 x 106 time steps (5 ns). 
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Figure 16. Files needed to run a simulation with NAMD [60]. 



32 
 
 

3. Results and discussion 

3.1. Evaporation of clusters 
 

In Figure 17 two representative snapshots of a cluster of 7 molecules of n-icosane (C20) in 

presence of 100 methane molecules are compared. As it can be seen, at the low temperature T 

= 100 K, the alkane chains in the cluster are very straight and the cluster is cohesive. 

Additionally, a large number of methane molecules are adsorbed on the cluster, with the 

remaining molecules forming a low-density gas phase. The T = 430 K snapshot shows the 

cluster already “evaporated”, i.e., the constituent molecules dispersed singly or in mini-

clusters throughout the simulation cell. In fact, above this temperature, the cluster completely 

breaks apart. We observe similar behavior for all clusters (from octane C8 to n-tetracosane 

C24) both with and without the presence of the solvent gas, and for all values of the scaling 

factor SF. We denote the temperature at which the clusters break apart the evaporation 

temperature. 

 

 
100 K 430 K – evaporation T 

  
 

Figure 17. The n-icosane C20 SF = 0.4 cluster with 100 methane molecules at 100 K and 

430 K. 
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3.2. Corroboration of computational methods 

and force fields: phase behavior of methane 

molecules 
 

An important checkpoint for our simulations is to see if the behavior of the system matches 

available empirical evidence.  Figure 18 shows typical, post-equilibration, snapshots of an 

octane (C8) cluster with 100 added methane molecules at T = 100 and 150 K.  At 100 K the 

octane cluster is too small to adsorb a large portion of the methane compared to larger clusters 

(see Figure 17) and the density of free methane remains relatively high and forms small 

droplets of liquid methane. No droplets of methane are seen at 140 K. The isochoric equation 

of state diagram of methane for Dsystem = 0.16606 mol/l shows that below 116.69 K the system 

could condense into a liquid. At 100 K, the adsorption over the C8 cluster slightly reduces the 

density but leaves enough methane molecules to form liquid droplets.  At 150 K no droplets 

are seen, consistent with the fact that methane cannot be a liquid above 116.69 K under these 

conditions.  For larger clusters (Figure 17) the substantial adorption of methane on the cluster 

reduces the density of free methane to the point that no droplets are seen either. These results 

corroborate the force field and computational methods utilized in the simulations of this 

thesis. 

  



34 
 
 

 
 

Figure 18. Snapshots of octane C8 cluster with methane, SF = 0.4 at 100 K and 150 K, frame 

10000, located on the isochoric equation of state diagram of methane for Dsystem = 0.16606 

mol/l, that shows the phase transition of the system at 116.69 K [69]. 

 

 

3.3. Cluster formation and braking: van der 

Waals energy diagram analysis 
 

 

In many of the simulations performed, we have observed that when the temperature is 

close to evaporation there are short periods in which the cluster may break apart briefly.  

Figure 19 shows the analysis of one such event for a cluster of 7 n-icosane (C20) + 100 

methane molecules at 400 K. This event was identified from the inverted-U segment in the 

vdW vs. time energy diagram (Figure 19). Snapshots of the system taken just before or after 
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the brief increase in vdW energy show intact clusters; but there is a period in which the cluster 

was broken by a thermal fluctuation which (center snapshot) where the vdW energy is 

substantially higher.  Other components of the potential energy (bond, angle, etc.) did not 

show such a remarkable dependence on the cluster braking/formation events.  

 

 

 
Figure 19. The vdW energy of n-icosane C20 cluster with methane, SF = 0.4 at 400 K and 

configuration snapshots corresponding to time steps. 
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3.4. Characterization of the internal 

configuration of the cluster: the dihedral 

distribution 
 

In order to analyze how the temperature change and the presence of methane in the system 

influence the internal structure of the cluster we consider the distribution of dihedral angles in 

the backbone of the alkane molecules that form the cluster. The backbone dihedral 

distribution of four different simulations were are compared in Figure 20, that shows n-

icosane C20 (SF = 0.4) cluster without methane (a, c) and with methane (b, d) at 150 K (a, b) 

and 400 K (c,d). Higher temperatures increase the number of gauche defects. The presence of 

methane surprisingly increases the probability of configurations close to ~ 0° (cis).  In essence 

increasing the temperature and/or the presence of methane around the cluster increases the 

internal disorder of the alkane molecules in the cluster. 

 

 

 
Figure 20.  Backbone dihedral distribution for a n-icosane C20 (SF = 0.4) cluster. Without 

methane (a, c) and with methane (b, d) at 150 K (a, b) and 400 K (c,d).  Trans configurations 

are ~ ± 180°, gauche defects are at ~ ± 60°. Higher temperatures increase the number of 

gauche defects. The presence of methane surprisingly increases the probability of 

configurations close to ~ 0° (cis). 

 

a                                                                  b

c                                                                  d
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3.5. Analysis of the structure of the cluster: 

evaporation and melting temperatures 
 

As mentioned before, the radius of gyration provides a measure of the size of a system. We 

first analyzed the radius of gyration for clusters with different number of carbon atoms in the 

chain, without methane, for both a constant SF = 0.4 commonly used in the literature and for 

the optimal values shown in Figure 12 [62]. Figure 21 shows the radius of gyration for the 

various alkanes (octane C8 to n-tetracosane C24) for each scaling factor vs. temperature. We 

observe that at low temperatures the cluster size is essentially determined by the volume of 

the ordered set of straight parallel alkanes (notice the increase with the chain length).  As the 

molecules of the cluster become more globular (Figures 22, 23) the clusters become smaller 

overall, almost independent of the chains’ length.  However, at certain point the cluster size 

expands dramatically, the radius of gyration becomes comparable to that of a uniform 

distribution of mass in our simulation cell (LPBC/2 = 50 Å). The clusters have evaporated into 

many smaller components. It is immediately evident that the larger clusters are able to remain 

stable until significantly higher temperatures. From the radius of gyration plots we estimate 

the evaporation temperature as the mid-point of the fast escalation region. Changing the 

scaling factor, and/or the presence of methane around the cluster (Figure 22) do not modify 

these main features significantly.   

Interestingly, changing the scaling factor does produce a small shift in the evaporation 

temperature.  For the same cluster size, an increase in SF causes an increase in the internal 

rigidity of the molecules (Figures 23, 24), the more rigid molecules have their evaporation 

shifted to slightly larger temperatures as a result of this increased molecular stiffness. 

 

 
Figure 21. Comparison of the radius of gyration for clusters with different number of 

carbon atoms in the chain, without methane, fixed scaling factor SF = 4, and variable SF. 
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Figure 22. Comparison of the radius of gyration for clusters with different number of 

carbon atoms in the chain, with methane, nondependent and depended on scaling factor. 

 

From the dihedral distribution functions (Fig. 20) we calculate the probability of each C-C-

C-C set of backbone atoms to be in a gauche defect (from the areas around the  ± 60° peaks in 

Fig. 20). Figures 23 and 24 show the probability of gauche effect for clusters with different 

number of carbon atoms in the chain, with and without methane, for fixed (SF = 0.4) and 

optimal scaling factors.  The most striking feature is the rapid increase of the number of 

gauche defects at a certain temperature.  Below this temperature the alkanes that form the 

cluster are mainly straight, whereas above this temperature they are more globular and the 

cluster is therefore less organized.  We denote the temperature at which this happens the 

melting of the cluster and estimate it as the point with the highest slope in the diagrams. 

Notably, the melting occurs universally in the 185 - 200 K region. In case of clusters with 

scaling factor depending on Cn, the highest probability was obtained for the cluster with the 

lowest number of carbon atoms, and then it decreased with the increasing number of carbon 

atoms. The probabilities of gauche defects for clusters with scaling factor equals to 0.4 

remains on a very similar level in high temperatures. The course of changes in the probability 

of ghost has become less acute in case of higher scaling factor and after reaching the melting 

temperature the values all the time slightly increase. 

It has been noticed that with increasing number of carbon atoms in a chain, probability of 

gauche defects increases too. This leads to the conclusion that the shorter the chain, the more 

rigid molecule is.  

Then it was checked whether the radius of gyration changed when methane was introduced 

into the system (comparison of Figure 21 and 22). It turned out that the methane addition did 

not change evaporation temperature in significant amount. The order of evaporation of 

clusters depending on the number of carbon atoms in the chain does not change in relation to 

the previous simulation conditions. 

Comparing how the probability of gauche effect will change after adding methane, an 

interesting difference was noticed between Figure  23 (without methane) and Figure 24 (with 

methane). Namely, increasing the number of carbon atoms in a chain leads to decreasing 

probability of gauche effect. It may prove that small clusters are more globular and have 

greater interactions with methane molecules that are adsorbed onto the cluster. 

In contrast to the probability of gauche effect in case of system without methane, in this 

situation the shorter the chain, the more globular the molecule is. 
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Figure 23. Comparison of the probability of gauche effect for clusters with different 

number of carbon atoms in the chain, without methane, nondependent and depended on 

scaling factor. 

 

 
Figure 24. Comparison of the probability of gauche effect for clusters with different 

number of carbon atoms in the chain, with methane, nondependent and depended on scaling 

factor. 

 

 In order to check the tendencies of the evaporation temperature and melting 

temperature, their dependence on the increasing number of carbon atoms was checked and all 

simulation variations of parameters were plotted on a one graph (Figure 25). For evaporation 

temperature, the differences between clusters with the same number of carbon atoms in the 

chain are small and negligible.  

Regarding the melting temperature, it is similar for each cluster - around 185 - 200 K. It is 

difficult to indicate a clear tendency, but it can be mentioned that the melting temperature for 

systems containing methane at the beginning slightly increased with the increasing number of 

carbon atoms, and for the systems without methane it slightly dropped down. 
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Figure 25. The evaporation and melting temperature depending on the increasing number 

of carbon atoms in the chain. The differences between evaporation temperature between 

clusters with the same number of carbon atoms in the chain are negligible. The melting 

temperature for systems with methane slightly increased with the increasing number of carbon 

atoms, and for the systems without methane it slightly dropped down. 

 

In order to check what are the differences between the radius of gyration of systems that 

differ only in the scaling factor, appropriate graphs were made. Figure 26 shows 3 selected 

examples of systems, on the basis of which it can be concluded that the higher the scaling 

factor (more rigid molecule), the higher evaporation temperature of the system. However, 

there was one exception, that is shown in Figure 27. In case of cluster octane C8 with 

methane, the behavior of evaporation temperature is opposite –evaporation temperature is 

bigger when scaling factor is lower. However, these differences are so slight that this behavior 

can be considered as falling within the measurement error. The remained clusters can be seen 

in Annexes A. 

 

 
Figure  26. Radius of gyration in function of temperature for clusters with different scaling 

factors. The higher the scaling factor, the higher evaporation temperature of the system. 

. 
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Figure 27. Radius of gyration in function of temperature for exceptional cluster C8 with 

methane with different scaling factors. 

 

Based on the comparison of probability of gauche effect in function of temperature for 

clusters with different scaling factors (Figure 28), it is clearly seen that probability of gauche 

effect is higher when cluster has lower scaling factor - the molecules are softer. 

 

 
Figure 28. Probability of gauche effect in function of temperature for clusters with 

different scaling factors. Probability of gauche effect is higher when cluster has lower scaling 

factor. 

 

The comparison of radius of gyration in function of temperature for clusters with and 

without methane in the system does not bring a clear conclusion due to too small differences. 

In Figure 29, the most representative clusters are selected, from which it can be concluded 

that soft, small octane C8 and n-dodecane C12 clusters have higher evaporation temperature 

without methane. Intramolecular interactions in small cluster are weaker than intermolecular 

with methane, thus methane destabilizes them. Small clusters can keep stable through 

wrapping together. This observation confirms the conclusions drawn earlier from the previous 

diagrams. Larger clusters have similar evaporation temperature within the calculation error. 
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Figure 29. Radius of gyration in function of temperature for clusters with and without 

methane in the system. Small clusters have higher evaporation temperature without methane, 

thus methane destabilizes them. 

 

While comparing the probability of gauche effect in function of temperature for clusters 

with and without methane in the system (Figure 30) it can be seen that all clusters have larger 

probability of gauche effect when methane is added into the system - molecules are more 

globular and it is harder to make a cluster, thus Me destabilizes the system. 

 

 
 

Figure 30. Probability of gauche effect in function of temperature for clusters with and 

without methane in the system. All clusters have larger probability of gauche effect when 

methane is added into the system. 

 

At the start of our investigation, we expected that the internal rigidity of the molecules 

would be important for the stability of the cluster itself.  However, this does not appear to be 

the case as the dependence of the evaporation temperature with scaling factor appears to be 

small or negligible.  This can be understood from the fact that by the temperature that the 

clusters evaporate, all the molecules inside the cluster have already become quite globular 

(i.e., Tevap > Tmelt), thus eliminating a direct connection between the internal molecular 

rigidity and the globular transition.  This is remarkably different than what has been observed 

for adsorbed phases of various alkanes [62]. 
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Conclusion 

This numerical experiment carried out as part of the Master's Thesis contains Molecular 

Dynamics study of the influence of temperature, the number of carbon atoms in the chain, the 

presence of methane and the scaling factor on the behavior and properties of alkane clusters. 

The parameters examinated are: evaporation and melting temperature, radius of gyration, 

distribution of dihedrals and probability of ghost effect. The experiment was performed 

successfully and the following conclusions were drawn: 

⎯ Increasing number of carbon atoms in an alkane chain leads to increased evaporation 

temperature; 

⎯ Increasing the scaling factor leads to increased stiffness of the molecules, thus the 

beginning of evaporation process of all clusters slightly shifted to higher temperatures; 

⎯ In case of systems without methane molecules: increasing number of carbon atoms in 

a chain causes increased probability of gauche effect; 

⎯ In case of systems without methane molecules: the shorter the alkane chain, the more 

rigid the molecule is; 

⎯ Methane addition into the system did not change evaporation temperature in 

significant amount; 

⎯ The differences in evaporation temperature between clusters with methane and the 

same number of carbon atoms in the chain are small; 

⎯ In case of systems containing methane molecules: increasing number of carbon atoms 

in a chain leads to decreased probability of gauche defects, thus small clusters are 

more globular and have greater interactions with methane molecules; 

⎯ In case of systems containing methane molecules: the shorter the chain, the more 

globular the molecule is; 

⎯ Larger probability of gauche effect when methane is added to the system - molecules 

are more globular, it is harder to make a cluster – proves that methane destabilizes the 

system. 
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ANNEXES 

A. Raw data 
1. Comparison between radius of gyration graphs of different scaling factors for each 

cluster with and without methane. 
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2. Comparison between probability of gauche effects graphs of different scaling factor 

for each cluster with and without methane. 

 

 

3. Comparison between radius of gyration graphs of the same scaling factor but with and 

without methane 
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4. Comparison between probability of gauche effects graphs of the same scaling factor 

but with and without methane 

 

 


