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ABSTRACT 

We have applied our new approach, a combination of the AVUS-HR nucleation algorithm 

and a thermodynamic cycle, to the studies of hydrophobicity-related researches. Due to the 

multifaceted characteristics of hydrophobicity, it is essential to acquire knowledge in various 

environments where hydrophobic relevant events occur for comprehensive understanding of this 

process. In this regards, we have chosen two relatively unstudied hydrophobic subjects for 

application of our new methodology.   

For the first subject, hydrophobic association behaviors of a methane pair confined into a 

nanometer sized hydrophobic cavity have been investigated. Our new approach demonstrates 

that the association behavior between two methane molecules is enhanced under confined 

environment rather than in bulk water. This association is primarily driven by energy originating 

from the unique situation where small (i.e., two methane molecules) and large (i.e., boundary of 

the hydrophobic cavity) hydrophobic units come together.  

      For the second subject, hydration thermodynamics for confined spaces between two infinitely 

parallel walls have been studied. Our simulation results demonstrate that the weak attractive 

interaction between water molecules and walls allows water molecules to pack more efficiently 

for the smallest wall separation of 3 Å considered here comparing with the hard wall case where 

there is no interaction between water molecules and walls. Furthermore, these weak attractive 

interactions lower the free energy penalty for the formation of water clusters inside a confined 

space, ultimately lowering the total energy of the system when compared with the hard wall. 

     Based on the successful applications of our novel nucleation algorithm to the two different 

hydrophobic related researches, further, we believe that it will contribute to the various and more 

complex hydrophobic researches (i.e., association behaviors of nonpolar and/or polar amino acid 

residues in the presence of salts under confined environment, and effects of salts, temperature 
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and pressure on this association behaviors) as well as nucleation studies under confined 

environment.  
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CHAPTER 1    INTRODUCTION. 
 
1.1 Overview of Hydrophobicity. 

Although extensive research in the area of hydrophobicity has previously been performed, it 

is still a central research topic due to its pivotal role in many areas such as biology, geology, and 

technology. For example, it is believed that water induced hydrophobic interaction is one of the 

major contributing factors for many biological self-assembly processes such as the formation of 

micelles and/or biological membranes, and protein folding.1, 2 Given that these types of 

hydrophobic interactions are difficult to study in vitro and in vivo, new research techniques are 

being continually employed to further characterize these interactions.       

Despite the widely used concept of hydrophobicity, however, there are continued debates 

about the meaning of it.3-5 Blokziji and Engberts stated that “Many of the existing definitions of 

hydrophobic effects reflect the lack of clarity with respect to the exact meaning of the terms that 

have been introduced to describe the unusual thermodynamic behavior of apolar solutes in 

aqueous solution.” in their review paper, “Hydrophobic Effects. Opinions and Facts”.5 During 

his discussions in Science,3 Dill stated that the most sensible use of hydrophobicity is the 

situation where “it has been used more specifically to refer to transfer of nonpolar solutes into 

aqueous solutions when a particular characteristic temperature dependence is observed.”. This 

definition appears to be most used one among many existing definitions of it, and is also simply 

based on the experimental observation of unusual features of nonpolar solvation in water, where 

nonpolar solvation in aqueous solution is strongly controlled by unfavorable entropy at around 

room temperature with a large positive heat capacity change while that in non-aqueous solution 

is principally controlled by enthalpy over a broad range of temperatures with small heat capacity 

change, as first identified by Butler and Reid6 and later by Frank and Evans7.3,5 
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 Frank and Evans,7 the first scientists to attempt to explain the molecular origins of this 

unusual features of nonpolar solvations in water, have proposed the “iceberg model” - the first 

classical model for hydrophobic effects. This model states, “When a rare gas atom or non-polar 

molecule dissolves in water at room temperature it modifies the water structure in the direction 

of greater “crystallinity”-the water, so to speak, builds a microscopic iceberg around it”.7 So they 

have attributed the loss of entropy for the solvation of nonpolar molecules in water at around 

room temperature to the production of “freezing” of water near nonpolar molecules and large 

heat capacity change for the elevation of temperature to melting of this iceberg.  

On the other hand, a classical hydrophobic interaction model originated from Kauzmann’s 

entropy origin of hydrophobic attraction model. In his influential 1959 paper,8 Kauzmann 

suggested that the way protein’s composite amino acid chains fold into buried hydrophobic 

residues and exposed hydrophilic ones in an aqueous environment is analogous to micelle 

formation of amphilphic molecules such as detergent in an aqueous solution. He referred to this 

tendency of non-polar groups of proteins to adhere to one another in aqueous environments as 

“hydrophobic bonding”. He was also the first to suggest, based on his observations, that this 

hydrophobic bonding (or hydrophobic interaction) plays a major role in stabilizing the folded 

states of native proteins which is qualitatively similar to the requirements for the transfer of a 

hydrophobic solute from its pure phase into water.  

Another researcher, Ben-Naim,9, 10 who performed pioneering work in hydrophobic 

interaction area, has used classical statistical mechanics to produce a theoretical model for 

demonstrating the tendency of two nonpolar molecules to adhere to each other in aqueous 

environments. They defined “hydrophobic interaction process” as the process of bringing two 

solutes from a fixed position at infinite separation (he noted in his book of “Hydrophobic 

interaction”, that infinite separations actually means large enough separation where there is no 
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correlation between the positions of the two solutes.) to some distance, R, separation and 

expressed the Gibbs free energy change (G(R)) corresponding to this process as follows: 

                                                ∆G(R) =USS (R)+δGHI (R) 

Where USS(R) is the direct pair potential between solute molecules which is not dependent on the 

properties of solvent molecules, and GHI(R) is an indirect part arising from the presence of 

solvent molecules. Sometimes, a second term, GHI(R), is used as a measurement of hydrophobic 

interactions. From the Gibbs free energy definition, the force exerted between two particles, 

Fss(R), can be written as follows: 

                                                 FSS (R) = −
∂∆G(R)

∂R
 

 From the above equation, when the value of Fss(R) is negative, the force operating between two 

solute molecules is attractive, thus the force is repulsive when Fss(R) is positive.  

 The resulting value is the potential of mean force (PMF) between two solute pairs, G(R), 

and can be obtained from their pair distribution functions in aqueous solution by as followed 

equation:  

                                              ]/)(exp[)( TkRGRg BSS ∆−=  

                                                          ]/)(exp[]/)(exp[ TkRGTkRU B

HI

BSS δ−×−=  

Where gSS(R) is the pair distribution function providing the probability of finding a second solute 

molecule S at a distance R from the center of reference particle S and kBT is Boltzmann factor 

times temperature.  

Due to the difficulties of experimentally measuring the indirect part of the solvent induced 

interactions, GHI(R), computer simulation studies are recognized as a valuable source for 

understanding the solvent mediated interactions between nonpolar solute molecules. Many 

simulation studies11-21 have been successful at identifying the molecular origin of hydrophobic 
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interactions between two small nonpolar molecules in infinitely dilute aqueous solutions. For 

example, PMFs for a pair of simple small nonpolar solute such as methane as a function of their 

separation distance R, and its dependence on temperature,11-14 pressure,15 and water solvent 

models22 have been well studied. 

Due to the multifaceted nature of hydrophobic interactions, a comprehensive understanding 

of the function of hydrophobic interactions has not been clear enough although behaviors of 

small nonpolar solute molecule in infinitely dilute aqueous solution has been well established. 

Understanding of the behaviors of small hydrophobic molecules in dilute aqueous solution is to 

see just one side of pictures of hydrophobicity. In order to provide broader insight into the 

mechanisms of these interactions in different environments where hydrophobic relevant events 

occur, various situations need to be considered. In the following, we have provided a brief 

description of hydrophobicity in two different environments that are relatively less focused. 

One of the environments where hydrophobic relevant event occur is the confinement. It was 

previously reported that confined environments can significantly alter the water structure, which 

is essential for the existence of hydrophobic interactions, producing phase behavior quite distinct 

from bulk water and/or water clusters not under confinement.23, 24 In addition, these alterations to 

the water structure can significantly modify its interactions with solute molecules. For example, 

in a solvent driven process such as protein folding, perturbing the solvent structure by 

confinement can produce considerably different protein structures than those observed in bulk 

phases. In particular this confinement is considered to be one of the most important factors 

required for understanding the behavior of biological molecules in the cellular environment.  

The cellular environments where biomolecules function is complex, crowded, and different 

from the infinitely dilute idealized one where most theoretical, experimental, and computational 

studies for the predictions of interaction behavior of these molecules is performed.25-29 The 
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importance of both environmental confinement and macromolecular crowding are two potential 

factors that are necessary for creating a complex cellular environment.25-28 These two factors are 

related, but distinct from each other based upon the origin for excluded volume:29 Confinement 

is used when referring to the excluded volume effects by a boundary of confined space to a 

substance of interest. Conversely, macromolecular crowding is used when referring to the 

exclusion of volumes to a substance of interest by the presence of other macromolecules.  

Recent published studies30-33 have reported that both confinement and crowding affect the 

protein behaviors such as equilibrium, kinetics of protein folding, and protein-protein binding 

abilities. Although both factors influence the stability of proteins, it has been reported that 

confinement has a significant effect on protein stability while crowding has only a modest effect 

on it. This difference has been noted consistently by experimental studies from both different 

laboratories30-32 and theoretical works.33 For instance, the stability of the protein ribonuclease 

A(RNase A) is drastically increased (∆Tm ≅ 30 °C) by encapsulation in the mesoporous silicate 

system MCM-48.31 On the other hand, Ai et al32 reported that the stability of the mutant protein 

of a redesigned apocytochrome B562 increases by ≅ 0.25 kcal/mol in the presence of 85 g/L 

PEG 20K (MW ≅ 20000) when compared with the absence of crowding agent.  

Several experimental studies have demonstrated that the stability of the folded/unfolded state 

and the folding rate for biological molecules, such as protein, observed under confinement is 

different from those observed in bulk water. One important finding from these studies is that the 

relative stability of the folded state to the unfolded one is enhanced under confinement compared 

to bulk water. 

Another obstacle for generalizing (or quantifying) the hydrophobic interactions in one simple 

term is the “length scale” dependence of these interactions. This dependency is a characteristic 

difference derived from whether small hydrophobic units (or a small apolar group in dilute 
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aqueous solution) or large hydrophobic ones (or a relatively high concentrations of apolar groups 

and/or large aggregation or assemblies of them in aqueous solutions) are involved in the 

interaction. It has been generally accepted34 that water molecules can simply maneuver around 

small hydrophobic molecules (0.2 nm ~ 0.5 nm), with most of them each participating in four 

hydrogen bonds like pure liquid water. In this case, the free energy cost for solvating water 

molecules is entropy relevant because merely reordering a network of hydrogen bonding near 

hydrophobic units does not require physical breakage of these bonds.  

The previous example, however, isn’t applicable to water molecules in a geometrical network 

of hydrogen bonding near large hydrophobic units. In this case, one water molecule has less than 

four hydrogen bondings which results in energetic driven solvation free energy. Some theoretical 

works have shown that this resulting energetic cost induces drying near the surface of 

hydrophobic units producing liquid–vapor like interfaces, which is a significant difference from 

small hydrophobic units. For example, Chandler34 has shown the existence of wetting and/or 

dewetting behaviors for a series of ideal hydrophobic solute models of different sizes with a 

radius from 0.4 to 100 nm by calculating the density of solvent relative to that of the bulk solvent 

near them. When the radius equals 0.4 nm, the smallest cavity considered in this study, water 

density is immediately increased by a factor of about two adjacent to this cavity thus defining the 

interaction as - “wet”.  In contrast, for larger cavities with radii of 1, 10, or 100 nm, an 

appreciable amount of water depletion has been detected near the surface leading to their 

characterization as “dewetted” or “dry”.  

Computer simulation studies have also modeled this dewetted phenomenon for large 

hydrophobic units in water. Early computer simulation studies35-37 have shown depletion of 

water was not observed near extended hydrophobic surfaces. For instance, these studies observed 

no water depletion that could be attributed to an absence of large density fluctuations produced 
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near extended hydrophobic surface drying.38 Wallqvist and Berne39 calculated the potential of 

mean force between two large parallel hydrophobic oblate ellipsoidal plates in liquid water based 

on thermodynamic perturbation theory and constant–pressure molecular dynamics. In contrast to 

earlier studies,35-37 they have observed a dewetting transition when the plates are moved close 

enough together that two water layers cannot fit between them. This observation is significant 

because one layer of water is never observed even though the distance between the two plates 

can accommodate it.  Interestingly, however, Hummer and colleagues40 have shown that water 

molecules can enter a narrow hydrophobic pore, such as carbon nanotubes (CNT), which can 

also only accommodate one layer of water molecules. Considering both the loss of hydrogen 

bonding when water molecules enter  a hydrophobic CNT with a narrow hollow, and the weak 

attractive interaction parameters between water and the CNTs, it is surprising that hydration of 

the interior of nanotube with a one dimensional system of water molecules was observed. The 

researchers attributed such hydration of narrow and hydrophobic interiors of CNTs to the water 

binding energy distribution. In contrast to properties of bulk water, where there is broader 

distribution of both low energy and high energy states, water binding energies inside the 

nanotube are more sharply and strongly distributed around moderate energy thus providing a 

lower excess chemical potential compared to bulk water. This difference results in a favorable 

excess chemical potential that functions as a driving force for water to enter inside the CNT.  The 

researchers40 also suggested that it may be possible to control wet-dry transitions by producing  

small  alterations in properties such as the interaction potential between the water molecules and 

CNTs though this remains to be tested.     

Another question arising from the length scale dependence of hydrophobicity is “When do 

crossover behaviors occur between small and large hydrophobic solute hydration?” Some 
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theoretical studies34, 41 have reported that crossover behavior between two regimes occurs at 

nanometer length scales. 

 With finishing Chapter 1 in my dissertation, the purpose of this dissertation is to address two 

aspects of hydrophobic interactions that have been relatively ignored in order to provide further 

insight into the mechanisms of these interactions in different environments where hydrophobic 

relevant events occur: The first aspect my dissertation will focus on is water induced 

interactions for small hydrophobic molecules in the confined environment and while the second 

aspect will characterize water induced hydrophobic interaction for large hydrophobic objects. 

Overall, this dissertation will add to the breadth of knowledge needed for characterizing 

hydrophobicity in various environmental situations. 
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CHAPTER 2    METHODOLOGY. 
   
2.1 Introduction. 

All the research in this dissertation was performed based on the AVUS-HR technique 

originally developed by Chen et al.1 This technique was originally developed by using a 

combination of Aggregation Volume Bias Monte Carlo (AVBMC),2, 3 Umbrella Sampling (US),4 

and Histogram Reweighing (HR)5, 6 for the purpose of adjusting sampling problems during rare 

nucleation events in configuration space. In the following sections, a description of the 

development for AVUS-HR will be discussed first, followed by discussion of the Metropolis 

algorithm,7 AVBMC, US, and HR techniques, respectively. Finally, applications of the 

nucleation algorithm method to hydrophobicity-related research will be discussed. 

2.2 AVUS-HR Approach. 

2.2.1 Nucleation in Computer Simulations.  

Understanding the nucleation process is important in many scientific fields such as 

nanotechnology, coastal and atmospheric science, and molecular biology. For example, 

nucleation is the critical first step in forming atmospheric aerosol particles, which directly 

influence human lives through both their climatic and health effects.8, 9    

The specific formation of vapor-liquid nucleation is a relaxation process forming the more 

stable liquid droplets from a metastable mother phase of supersaturated vapor. It is also well 

known that vapor-liquid nucleation is a thermally activated process characterized by a nucleation 

free energy barrier at the critical nuclei.   

Theoretically, it would be straightforward to perform the MD (Molecular Dynamics) 

simulation for nucleation event since it allows direct calculation of the average properties of 

system based on real time evolution of the event.10 However, there is an extremely low 
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probability of forming critical nuclei making it difficult to prove and quantify the related 

thermodynamic properties of this process in the limit of allowed time scale for MD simulation. 

Alternately, MC (Monte Carlo) simulation can provide useful method by performing specially 

designed MC moves for liquid droplet formation and destruction.   

 Metropolis Monte Carlo method would be one of the simplest methods used to calculate the 

free energy of forming liquid droplets in a supersaturated vapor (shown in Equation 2-1): 
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Where G(N) is the free energy change of forming  an N-mer from N number of monomers, kB is 

the Boltzmann constant, T is the temperature, and P(N) and P(1) are the concentrations of the N-

mer and the monomer, respectively. Like the limitation of MD simulation, this efficient 

algorithm is not an appropriate method for the study of nucleation events because the number of 

Monte Carlo moves required to form a critical cluster would be computationally intractable at 

any reasonable set of simulation conditions. In this regard, the AVUS-HR algorithm was later 

developed for an efficient sampling of rare nucleation events. 

2.2.2 Metropolis Monte Carlo Method.7  

In 1953, Metropolis et al.7 have shown the efficient Monte Carlo sampling algorithm for 

obtaining the average value of a measurable property, A, depicted in Equation 2-2.  
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The main idea of this algorithm is to sample only important points having a non-negligible 

Boltzmann factor and weight them evenly. This efficient strategy is in contrast to the 

conventional Monte Carlo scheme of generating all the points with equal probability and 

weighting them by their Boltzmann factor used for calculating the <A>.   The equations below 
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[(2-3) to (2-5)] from Ref.11 11 provide a detailed description of this method. Assuming that the 

points in configuration space can be randomly generated according to P (rN).     
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In Equation 2-3, N is the number of particles, rN stands for the coordinates of all N particles, and 

P(rN) is the probability of the density when  finding the system in a configuration around rN. If 

we assume that it is able to randomly generate points in configuration space according to P(rN), 

the number of points, Zi generated per unit volume around a point rN is equal to LP(rN). Here L is 

the total number of points generated. So, by applying the information from Equations 2-3 and 2-

4, equation 2-2 can be rewritten as Equation 2-5. In other words, the Metropolis method requires 

only exp[-βU(rN)], the relative but not the absolute probability of visiting  different points in 

configuration space, for obtaining the <A> value, while direct Monte Carlo needs to calculate 

both exp[-βU(rN)] and the configuration part of the partition function (denoted by the Zi term). 

Where  β =1/kBT and U(rN) is the potential energy of the system around rN. 

These efficient Metropolis Monte Carlo moves are accomplished by the following steps: 

1) Randomly select particle i having a non-negligible Boltzmann factor exp[-βU(old)], and 

calculate its energy, Eold. 

2) Give particle i a small displacement for generating a new configuration and calculate its 

energy, Enew. 

3) Calculate the energy difference between old and new configurations, ∆E = Enew - Eold.  In step 

3, a decision must be made whether to accept or reject the new (n) configuration based on the 
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constraint that, on average, the probability of finding the system in a new configuration is 

proportional to N(n).  When the move is constructed, the “detailed balance” has to be satisfied.  

This term attributes that the average number of accepted trial moves from an old state to any new 

states is equal to the number of reverse moves in equilibrium (as shown in Equation 2-6):      

                                        )()()()( onnNnooN →=→ ππ                                           2-6 

In this equation, the transition matrix, π(o → n), can be constructed according to the Monte Carlo 

moves in order to transform the equation as needed. For example, the probability of performing a 

trial move from old to new can be expressed as α(o → n), where α is referred to as the 

underlying matrix of the Markov chain. The acceptance probability, acc(o → n), which 

determines whether to accept or reject this trial move, is the next step in manipulating the Monte 

Carlo equation:      
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Now, Equation 2-6 can be rewritten by substituting Equation 2-6 into 2-7 to produce Equation 2-

8:  

                      )()()()()()( onacconnNnoaccnooN →×→×=→×→× αα            2-8 

In the original Metropolis scheme, α is chosen to be symmetric, thus, α(o → n) = α(n → o). 

Now equation 2-8 can be rewritten as follows: 

                                         )()()()( onaccnNnoaccoN →×=→×                              2-9 

                         )]}()([exp{
)](exp[
)](exp[

)(
)(

)(
)(

oUnU
oU

nU

oN

nN

onacc

noacc
−−=

−

−
==

→

→
β

β

β
         2-10 

Any set of acceptance rates meeting the above criterion will yield the correct equilibrium 

distribution and Metropolis et al. chose )]}]()([exp{,1min[)( oUnUnoacc −−=→ β .   
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These assertions now produced two more Metropolis Monte Carlo steps: 

4) Accept the new configuration with a probability min[1,exp{-[U(n) – U(o)]}. 

5) Whether the new configuration is accepted or not, compute the value of A for the new 

configuration. 

The resulting sampling algorithm is more efficient than the conventional Monte Carlo algorithm 

making it widely used. However, it is clearly neither efficient nor adjustable to sampling 

nucleation events for strongly association fluids due to the unique sets of problems posed by 

nucleation events.  

2.2.3 The Aggregation-Volume-Bias Monte Carlo Algorithm (AVBMC).2,3  

One of the major difficulties in using the Metropolis method for the studies of vapor-liquid 

nucleation events is the extremely inefficient sampling of dynamic hopping events between 

bonded (liquid cluster) and non-bonded (vapor) configurations for strongly associating fluids. 

This is because that the probability of performing a trial move that goes from a non-bonded 

configuration to a bonded one is very low due to a small volume portion of bonded 

configurations in the vast total volume of phase space, and that acceptance rate for any trial 

move resulting in the destruction of the bonded configuration once it is found, is very low due to 

the favorable energy for a bonded one. In order to solve these hopping problems between liquid 

cluster (bonded) and vapor phase (nonbonded), Aggregation-Volume-Bias Monte Carlo 

(AVBMC) was developed by introducing a novel trial move called an intrabox swap move. An 

AVBMC intrabox swap move in its original form processes as follows: 

Having a given configuration state, A, 

1) Randomly select a molecule i to be swapped. 

2) Randomly select a second molecule j (j  i) that acts as a target for the swap move. 
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3) With a probability of Pbias, molecule i is only allowed to swap into the bonded region of 

molecule j, called the Bin state, whereas with a probability of 1-Pbias, the molecule i is swapped 

into the nonbonded region of molecule j, called the Bout state.  

4) Calculate the potential energy difference, ∆E = EB – EA 

5) Accept the trial move given the following sets of acceptance probabilities for four types of 

intrabox swap moves (Ain → Bin, Aout→ Bout, Aout→ Bin, and Ain → Bout):  

(a) For Ain→ Bin or Aout→ Bout cases: These two cases don’t involve molecule i entering 

or leaving the bonded region of the molecule j. Acceptance probability of Metropolis Monte 

Carlo move is used for these cases.  

                         (b) For the Aout→ Bin case: This move results in the formation of a bonded configuration 

of  molecule i and molecule j. In this case, the acceptance rule is given,  
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(c) For the Ain→ Bout case: This move results in the destruction of a bonded configuration      

of molecule i and molecules j. In this case, the acceptance rule is given,  
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Given these rules, the AVBMC algorithm improves the bond formation and destruction events in 

two ways. First, the transition probability for two molecules to meet and form a bonded 

configuration has been enhanced by allowing direct hopping between bonded and non-bonded 

regions of molecule i and j. Second, the acceptance probability for the destruction of a bonded 

configuration of molecule i and j has been enhanced due to the fact that Vout  >>  Vin. 
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2.2.4 Umbrella Sampling (US).4  

Although it is clear that AVBMC enhances cluster formation and destruction in nucleation 

events by introducing the intrabox swap move, allowing molecules to hop directly between a 

bonded and a non-bonded region of molecules, by itself this move is not sufficient. A significant 

sampling problem regarding the critical cluster still remains. In the conventional Metropolis 

algorithm, the probability of sampling a particular state in configuration space is proportional to 

its Boltzmann factor. This fact means it takes an extremely long simulation time to sample the 

critical cluster to obtain good statistical results. For example, the vapor-liquid nucleation barrier 

height for pure water molecules at 300 K and a vapor density of 2.5 × 10-6 molecules/Å3
, 

performed by our group is more than 50 kBT. This value means that the water cluster at its 

critical size is e-50 times less sampled than the monomer, leading to the extremely long 

simulation time needed for enough sampling over all cluster sizes considered in this nucleation 

event. The use of umbrella sampling can alleviate these sampling problems at critical cluster size 

by introducing a biasing potential, which enhances the probability of visiting clusters, and it can 

be mathematically removed in the later data analysis.  

Our choice of a biasing potential is ideally equal to the negative of the nucleation free energy, 

-G(N), which allows each cluster size of interest to be sampled roughly evenly in configuration 

space. This choice of a biasing potential enables maximum possible sampling of each cluster size 

for a given simulation run ultimately providing good statistics. However, the value of the initial 

nucleation free energy, G(N), is not known. It is our final goal to obtain the nucleation free 

energy (NFE) for each cluster size of interest empirically.  This biasing potential, fbias, is 

determined iteratively using a self-adaptive procedure. For example, initially simulation is 

performed without a biasing potential (or fbias=0). NFE is calculated using the expression in 

Equation 2-1 for the initial run and then an initial biasing potential can be determined from this 
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run. Next, another simulation is performed using the calculated  initial biasing potential and this 

process is repeated until all cluster sizes of interest are roughly evenly sampled. This self-

adaptive procedure for obtaining a good biasing potential can also be accelerated by obtaining a 

precise biasing potential for small cluster sizes and extrapolating the data to larger sizes. Finally, 

the biasing potential is removed in the analysis as follows: 

                              )(
)1(
)(

)( Nf
P

NP
TInkNG biasB −−=∆                                               2-13 

2.2.5 Histogram Reweighting (HR).5,6  

The efficiency of the AVUS technique is further empowered by incorporating the histogram 

reweighting (HR) technique which produces information about the thermodynamic state under 

investigation and for other neighboring thermodynamic states without additional simulations. 

This technique is based on the independence of the microcanonical density of states for specific 

simulation conditions such as temperature and chemical potential. In other words, the density of 

the state for different sets of simulation conditions can be reweighted using the density of the 

state for given sets of simulation conditions since the microcanonical density of the states of a 

cluster with a given size N (N-mer) is a function of E (energy) only.  

An example of how the nucleation free energy data at different sets of simulation conditions 

(2,T2) can be obtained from the information at given sets of simulation conditions (1,T1) is 

given below. The microcanonical density of the states for the N-mer is given by the equation: 

                                  ( ) ( ) ( ) 11 / TkEN
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BeEPE +−=Ω µ                                            2-14 

Where N(E) is the density of the states with energy E for N-mer, PN(E) is the probability of 

observing this N-mer with an energy E, 1 is the chemical potential of the monomer, kB is the 

Boltzmann constant, and T is the temperature. From this density of the states, new density of the 

states, P´N(E), at 2 and T2 can be computed using the following equation: 
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Then total population of N-mers at different sets of simulation conditions (2,T2) can be obtained 

by integrating over all values of the energy to produce the following equation: 
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Finally, the nucleation free energy data at (2,T2) can be calculated as follows:  
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Notably, obtaining the new nucleation free energy data at different sets of simulation 

conditions using histogram reweighting does not require extra computation burdens, because 

energy is calculated at each Monte Carlo step. 

2.3 Application of AVUS-HR Nucleation Algorithm to Two Different Hydrophobic Systems. 
 

We have applied this grand canonical version of a vapor-liquid nucleation algorithm, termed 

AVUS-HR, to two different hydrophobic relevant systems with small modification. For the first 

system, which will be described in chapters 3 & 4, we have performed multiple AVUS-HR 

simulation runs for a methane pair fixed at a certain separation distance inside a hard sphere 

cavity. By gradually adding water molecules inside this sphere, we could determine the whole 

association free energy profiles (or NFE) with water molecules as a function of methane pair 

separation distance. From the association free energy with water molecules at a certain methane 

pair configuration obtained from AVUS-HR run, their free energy difference between two 

methane pair configurations can be obtained through the thermodynamic cycles depicted in 

Figure 2.1. 

The benefit of performing multiple simulations rather than one long simulation run can be 

attributed to alleviating some unique sampling problems. This benefit is especially important 

when producing whole free energy profiles, because not only does a methane pair require 
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changes in their separation (or configuration) in the presence of water but, in reverse, the 

hydration shells requires to be reorganized to accommodate this change. These processes are 

very time-consuming and sluggish leading to an extremely long simulation time and, ultimately, 

they may not even be accomplished within the given simulation time.  

 

Figure 2.1. Schematic drawing of the thermodynamic cycles used to calculate the free energy 
difference between the two different solvated methane pair configurations, ∆Gsln(n), inside a 
cavity. The association free energies with water for these two solute configurations, ∆G1(N) and 
∆G2(N), can be obtained from performing the AVUS-HR simulation runs. 

 
In addition, through a thermodynamic cycle, the free energy difference between two different 

solute configurations can be calculated from only two AVUS-HR simulation runs even if the two 

configurations are very different. This spatially indirect pathway connecting the two different 

solute configurations can be significantly more efficient than other methods such as 

thermodynamic perturbation or the integration method, in which the free energy difference can 

be obtained by calculating the free energy change incrementally along the path linking any given 

two configurations. 
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For the second system, which will be discussed in chapter 5, we have performed each 

AVUS-HR simulation run for each separation distance between two infinitely parallel walls by 

gradual addition of water molecules into the inter-space regions between two walls. Similarly, 

free energy difference between two different wall configurations can be calculated through the 

thermodynamic cycles depicted in Figure 2.2. 

 

Figure 2.2. Schematic drawing of the thermodynamic cycles used to calculate the free energy 
difference between the two infinitely parallel walls with different wall separations, ∆Gsln(n), The 
association free energies with water for these two different wall configurations, ∆G1(N) and 
∆G2(N), can be obtained from performing the AVUS-HR simulation runs. 

 
While most of the researches for large hydrophobic units such as infinitely parallel two 

walls have focused on the qualitative properties of the system such as layering behaviors of 

water molecules placed in inter-space regions between two walls, we would like to analyze the 

quantitative properties for large hydrophobic unit systems providing accurate real values. 

Ultimately, by utilizing a modified AVUS-HR algorithm we were able to succinctly analyze two 

different hydrophobic systems more thoroughly than previously reported.   
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CHAPTER 3    A NEW APPROACH FOR THE STUDY OF HYDROPHOBIC 
INTERACTIONS UNDER CONFINEMENT: ENHANCED HYDROPHOBIC 
ASSOCIATIONS DRIVEN BY ENERGETIC CONTRIBUTION. 
 
3.1 Introduction. 

The effects of confinement on hydrophobic interactions are increasingly recognized as 

important factors for regulating these interactions. In particular, recent research has demonstrated 

the importance of confinement effects for understanding biological processes in the cellular 

environment such as the formation of micelles, and biological membranes, and for protein 

folding/unfolding mechanisms.1-3  Given that hydrophobic interactions are considered crucial for 

protein folding/unfolding, the confinement effects on this interaction are likely important for 

creating and sustaining the overall protein structure. For example, several experimental studies4-7 

have reported that both the stabilities of the folded and unfolded protein states and the folding 

rate of biological molecules, such as proteins, observed under confined environmental conditions 

are different from those observed in infinitely dilute solutions, which most previous studies used. 

Computer simulation studies8-11 have also addressed confinement effects on the behavior of 

nonpolar and/or biological molecules, providing a fundamental understanding at the molecular 

level of hydrophobic effects. It has been reported that association behaviors of hydrophobic 

events are enhanced under a confined environment relative to those environments which are not 

restricted. In particular, two researchers9, 10 used a methane pair model for small hydrophobic 

solutes and revealed that confinement enhances the tendency of their association demonstrating 

that the contact pair is the only stable configuration for their simulation system. Nevertheless, 

little attention has been given to hydrophobic interaction studies under confinement compared to 

the number of studies performed in bulk water. In particular, studies of underlying 

thermodynamic contributions to this association in a confined environment are scarce. The 
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purpose of this chapter is to reexamine the hydrophobic interactions for a methane pair under 

confinement through use of our novel method, a combination of AVUS-HR and a 

thermodynamic cycle. Our data demonstrates the different behaviors of the solvent induced 

interactions between two methane molecules under a confined environment comparing with the 

bulk and we further provide the underlying thermodynamic quantities to these different 

association behaviors under the confined environment. Based on the current scientific literature 

available, this is the first known computer simulation study dealing with the contributions of 

entropy and energy to hydrophobic association behaviors for a methane pair under a confined 

environment. Furthermore, we propose a novel justification for our scientific observation that 

enhanced hydrophobic association behavior under confined environment appears to be driven by 

an energetic factor. This observation is in direct contrast to what has been previously observed in 

bulk water, in which contact pair minimum is driven by entropy in the limitation of small 

hydrophobic units.12-14 

3.2 Simulation Methods. 

3.2.1 Molecular Models and Monte Carlo Simulations. 

Aforementioned in Chapter 2, water-induced hydrophobic interactions for a nonpolar solute 

pair confined in a nanometer sized hydrophobic cavity were investigated by a combination of 

AVUS-HR and a thermodynamic cycle as depicted in Figure 2.1. We have slightly modified the 

grand canonical version of the nucleation algorithm by restricting the formation of water droplets 

inside the cavity in combination with a fixed pair of nonpolar solute molecules at a certain 

separation distance. For each solute pair separation, at a distance between 3.5 to 8.0 Å with an 

interval of 0.1 Å, we performed this modified nucleation simulation by gradually increasing the 

number of water molecules added inside the cavity. In this confined system, we used a hard 

sphere cavity with a diameter of 20 Å and gradually added up to 128 water molecules into this 
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sphere, which gives approximately the same density as the bulk water density under the same 

conditions (1 atm and 300 K). A methane pair was chosen as a hydrophobic solute model, 

because it establishes a simple and useful model system that is also widely used in other 

computer simulation studies of hydrophobic interactions.  For this study, methane was modeled 

by a united atom representation15 and the TIP4P model16 was used for water (see Table 3.1). 

TIP4P is a rigid water molecule represented by four-interaction sites, and it provides more 

reasonable thermodynamic and structural data for the liquid state of water than a three-site or 

five-site water model such as SPC, TIP3P, or ST2 according to the water model comparisons 

generated by Jorgensen et al.17 All pair interactions were considered during the simulation runs. 

The Lorenz-Berthelot combing rules were used for the unlike-pair interactions. Equally divided 

insertion, deletion, translational, and rotational Monte Carlo moves were performed for the water 

molecules only. An energy-based Stillinger-type cluster criterion was also enforced where a 

cluster is defined as a group of molecules in which every molecule has at least one neighbor in 

the group with interaction energy less than Ucluster. Based on our previous laboratory research, we 

set this energy cutoff at -260 K for water-water interactions and -30 K for water-methane 

interactions. 

Table 3.1. Lennard-Jones parameters used in our simulations. 

  [kcal/mol] σσσσ [Å] 

methane-methane 0.294 3.73 

oxygen-oxygen 0.155 3.154 

methane-oxygen 0.213 3.442 
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3.2.2 Other Simulation Details. 

Bulk NPT Simulations We also performed bulk simulations in the NPT ensemble (given a 

fixed number of particles N, pressure P, and Temperature T) with a total of 500 water molecules 

to produce a reference unconfined case for comparison to our confined case simulations. In order 

to address the system’s size effects on the potential of mean force (PMF) for a methane pair in 

bulk water, we also performed another NPT Monte Carlo simulation using 150 water molecules. 

Unlike the simulations under confinement, periodic boundary conditions were used for each bulk 

simulation. For the interaction energy calculation, tail corrections and Ewald summation were 

used for both bulk simulations. Corresponding (PMFs) have been obtained from Equation 3-1:  

                                            )()( rTIngkrW B−=                                                3-1 

Where g(r) is the pair correlation function of two methane solute molecules, kB is Boltzmann’s 

constant, and T is the absolute temperature in Kelvin.  Both bulk simulations were performed at 

the same basic conditions as the confined case - (1 atm and 300 K).  

Contributions of Entropy and Energy to the PMF12, 13, 18 We further analyzed the 

contributions of entropy (-T∆S) and energy (∆U) to the PMF in order to provide a more detailed 

understanding of the hydrophobic interactions under confinement. S was calculated from the 

temperature partial derivative of free energy based on the relationship between the equations 

below:  

                                                    −S(r) =
∂W (r)

∂T









V ,N

                                        3-2 

Therefore, –S(r) may be calculated from the free energies at two different temperatures, T + ∆T 

and T - ∆T, respectively.        

                                       −S(r) =
W (r,T + ∆T )−W (r,T − ∆T )

2∆T
                          3-3 
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For our simulations, a ∆T of 0.005 K was applied (a ∆T of 25 K and 10 K were also sampled 

in order to see the –S(r) dependence on ∆T). The primary disadvantage of this finite difference 

method (shown in Equation 3-3) is the need to perform the simulations at other two temperatures.  

However, we obtained PMFs at two other temperatures (T + ∆T and T - ∆T) without the need of 

additional simulation runs by using histogram reweighting (HR).  HR usage allowed us to 

significantly reduce the simulation time required for the analysis, thereby highlighting one of the 

advantages of using the AVUS-HR technique in this study. Corresponding contribution of 

energy (U) to the PMF was finally obtained by following equation: 

                                                )()()( rSTrWrU ∆+=∆                                       3-4 

Partial Energetic Contributions to the PMF The difference of the water-water interaction 

term, ∆Eww, and the difference of water-methane interaction term, ∆Ewm, were obtained from 

direct calculations during the simulations. In order to minimize the uncertainty of these 

interaction energies, we performed calculations on the “flyer”.  This term is used to indicate that 

for each Monte Carlo step the obtained water-water and water-methane interaction energies are 

accumulated separately for each cluster size and later these accumulated sums obtained at each 

cluster size are averaged by the total number of times visiting that size of clusters. During the 

simulation run, the total number of times visiting each cluster size for each methane pair 

configuration is more than 1.4 X 109.  In addition, this energy calculation on the flyer doesn’t 

require the extra simulation time since water-water and water-methane interaction energies are 

calculated during every Monte Carlo move. 

NVT Monte Carlo Simulation We have also performed another confinement simulation by 

placing two methane molecules and 128 water molecules inside a hard sphere cavity with a 

diameter of 20 Å using the NVT ensemble (given a fixed the number of particles N, volume V, 

and Temperature T) Monte Carlo simulation. Equally distributed translational and rotational 



29


Monte Carlo moves were applied to the water molecules while only translational moves were 

applied to the methane molecules. The two methane molecules were only allowed to 

simultaneously move in opposite directions so that the obtained center of mass of these two 

methane molecules remains at the center of this hard sphere. 

Water Orientational Distribution Functions Orientational distribution functions of water 

dipole directions, with respect to the methane-oxygen vector, for the water molecules was 

analyzed using following equation:  

                                        
||||
)()(
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rrrr

rrrr

−−

−•−
=θ                                    3-5                  

Where rM is the position vector  for the center of mass of the methane molecule, rO is the position 

vector of the oxygen molecule, and rD is a dipole vector of a water molecule (defined as the 

position vector  for the middle of two hydrogen molecules in a water molecule, respectively). 

Uncertainty Uncertainties of observed thermodynamic quantities in this study (i.e., the PMF, 

contributions of entropy and energy to the PMF, and partial energetic terms) were determined as 

follows: 

                           δX =

(Xi − X )2

i=1

N


N(N −1)

                                                    3-6 

Where ˜ X  is an averaged value from all data points obtained, while Xi corresponds to N 

independent simulation runs.  We used 64 independence runs (i.e., each independent run consists 

of 1 ×107 Monte Carlo steps.) for each methane pair separations considered in this study. 

3.3 Results and Discussions. 

3.3.1 Potential of Mean Force (PMF). 

Figure 3.1 shows the PMF for a methane pair in a rigid hard sphere with 128 water molecules 

as a function of their separation distance, r, obtained from our method, depicted with the 
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potential energy for the methane-methane interactions used in this study. We also included the 

PMF for a methane pair in bulk water obtained from the NPT Monte Carlo simulation with 500 

water molecules at 1 atm and 300 K. We set the absolute free energy zero at a separation of 8 Å 

for all cases.  

 

Figure 3.1. The PMF for a methane pair obtained from simulations conducted in a confined 
nanometer-sized sphere with 128 water molecules (green triangle with dashed line), and in bulk 
water from NPT Monte Carlo simulation with 500 water molecules (black circle with dashed 
line). The methane-methane potential energy is also included (blue solid line). Uncertainties are 
less than ±4.0 × 10-2 kcal/mol for the confinement case and less than ±2.0 × 10-2 kcal/mol for the 
bulk at all methane pair separations considered here. 

 

System Size Effect Initially, we tested system size effects on the PMF for a methane pair in 

bulk water by performing NPT Monte Carlo simulations with 500 and 150 water molecules. The 

bulk PMFs obtained are displayed in Figure 3.2. The PMFs for both the small and large systems 

reveal that the well-defined contact pair minimum (CM) is at 3.8 Å.  Both have a free energy 

barrier to contact pair dissociation of approximately 0.92 kcal/mol, and the shallow secondary 

minimum called the solvent separated minimum (SSM) is at 7.1 Å. Although PMFs obtained 

from two different sizes of systems are not exactly same, size effect in the PMF is not 
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significantly big enough to change our conclusions of confinement effect on the PMF. Although 

Smith and Haymet12 used different system sizes from those applied here (i.e., 106 and 214 water 

molecules), they reported that any size effect in the PMF for a methane pair in bulk water is 

smaller than the noise of the simulations. 

 

Figure 3.2. Evolution of the PMF as the number of the simulation cycles for a methane pair in 
bulk water from NPT Monte Carlo simulations with (A) 150 and (B) 500 water molecules 
(Monte Carlo steps performed are 1.2×107, 1.4×107, and 1.6×107 for each shorter, longer, and 
longest run for N=150 case. Monte Carlo steps performed are 4.8×107, 6.4×107, and 8.0×107 for 
each shorter, longer, and longest run for N=500 case.) 

 

Positions of CM, BH, and SSM The PMFs for both confinement and bulk water simulations 

show that the global minimum is the contact pair, located at 3.8 Å in Figure 3.1. That minimum 

appears at a shorter methane pair separation than the minimum position of 4.2 Å in the methane-

methane potential energy used here, indicating that the presence of solvent molecules favors 

shorter separations between two hydrophobic solutes. Although CM in the PMFs for both 

confinement and bulk water are located at the same methane pair separation, the positions of the 

secondary minimum (or SSM) are fairly different. The SSM is located at a methane pair 

separation of 6.4 Å under confinement, much smaller than the methane pair separation of 7.1 Å 

for the SSM in bulk water. It also shows that the position of the more extended methane pair 
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configuration is much more affected by confinement than the position of the contact pair 

configuration. In addition, position of the SSM for confinement is slightly less than twice the 

methane-oxygen Lennard-Jones distance used in this study, and, consequently, is not literally 

“solvent separated” whereby one water molecule is directly between two methane molecules.  

Relative Free Energies in Confinement vs. Bulk Water As mentioned in the Introduction, 

the behaviors of hydrophobic interactions under confinement are different from those in bulk 

water. The relative free energies at positions among CM, barrier height (BH), and SSM for 

confinement vs. bulk water are noteworthy due to  their influence on different behaviors of 

hydrophobic molecules (and/or biomolecules) in confined (or cellular) environments vs. bulk 

water (or an infinitely dilute environment).   Thus, we have calculated the following terms: 

1) the free energy difference between barrier height and contact pair minimum [or 

dissociation barrier height (DBH)] from FBH – FCM 

2)  the free energy difference between barrier height and solvent separated minimum [or 

association barrier height (ABH)] from FBH – FSSM 

3)  the relative stability of the CM to the SSM, SCM, from FSSM – FCM  

All these terms were collected for confinement vs. bulk water and are shown in Table 3.2. 
 
Table 3.2. Free energy differences between two positions among CM, BH, and SSM obtained 
from simulations for confinement vs. bulk. (Uncertainties are less than ± 4.0×10-2 kcal/mol for 
all cases both.) 
 

 
F(r)BH-F(r)CM 

[kcal/mol] 

F(r)BH – F(r)SSM 

[kcal/mol] 

F(r)SSM-F(r)CM 

[kcal/mol] 

bulk 0.85 0.14 0.71 

confinement 1.36  0.08  1.28  
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In Table 3.2, FCM, FBH, and FSSM refer to the association free energy at the CM, BH, and SSM 

positions, respectively. Although providing an exact quantitative comparison is difficult due to 

the dependence of hydrophobic interactions on several factors, such as those described in the 

methodological details and based on the interaction parameters for solvent and solute molecules, 

generally the DBH and ABH for a methane pair in bulk water are approximately 0.8 to 1.0 

kcal/mol and 0.1 to 0.3 kcal/mol, respectively.19-22 Our values obtained from the bulk water 

simulation are 0.85 kcal/mol for DBH and 0.14 kcal/mol for ABH. Comparing the bulk values 

with those for confinement (i.e., 1.36 kcal/mol for DBH and 0.08 kcal/mol for ABH as shown in 

Table 3.2), the DBH value for confinement is bigger than the bulk value whereas the ABH shows 

the opposite trend. This comparison of the DBH and ABH values of confinement vs. bulk water 

reveals that the rate of association is increased while the rate of dissociation is decreased under 

confined environment comparing to the bulk. More importantly, the contact pair configuration is 

more stabilized relative to the solvent separated pair under confinement rather than in bulk water. 

This enhanced preference for hydrophobic association behavior for a methane pair under 

confinement has been verified by the value of SCM in Table 3.2 (i.e., The SCM values are 0.71 

kcal/mol for bulk water and 1.28 kcal/mol for the confinement case.).   

Comparisons with Previous Published Studies We have compared our simulation results 

with two previously published studies9, 10 for a methane pair under confinement. Both studies 

ultimately determined that confinement enhances the hydrophobic associations for a methane 

pair, which is the same conclusion our studies demonstrated. However, an interesting 

observation resulting from the two earlier studies is the absence of the secondary minimum in the 

PMFs, whereas our study clearly shows the presence of a shallow SSM. (Figure 3.1)  With 

regard to the study by Vaitheeswaran and Thirumalai,9 they performed several Monte Carlo 

simulations for a methane pair confined into four different water droplets ranging in diameter 
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from 1 to 4 nm. They determined that the independence of the PMFs for a methane pair for a 

specific sized water droplet is due to the propensity of that methane pair to be at the surface 

locations of the water droplet.  Thus, this importance of surface location on a methane pair of 

water droplets, in which hydrogen bonding is more disrupted at the surface than in the interior, 

results in the absence of a second minimum in the PMFs. Therefore, the existence of a secondary 

minimum in our study can be explained as an artifact from our simulation methods, wherein the 

two methane molecules are fixed at a certain separation distance, ranging from 3.5 to 8 Å, by 

restricting the center of the two methane molecules located at the center of a rigid sphere. 

Regarding the distribution of the methane molecules in a confined sphere, a second study by Rao 

et al.10 has reported that two methane molecules are found to lie toward the central region of a 

reverse micelle with a radius of 14.1 Å. In contrast to our results, however, the SSM was missing 

in their simulation study.  Rao et al. rationalized that a lack of the sufficient water needed to 

stabilize the solvent separated configuration with one fully hydrated shell was the main reason 

for not observing a SSM. Based on their calculation, a reverse micelle with a radius of at least 

9.1 Å is required to accommodate the solvent separated pair configuration with one full 

hydration shell. Although the reverse micelle used in their study is big enough to accommodate 

the solvent separated pair configuration, the water density and hydrogen bonding are 

significantly reduced at a r > 6 Å (r is the distance from the center of reverse micelle) due to the 

existence of surfactants and sodium counter ions, indicating a lack of sufficient water to stabilize 

the solvent separated pair configuration. For our simple confinement system, however, the 

sphere used in our study is big enough to accommodate the solvent separated configuration with 

one full hydration shell and a dramatic reduction in water density was not shown for all methane 

pair separations considered. In addition, our single point for a methane pair separation of 6.4 Å, 

as shown in Figure 3.1, at which our solvent separated minimum appears, supports the fact that 
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the solvent separated pair configuration of our confined system is solvable at one full hydration 

shell.       

3.3.2 Contributions of Entropy and Energy to the PMF. 

Initially, we analyzed the contributions of entropies (-TSs) and energies (Us) to the PMF 

obtained from the finite difference method (FDM) at three different Ts of 0.005, 10, and 25 K 

in order to address the effect of T values on the obtained entropy from FDM. As shown in 

Figure 3.3 (B), there is no significant difference between the results obtained using different T 

values. Furthermore, it reveals that the -T∆Ss are repulsive at all r, while the ∆Us are attractive 

resulting in an energetically driven hydrophobic association.  

 
Figure 3.3. (A) Contributions of entropy (-T∆S, blue triangle-up with dashed line) to the PMF 
for a methane with 128 water molecules obtained from a finite difference method (FDA) at T 
equals to 0.005 K and corresponding energy (∆U, green triangle-down with dashed line). The 
PMF is also included (black diamond with dashed line). (B) Contributions of entropies (-T∆Ss) 
and energies (∆Us) at three different Ts of 0.005 K, 10 K, and 25K, respectively. 
 

It should be noted that this distinguishable thermodynamic signature is obviously different 

from observations in bulk water, in which the association behavior of a methane pair is driven by 

entropy.12, 13, 18, 23-25 Aforementioned in Chapter 1, current theories support  the idea that water 

structure and hydrogen bonding are not considerably affected by the presence of small 

hydrophobic solute molecules leading to hydration thermodynamic studies that are dominated by 
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entropy resulting from restricting spontaneous fluctuations of water molecules near hydrophobic 

solute molecules. In addition, more favorable entropy at a contact pair over other methane pairs 

at longer separation distance (i.e., solvent separated pair) appears from the reduction of 

interfacial surface areas that are accessible to water molecules.   

Deviation of our results from the general views on thermodynamic hydrations for small 

hydrophobic solute molecules can be attributed to the finite size of the confined system. The 

existence of boundaries indicates that our confined system involves not only hydration 

thermodynamics resulting from small hydrophobic solutes, but simultaneously those from 

extended hydrophobic surfaces. This rather complex and specific situation is a likely reason for 

our unique thermodynamic signatures. In the following chapter sections, we propose that such 

unique thermodynamic contributions can be explained from the mixture of two different length 

scale dependent hydration behaviors resulting from the existence of both small and large 

hydrophobic units. 

3.3.3 Water Structure and Hydration Thermodynamics. 

Water Oxygen Radial Number Density Profiles We analyzed two types of water oxygen 

radial number density profiles with regard to the center of either one or two methane molecules. 

These two types of oxygen radial number density profiles containing the CM, SSM, and 8 Å 

separations are shown in Figure 3.4. The methane-oxygen radial distribution function for the two 

individual methane molecules shows that all three methane pair configurations have a clear first 

hydration shell at 3.6 Å, following a minimum at 4.9 Å. While the shapes of the first hydration 

shell for the three different separations are similar, those for the second hydration shells (and 

beyond) are different from each other due to the existence of the sphere boundary. The reduced 

densities at 7 and 8 Å in the second set of peaks for the SSM and longest methane pair separation 

of 8 Å are expected given the boundary of the sphere.  
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Figure 3.4. Water-oxygen radial number density profiles for either (A) the two individual 
methane molecules or (B) the center of two methane molecules in a solute pair (named as M1 
and M2) at the CM, SSM, and longest separations. (d [Å] is the radial distance either (A) from 
the center of two methane molecules and (B) from methane itself.)  
 

 
Figure 3.5. Snap shots for three different methane pair configurations at their CM, SSM, and 8.0 
Å.  Only 54 water molecules are displayed for each configuration. 

 
As shown in Figure 3.4, the CM has a more complete second hydration shell than the other 

two separations, indicating that existence of boundary of a hard sphere makes it more difficult to 

complete the formation of a hydration shell beyond the first shell as r increases from the CM, to 

SSM, and to 8 Å. Figure 3.5 depicts snap shots taken from three different methane pair 

configurations at the CM, SSM, and 8 Å, with only 54 water molecules displayed in order to 

show clear solvation structures near them. These snap shots also verify that the second hydration 
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shell at the CM is more complete than those at the two longer separations. Although the 

quantities of the number of water molecules near the boundary are similar in all three different 

methane pair configurations as shown in Figure 3.4 (B), the effects of the boundary on the extent 

of forming a second solvation shell is different for each methane pair configuration. 

 

Figure 3.6. The partial energetic terms of the PMF for a methane pair with 128 water molecules 
at 300 K. The difference of the water-water interaction energy term, ∆Eww (blue square with 
dashed line), and the difference of water-methane interaction energy term, ∆Ewm (red square with 
dashed line) are calculated directly during simulation performance.  Uncertainty for the 
difference of water-methane interaction energy is less than ±1.5×10-2 kcal/mol and the difference 
of water-water interaction energy is less than ±0.45 kcal/mol. 
 

Analysis of Solvent-Solvent and Solvent-Solute Interaction Energies We further analyzed 

the difference of the water-water interaction energy, Eww, and the difference of the water-

methane interaction energy, Ewm. Figure 3.6 shows that Eww becomes less attractive as r 

increases while Ewm nears zero at all pair separations, indicating Eww is the major contributor 

to the energy. The observed behavior for these energetic terms is different from those in bulk 

water. According to a computer simulation study performed by Tsunekawa et al.,26 the difference 

of the water-water interaction energy is almost zero for all r considered in their study, supporting 

an idea of water structure and hydrogen boding are not significantly affected by methane pair 
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configurations in the bulk. The observed behavior of Eww, in which energy becomes more 

negative as r decreases, can be explained from boundary effects on the formation of the second 

hydration shell as a function of r; a more complete second hydration shell forms as r becomes 

shorter resulting in a more favorable Eww at a shorter r.   

Water Orientational Distribution Functions Figure 3.7 shows the orientational distribution 

functions of the water dipole directions with respect to the methane-oxygen vector only for the 

water molecules in both the first and the second hydration shells for the CM, SSM, and 8.0 Å 

obtained from Equation 3-5. For all three configurations, the first hydration shell is defined with 

a |rM – rO| ≤ 4.9 Å.  For our convenience, we divided the second shell into two regions defined by 

either 5.0 Å < |rM – rO| ≤ 8.0 Å (called SS1) or 8.0 Å < |rM –rO| (called SS2). 

The orientational distribution functions for a water dipole in the first shell show peaks at 

similar positions (i.e, cos(θ)=-0.36 Å for CM, cos(θ)=-0.38 Å for SSM, and cos(θ)=-0.34 Å for 8 

Å), indicating a water dipole for all three methane pair configurations pointing away from the 

hydrophobic solute because it cannot make a hydrogen bonding with water molecules. Figure 

3.7(B) shows broad peaks for the second shell with a 5.0 Å < |rM – rO| ≤ 8.0 Å around cos(θ)= 

0.25 Å for all three separations. These orientaional distribution functions for water molecules 

beyond the first hydration shell reveal that confinement induces a more ordered water structure 

when compared to bulk water.  For bulk water, the line for a water dipole beyond the first 

hydration shell appears flat while the line shapes of the first and second hydration shells are 

identically curved under a confined environment. This more ordered (or oriented) structure of 

water molecules under confinement can be attributed to the existence of  a boundary surface 

resembling a vapor-liquid like interface, which makes water molecules near the boundary point 

away from the hydrophobic boundary of the sphere. The boundary effects on water orientation 

can be seen more clearly for 8.0 Å < |rM –rO| in Figure 3.7(B). Furthermore, this figure shows the 
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CM separation has a higher peak than the SSM or 8Å, indirectly supporting a more ordered 

water structure at the CM separation over the SSM or 8Å, and ultimately resulting in a relatively 

unfavorable entropy at the CM.   

 

Figure 3.7. Orientational distribution functions for the water dipole directions with respect to the 
methane-oxygen vector for the water molecules (A) in the first solvation shell and (B) in the 
second solvation shell (SS1 and SS2) at the CM, SSM, and the longest separation of 8 Å. 
 

 
Figure 3.8. (A) The PMFs for a methane pair confined in a hard sphere with a diameter of 20 Å 
obtained from NVT and a modified grand canonical version of the Monte Carlo simulations and 
(B) their partial energetic contributions. 
 
3.3.4 Reliability of Our Simulation Methods for Hydrophobic Interaction Study. 

In order to demonstrate the reliability of our obtained results, we also performed another 

simulation run at constant volume and temperature with 128 water molecules. Figure 3.8 shows 

that these two PMFs are in fairly good agreement with each other, both showing an enhanced 
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tendency for hydrophobic solute association under confinement. Moreover, the two systems 

show the same trends of Eww and Ewm over all r. 

3.4 Conclusions. 

We have applied our new simulation method, a combination of the AVUS-HR nucleation 

algorithm and a thermodynamic cycle, to the investigation of water-mediated interactions 

between two hydrophobic solute molecules, a pair of methane molecules, placed in a hard sphere 

with a diameter of 20 Å. We determined that the association behavior of a pair of methane 

molecules is enhanced under a confined environment when compared with that in the bulk. This 

enhanced hydrophobic association has also been reported in earlier simulation studies with 

hydrophobic and/or hydrophilic cavities of a similar size to our confined environment of a hard 

sphere. By restricting the distribution of the two methane molecules in the central region of a 

sphere, we predicted an effect similar to the reserve micelle in hydrophobic interactions, which 

produces a more realistic cell-like environment.  

Given the inherent difficulties for obtaining entropy contributions to hydrophobic 

interactions in computer simulations, there are not many published studies of these quantities to 

compare with interaction itself.  To the best of our knowledge, there have been no computer 

simulation studies dealing with the contributions of entropy and energy to the hydrophobic 

interactions for a methane pair in a confined environment although several simulation studies 

exist for bulk water. By taking advantage of our method, the contributions of entropy and energy 

were analyzed in our study without additional simulation runs through a histogram reweighting 

method. We found that energy is getting more favorable as inter-solute distance, r, decreases, 

leading to energetically-driven hydrophobic associations. This finding is different from computer 

simulation studies performed in bulk water where contact pair minimum is driven by entropy due 

to reduced surface area accessibility to water molecules between the two methane molecules. We 
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conclude that due to the dependence of microsolvation behaviors on the location of a methane 

pair inside a hard sphere, the extent of boundary effects on the formation of hydration shells near 

methane molecules are different.  Furthermore, existence of the boundary of the hard sphere 

makes it harder to complete hydration shells beyond the first one as inter-solute distance, r, 

increases creating an energy driven hydrophobic association from a more favorable water-water 

interaction energy. In addition, unfavorable entropy at the CM can be explained from a more 

ordered second hydration shell at the CM rather than a longer separation. 
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CHAPTER 4    EVOLUTION OF THERMODYNAMICS FOR A METHANE PAIR 
DURING ADDING EVENTS OF SOLVENT MOLECULES INTO A RIGID HARD 
SPHERE.   
 
4.1 Introduction. 

 Another benefit, not discussed in the previous chapter, of using the modified grand canonical 

version of the vapor-liquid nucleation algorithm, is to interrogate the role of solvent molecules 

by monitoring the evolution of microsolvation thermodynamics for a methane pair with regard to 

solvent number and their separation distance during gradual adding events of water molecules 

into a rigid hard sphere.  The study of microsolvation thermodynamics in our project involves 

analyzing the association free energy (or PMF), contributions of entropy and energy to the PMF, 

and partial energetic terms. In particular, previously we succeeded in demonstrating the 

evolution of water mediated interactions for various ion pairs as a function of their separation 

distance during adding events of solvent molecules through our novel thermodynamic method.1  

For example, we obtained a water mediated interaction of an ion pair of Na+ and Cl-, which was 

similar to that in a bulk-phase system performed by Masunov and Lazaridis,2 when adding only 

60 water molecules. We further demonstrated that attractive interactions between two like 

charged ions could be induced by adding an appropriate number of water molecules. 

  We reported results focusing on different association behaviors for a methane pair under 

confinement from those in bulk water in previous chapter. As a continuing research on the 

excluded volume effects by a fixed boundary on association behaviors of a methane pair under 

confinement, in this chapter we will show the following observations of evolution of 

microsolavtion behaviors for a small hydrophobic solute pair in a rigid hard sphere: 1) how 

solvent (water) mediated interactions of a methane pair evolve and 2) what would be the key and 

underlying thermodynamic contributions for the evolution of these interactions during gradual 

adding events of solvent molecules inside a hard cavity. 
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4.2 Simulation Methods. 

The simulation methods used in this chapter were discussed in detail in the previous chapter.  

Briefly, we gradually added 1 to 128 water molecules inside a rigid hard sphere containing a 

methane pair fixed at a given separation ranging from 3.5 to 8 Å. The calculations for the water 

mediated interactions (or PMFs) were performed by using a combination of the AVUS-HR 

technique (for evaluation of association free energy with water molecules at a specific methane 

pair separation) and a thermodynamic cycle ( for obtaining the difference in the association free 

energy between two different methane pair configurations). We also performed analysis for other 

thermodynamic properties and for the structure of water molecules as the solvent number 

increases to acquire a molecular level understating of the hydration filling thermodynamics of a 

rigid hard sphere according to different methane pair configurations.  

Evolution of Entropy and Energy Contributions to the PMF Based on the finite 

difference method,3, 4 we analyzed the contributions of entropy (-TS) and the corresponding 

energy (∆U) to the PMF with respect to both the methane pair separation and the solvent number 

added into a hard sphere.  

Water-oxygen Radial Number Density Profiles The structure of the water molecules added 

into a hard sphere were investigated by analyzing oxygen radial number density profiles with 

respect to the center of the two methane molecules as well as to the methane molecule itself.  

Density profiles were generated during simulation runs by averaging all possible molecular 

configurations formed with regard to the number of water molecules added into a hard sphere.  

Partial Energetic Terms The difference of the water-water interaction energy term, ∆Eww, 

was obtained by summation of the difference of the water-water Lennard-Jones interaction and 

the difference for the water-water electrostatic interaction terms.  The difference of the water-
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methane interaction energy term, ∆Ewm, was also calculated. All partial energetic terms were 

analyzed by direct calculations during running the simulation.  

4.3 Results and Discussions. 

For reader clarity and efficient comparison, the evolution of water mediated interactions of a 

methane pair and their underlying thermodynamic contributions to these evolving interactions 

with regard to separation distance, r, for a different solvent number, n, are displayed in two 

sections. 

4.3.1 Evolution of Hydration Thermodynamics and Water Structures Inside a Hard Sphere 
Filled with 10 to 60 Water Molecules. 

 

 

Figure 4.1. (A) Evolutions of the PMF for a methane pair as a function of their separation 
distance, r, from 10 to 60 water molecules. N is the number of water molecules added into a hard 
sphere.  (B) Four snap shots taken from movie files for 30 and 60 water molecules at r of 3.8 Å 
and 8 Å, respectively. 
 

Figure 4.1 shows the evolution of the PMF from 10 to 60 water molecules and includes four 

snap shots taken from movie files for a certain cluster size (or certain number of solvent 
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molecules) at r of 3.8 Å and 8 Å. The absolute zero value was set at the longest separation of 8 Å 

for all cases considered in this study. 

Initially, addition of 10 water molecule does not change the PMF significantly when 

compared to a bare methane pair.  Subsequent addition of water molecules, as shown in Figure 

4.1, causes the PMFs at short separations (i.e., less than r = 5.5 Å) to incrementally increase up to 

60 molecules, where the contact pair minimum (CM) has a maximum positive value among all 

the considered number of water molecules. This observation indicates that the methane pair 

configuration at a short r becomes less stable relative to the reference configuration of 8 Å. On 

the other hand, the shoulder starts to appear at 30 water molecules, and continue to becoming 

more unfavorable until 50 or 60 water molecules.  

 

Figure 4.2. (A) Evolutions of the contributions of the entropy (-TS) to the PMF obtained from 
the finite difference method and (B) the corresponding energy (U) to the PMF with addition of 
10 to 60 water molecules. 

The evolution behaviors of water mediated hydrophobic interactions between two methane 

molecules can be shown as the result of interplay between two corresponding thermodynamic 

contributions of entropy and energy. When 10 to 60 water molecules are added, as shown in 

Figure 4.2, entropies become more favorable while energies become less favorable at a short r 
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with increasing solvent number.  This observation demonstrates that an unfavorable energy is the 

more important contributing factor for determining the total shape of the PMF. 

In order to show the dependence of microsolvation behaviors (i.e., contributions of entropy 

and energy to the PMF) on methane pair configuration inside a hard sphere, we analyzed water 

structures by averaging out their positions with respect to the center of two methane molecules, 

as well as the methane itself at two methane pair separations.  We used one separation set at 3.8 

Å to represent the short r, and another set at 8 Å to represent the long r. For 8 Å case as shown in 

Figure 4.3, a water molecule can access the space between two methane molecules and continue 

to fill that space until 50 water molecules added. On the contrary, for 3.8 Å case a water 

molecule cannot enter the space between two methane molecules. 

 

Figure 4.3. Water oxygen radial number density profiles with respect to either (A) the center of 
two methane molecules or (B) the methane itself from 10 to 60 water molecules added into a 
hard sphere for a methane pair configuration at r of 3.8 Å and 8Å. (d [Å] is the radial distance 
either from (A) the center of two methane molecules and (B) the methane itself.)   

 
The water molecule accessibility to the space between two methane molecules is considered 

as a major factor in determining the different microsolvation behaviors between a short r and 

long r as shown in snap shots depicted in Figure 4.1. For example, for the case of a short r, it 
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seems like that a pair of methane molecules on contact functions as one big hydrophobic solute 

molecule, making water molecules added simultaneously fill the half of the sphere first and 

solvate one big hydrophobic solute molecule composed of actually two methane molecules. 

Additionally, for this short r case, water molecules can be located relatively near the boundary of 

a hard sphere (see Figure 4.3 (A)) producing more broken hydrogen bonds between water 

molecules due to the near existence of big hydrophobic unit of the boundary ultimately leading 

to relatively both unfavorable water-water interactions and favorable entropy contribution. These 

behaviors of relatively unfavorable water-water interaction energy and relatively favorable 

entropy contribution reach a maximum around 60 water molecules.  On the other hand, due to 

the accessibility of the space between two methane molecules for a long r, water added into a 

hard sphere can fill the inside region of the hard sphere making a stronger water-water network.  

This results in relatively much favorable water-water interaction energy and a less favorable 

entropy contribution than for a short r. 

 

Figure 4.4. (A) Evolution of the difference of water-methane interaction energy, Ewm, and (B) 
the difference of water-water interaction energy, Eww, as a function of methane pair separation 
distance, r, for 10 to 60 water molecules. 
 

This relatively more cooperative water network formation observed for a long r rather than a 

short r can also be proven by analyzing the evolution of the difference in partial energetic 
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contributions to the PMF. Figure 4.4 shows the difference for both the water-water interaction 

energy term, ∆Eww, and for the water-methane interaction energy term, ∆Ewm for 10 to 60 water 

molecules. Globally, the graphs demonstrate that when the water molecules are added up to 60, 

the ∆Eww becomes more unfavorable for a methane pair with a short r rather than for long r.  This 

analysis establishes that the evolutionary behavior of the ∆Eww is a major contributor to the 

evolutionary behavior of the energy contribution to the PMF for 10 to 60 water molecules.  

4.3.2 Evolution of Hydration Thermodynamics and Water Structures Inside a Hard Sphere 
Filled with 70 to 128 Water Molecules. 

 

 

Figure 4.5. (A) Evolution of the PMF for a methane pair from 70 to 128 water molecules added 
into a hard sphere, and (B) four snap shots taken from movie files for 80 and 110 water 
molecules at r of 3.8 Å and 8 Å. 

The PMF, which becomes more unfavorable by adding up to 60 water molecules at a short r, 

continues to behave less favorably upon adding 10 more water molecules inside a hard sphere. 

Finally, when 80 water molecules are added into a sphere, the contact pair minimum (CM)  

becomes relatively more stable than the reference state, set at 8 Å, and has a slightly negative 
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value (i.e., -0.26 ± 0.02 kcal/mol). This CM continues to be more stable when adding up to 128 

water molecules and has a free energy of -1.77 ± 0.04 kcal/mol, as shown in Figure 4.5.  

We also displayed some snap shots taken from movie files for the addition of 80 and 110 

water molecules at r of 3.8 Å and 8 Å, respectively. For the 80 water molecule case at 3.8 Å, the 

snap shots show that the first solvation shells for two methane molecules in contact are almost 

completely formed. Thus, when more than 80 water molecules are added into a hard sphere, they 

are fulfilling another half of the sphere and simultaneously forming a second solvation shell for 

the one big hydrophobic solute surface when considering that two methane molecules act as one 

big hydrophobic solute molecule.   

In contrast, for the 80 water molecule case at r of 8.0 Å, a dumbbell-like water cluster having 

two holes at the surface of the two methane molecules is formed. This observation is a result of 

gradual filling of the water molecules inside the space between the two methane molecules at a 

separation of 8.0 Å. These further added water molecules continue to fulfill the holes and 

complete the formation of the first solvation shell for uncovered surfaces of the two methane 

molecules. 

The two different types of oxygen radial distribution functions depicted in Figure 4.6 support 

the different microsolvation behaviors taken from the four snap shots at two different methane 

pair configurations (Figure 4.5 (B)). For example, peaks at round 3.6 Å corresponding to the first 

solvation shell in methane-oxygen radial distribution profiles with regard to the methane 

molecule itself for a short r appear not to change much after 80 water molecules are added. 

Additionally, another profile with regard to the center of the two methane molecules separated at 

3.8 Å in Figure 4.6 (B) shows that peaks around 5 Å, corresponding to the first solvation shell, 

don’t change much after 80 water molecules are added. Both analyses indicate that formation of 

the first solvation shell for a methane pair separated at 3.8 Å has been completed after the 
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addition of 80 water molecules. For a long r, on the other hand, the constant increase of peaks at 

3.6 Å in the methane-oxygen radial distribution profiles supports the fact that there is gradual 

formation of the first hydration shell for two methane molecules separated at r of 8.0 Å until all 

128 water molecules are added. 

 

Figure 4.6. Water oxygen radial number density profiles with respect to either (A) the center of 
two methane molecules or (B) the methane itself when 70 to 128 water molecules are added into 
a hard sphere cavity for a methane pair configuration at 3.8 Å and 8Å. (d [Å] is the radial 
distance either (A) from the center of two methane molecules and (B) from methane itself.)  

 
Figure 4.7. Evolution of the contributions of (A) the entropy (-TS) and (B) the energy (U) to 
the PMF with the addition of 70 to 128 water molecules. 
 

Figure 4.7 shows the contributions of the entropy (-TS) and the energy (U) to the PMF 

from 70 to 128 water molecules. At 70 water molecules, compared to 60 water molecules, the 
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entropy contribution is very similar over all r values.  The energy contribution, however, is 

slightly less positive at a short r for 70 water molecules than for 60 water molecules, which 

results from the increased negative values for the water-methane interaction energy at a short r 

for 70 versus 60 water molecules. When adding 10 more water molecules, the entropy starts to 

become less favorable, while the energy continues to be more favorable at a short r.  Ultimately, 

adding more water molecules produces an almost flat like entropy and energy contribution to the 

PMF over all r values. 

When adding more than 90 water molecules, the entropies are becoming more positive, while 

the energy contributions are becoming more negative at a short r. Therefore, after the addition of 

80 water molecules, a more favorable PMF at the CM than at 8.0 Å can be attributed to the more 

favorable energy contributions at the CM than at 8.0 Å. Further, this more favorable energy can 

be explained as a result of the more favorable Eww at the CM than at 8.0 Å.  

 

Figure 4.8. Evolution of (A) the difference of water-methane interaction energy, Ewm, and (B) 
the difference of water-water interaction energy, Eww, as a function of methane pair separation 
distance, r, from 70 to 128 water molecules. 

 
 As shown in Figure 4.6, in the range of water molecules from 90 to 128, water added into a 

hard sphere fulfills the outer region of a sphere but not the interior region of the sphere, and the 

possibility of the existence of water molecules near the boundary seems to be similar for both a 
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short r and a long r. However, the role of the water molecules is different according to the 

methane pair configurations: For the case of a short r, water molecules continue to complete the 

second solvation shell resulting in strong water-water interaction energy. For the case of a long r, 

they continue to complete the first solvation shell for the previously uncovered surface of 

methane molecules. In addition, due to the location of a methane pair inside a hard sphere, the 

structure of the second solvation shell at a long r is unsymmetrical and uncompleted. Overall, 

these different roles of solvent molecules added into a hard sphere result in both stronger water-

water interaction energy and less favorable entropy contribution at the CM than at 8.0 Å due to 

the more complete and ordered second hydration shell for a short r rather than a long r.          

4.3.3 General Views on the Evolution of Water Mediated Interactions for a Methane Pair for 
All Considered Solvent Numbers. 

 
In this section, we address the overview on the evolution of the water mediated interactions 

including the movement of the positions and their relative stabilities with regard to the CM, BH, 

and SSM. 

Movement of the Positions of the CM, BH, SSM, and 8 Å We tabulated the positions of 

the CM, BH, and SSM with regard to the number of water molecules added into a hard sphere in 

Table 4.1. As the number of water molecules increases, the CM shifts into the inwards from 4.2 

Å, a minimum position for a bare methane pair used in this study, to 3.8 Å. This observation 

indicates that a methane pair prefers to move closer to each other as the water density inside a 

hard cavity increases in order to reduce the surface costs for creating an interface between the 

hydrophobic molecule and water. On the other hand, the BH started to develop broadly after the 

addition of 30 water molecules at r of 5.5 Å. The BH then moved to a shorter r until almost half 

of the water molecules used in this study (approximately 70 number of water molecules, r of 5.2 

Å) were added before finally shifting to the outside.  
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Table 4.1. Positions of CM, BH, and SSM with regards to the solvent number. (NC means “not 
calculated”.) 
 

# of water 
molecules CM (Å) BH (Å) SSM (Å) 

10 4.2 NC NC 
20 4.2 NC NC 
30 4.0 5.5 NC 
40 4.0 5.5 NC 
50 3.9 5.3 NC 
60 3.9 5.2 NC 
70 3.8 5.2 NC 
80 3.8 5.6 NC 
90 3.8 5.6 6.9 
100 3.8 5.6 6.8 
110 3.8 5.6 6.8 
120 3.8 5.6 6.6 
128 3.8 5.7 6.4 

 

Table 4.2. Free energy differences obtained from FBH – FCM, FBH – FSSM, FBH – F8Å, FSSM – FCM, 
and F8Å – FCM with regard to the solvent number. (NC means “not calculated”. Uncertainties for 
all obtained values of free energy differences are less than ±4.0×10-2 kcal/mol.) 
 

# of water 
molecules 

FBH – FCM 

(kcal/mol) 
FBH – FSSM 
(kcal/mol) 

FBH – F8Å 
(kcal/mol) 

FSSM – FCM 
(kcal/mol) 

F8Å – FCM 
(kcal/mol) 

10 NC NC NC NC 0.24 
20 NC NC NC NC -0.15 
30 0.26 NC 0.80 NC -0.53 
40 0.41 NC 1.31 NC -0.89 
50 0.52 NC 1.76 NC -1.24 
60 0.49 NC 1.72 NC -1.23 
70 0.75 NC 1.36 NC -0.60 
80 1.07 NC 0.77 NC 0.30 
90 1.27 0.28 0.24 0.99 1.03 
100 1.40 0.21 -0.02 1.19 1.43 
110 1.48 0.19 -0.13 1.29 1.61 
120 1.45 0.15 -0.25 1.29 1.69 
128 1.36 0.08 -0.43 1.28 1.78 

 

Relative Stabilities of the CM, BH, SSM, and 8 Å Table 4.2 shows the free energy 

differences between two different methane pair configurations among the CM, BH, SSM, and 8 

Å with regard to the solvent number, N. This table shows, by gradual addition of solvent 
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molecules into a hard sphere, that generally the free energy difference between the BH and the 

CM (or Dissociation Barrier Height (DBH)) obtained from FBH-FCM increases, while the free 

energy difference between the BH and the SSM (or called Association Barrier Height (ABH)) 

obtained from FBH-FSSM decreases.  The obtained values in Table 4.2 indicate that the association 

tendency of two nonpolar molecules becomes more favorable while dissociation becomes less 

favorable as water density inside a hard sphere increases. 

One question that arose during the water molecule addition events is whether we can observe 

the bulk-like hydrophobic interaction for a methane pair at a certain density range of water 

molecules inside a sphere. It has been reported that, generally, the DBH and ABH for a methane 

pair are around 0.8 ~ 1.0 kcal/mol and 0.3 ~ 0.4 kcal/mol in the bulk.3-6 Although the DBH is 

similar to that in the bulk when observed from 70 to 80 water molecules, the SSM has not yet 

developed in this range of water molecules. Over the entire range of water molecules studied 

here, we cannot observe bulk-like hydrophobic interaction behaviors for a methane pair during 

the addition event of water molecules.  

4.4 Conclusions. 

We have investigated water mediated interactions for a small hydrophobic solute pair with 

respect to their separation distance and the solvent number.  The gradual adding water molecules 

with this pair involved the addition of 10 to 128 molecules inside a hard sphere of a diameter of 

20 Å with a fixed methane pair separated at a certain distance from 3.5 to 8 Å. As expected, 

microsolvation behaviors for a methane pair configuration are different due to the positions of 

the two methane molecules inside a hard sphere. Further, this solvation dependence on methane 

pair configurations inside a hard sphere plays an important role in determining hydration 

thermodynamics (i.e., PMF and the contributions of both entropy and energy to this PMF). We 

have shown the relevance for the evolution of hydration thermodynamics to the different 
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microsolvation behaviors for a methane pair inside a cavity by choosing a methane pair 

separation of 3.8 Å as being representative of a short r and 8.0 Å as  being representative of a 

long r. 

A major difference between the two different methane pair configurations is the accessibility 

of the space between the two methane molecules for a short r and a long r. In the case of a short r, 

there is not enough space between the two methane molecules for water molecules to enter, thus 

the pair functions like one big hydrophobic solute molecule. On the other hand, in the case of a 

long r, water can access the space between the two methane molecules, leading to the formation 

of a water network across the center of a hard sphere. 

After a hard sphere has been filled with 80 water molecules, the first solvation shell of the 

two methane molecules (at a short r) is almost completely formed, and the PMF at a short r has 

become more unfavorable than the PMF at a long r. For a short r, the water molecules added at 

the beginning are filling mostly half of a hard sphere while simultaneously solvating the surface 

of two methane molecules at contact. In this case, water molecules located near the boundary of 

a hard sphere have more broken hydrogen bonds which lead to both unfavorable water-water 

interaction energies and favorable entropy contributions. These relatively unfavorable water-

water interaction energies and favorable entropy contributions reach their maximum around 60 

water molecules, which is approximately half of the water molecules used in this study. On the 

other hand, due to the accessibility of the space between two methane molecules for a long r, 

water added into a hard sphere can fulfill the inside making a stronger water-water network. This 

behavior results in more favorable water-water interaction energy and a less favorable entropy 

contribution than for a short r. In the range of water molecules from 90 to 128, water added into 

a hard sphere fulfills the outer region of a sphere, and the possibility of the existence of water 

molecules near the boundary seems to be similar for both a short r and a long r. For a short r, 
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water molecules continue to complete the second solvation shell resulting in strong water-water 

interaction energy. For a long r, on the other hand, they continue to complete the first solvation 

shell for the uncovered surface of methane molecules. In addition, due to the location of a 

methane pair inside a hard sphere, the structure of the second solvation shell at a long r is 

unsymmetrical and uncompleted leading to less favorable water-water interaction energy than a 

short r. 
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CHAPTER 5    THERMODYNAMICS OF WATER FILLING OF A SLIT-LIKE PORE 
OBSERVED BY NUCLEATION BASED COMPUTER SIMULATION. 
 
5.1 Introduction. 

Water plays a critical role in living systems and most terrestrial chemical reactions. Given its 

importance, water has been the subject of more scientific research than virtually any other 

system. In particular, an understanding of water phase behavior in non-bulk systems has received 

great attention due to its biological, technological, and atmospheric importance. 

One of the most important environments affecting water phase behavior is confinement. 

Water clusters confined in nanoscale geometries are common in biology, engineering and 

geology. Confinement can significantly alter the water structure, producing phase behavior that 

is quite distinct from both bulk water and clusters not under confinement.1, 2 3In addition, these 

alterations to the water structure can significantly modify its interactions with solute molecules. 

For example, in a solvent driven process such as protein folding, perturbing the solvent structure 

by confinement can induce considerably different kinetic and thermodynamic properties to the 

protein folding process compared to those observed in bulk phases.4-7 In particular, the collapse 

of biopolymers leading to the formation of a water expelling nonpolar cavity is believed to be the 

central theory for the protein folding process and its stability.8 However, conflicting results have 

been reported about whether the interior of the hydrophobic cavity that is formed is actually 

‘empty’ or ‘wet’.8-11 Some researchers have reported that buried water inside the protein 

structure is required, at least transiently, in nonpolar cavities for their functions. In addition, this 

interior hydration of proteins has also been suggested as a mechanism of pressure induced 

protein unfolding.    

Most researches have paid much attention to the hydration thermodynamics of nonpolar 

solute molecules in aqueous solutions and the water induced hydrophobic interactions. 
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Conversely, the behavior of water molecules in non-aqueous solutions or environments has been 

relatively less studied. In this chapter, we will analyze the interior hydration thermodynamics by 

adding water molecules in between two smooth parallel walls using our nucleation technique, 

AVUS-HR.12, 13 We have also addressed the effects of dimensionality, as well as the interaction 

between water molecules and walls, on such hydration thermodynamics. 

5.2 Simulation Methods. 

Our grand canonical version of the vapor-liquid nucleation algorithm has been applied to the 

extension of studies on hydration thermodynamics of water molecules in nonpolar cavities. We 

have restricted the formation of water droplets to inside the cavities only, otherwise rejecting any 

trial moves that intend to place a water molecule outside. As a model of hydrophobic cavities, we 

used two infinite smooth walls, as shown in Figure 5.1, and restricted the movement of water 

molecules along the z-directions again by rejecting any trial moves that exceed the boundary. We 

used periodic boundary conditions for the x and y directions with a gradual addition of water 

molecules between the walls. As part of the simulation conditions, the chemical potential of the 

gas-phase was specified and the interaction between this gas phase and the water molecules was 

neglected here. 

The TIP4P14 interaction parameter was used for water-water interactions, and the energy-

based Stillger-type cluster criterion15, 16 was used for the cluster criterion. We set -260K as the 

water cluster criterion based on our previous water vapor-liquid nucleation studies.12, 17  For the 

interaction parameters between water molecules and walls, we used ideal hydrophobic walls, 

also termed hard walls, which excludes water molecules from a certain region in space and for 

which there is no interaction between the water and the walls. Moreover, in order to address the 

effects of water-wall interaction, we added weak attractive interaction parameters between them. 
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The 9-3 type potential, which is appropriate for a homogeneous solid surface,18 is used for water-

wall interaction potential type and is depicted by Equation 5-1 below: 
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In this equation, Z is the distance from the oxygen atom of a water molecule to the hydrophobic 

walls, whereas ow and ow refer to the interaction parameters between the oxygen atom of a 

water molecule and a hydrophobic wall.  We set ow = 1.237 kJ/mol and ow = 2.4735 Å. These 

parameters were chosen to mimic the interaction of a water molecule with the paraffin-like 

wall.19, 20 For this type of wall, the effective wall separation, Heff, can be used to define the region 

accessible to the water molecules added into the inter plate region. Heff was defined to be the 

distance between points at which the potential energy, U(z), is zero: These points are located at 

–Z0 + 2.4735Å and Z0 - 2.4735Å where ± Z0 are the positions of the origins of the walls. All pair 

Lennard Jones and electrostatic interactions were also considered during the simulations. 

 

Figure 5.1. Schematic of the simulated confined water systems between two smooth parallel 
walls in an xy plane, separated by H. This figure also includes the effective wall separation, Heff. 
In the case for hard walls, H equals to Heff.   

 

5.3 Results and Discussion. 

Before starting this results section, we would like to note that we compared resulting 

thermodynamic properties for hard walls with those for paraffin-like walls based on the 
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assumption that the effective wall-wall separation, Heff, for hard walls is equal to the wall-wall 

separation, H. 

5.3.1 Free Energy Penalty during Water Filling Process of Wall-Wall Interspace. 

How much free energy penalty is required for adding water molecules into the confining 

space between two parallel walls? In order to address this question, we calculated the free energy 

difference between two states of confining systems using the following equation: 

                                           )()()( inf NGNGNG initeHH effeff
∆−∆=∆∆                   5-2 

In this equation, GHeff (N) is the free energy difference between GHeff (N), which is the 

nucleation free energy for forming water droplets of size N in a confining space between two 

parallel walls with a wall-wall separation of Heff. The term Ginfinite (N) represents the nucleation 

free energy for forming water droplets of size N in a confining space between two parallel walls 

with an infinite wall-wall separation. For the case of a hard wall, where there is no interaction 

between water molecules and the wall, this free energy penalty for a certain wall-wall separation, 

Heff, is equal to the work required for the process of bringing two parallel hard walls from far 

apart (or infinite wall-wall separation where there is no correlation between the position of the 

two parallel walls) to a certain wall-wall distance, Heff. This required work is equal to the water 

induced PMF. Therefore, similar to the PMF calculation for small hydrophobic solute molecules, 

the water induced PMF of hard walls for the number of water molecules as a function of wall-

wall separation distance is calculated by the following steps: 

1) Run the simulation of the vapor liquid nucleation method called AVUS-HR for a certain 

wall-wall separation, Heff, by gradually adding water molecules into interspace between two 

parallel hard walls. 
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2) With the obtained association free energy (or nucleation free energy) for a certain wall–

wall separation of Heff, GHeff (N), the association free energy difference between two different 

wall-wall separations can be calculated through the thermodynamic cycles depicted in Figure 2.3. 

Initially, we displayed the free energy penalty of hard walls for the number of water 

molecules (N) as a function of the wall-wall separation, Heff, in Figure 5.2. As expected, the free 

energy penalty for the water filling process into the confining space between two hard walls 

increases as N increases for each wall-wall separation. In addition, the extent of this free energy 

increased amount becomes smaller as the wall-wall separation becomes larger from 3 Å to 10 Å.  

 

Figure 5.2. Free energy penalty (or water induced PMF) of hard walls for the different number of 
water molecules (N) as a function of wall-wall separation (Heff). The units for G(N) are 
kcal/mol.    
 

Is this water filling process in confinement between two paraffin-like walls favorable or 

unfavorable? In order to determine how the presence of weak attractive interactions between 

water molecules and walls affects the water filling process, we also calculated the free energy 

penalty for paraffin-like walls in Figure 5.3. This data suggests that weak attractive interaction 

between water molecules and walls allows the initial filling process to be much easier than in the 

hard wall case (i.e. no interaction between the water and the wall) and even better than the 

infinite wall-wall separation case. 
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Figure 5.3. Free energy penalties of paraffin-like walls for the number of water molecules (N) as 
a function of wall-wall separation (Heff). The units of G(N) are kcal/mol. 

 
  Interesting features for paraffin-like walls are observed in Figure 5.3: Initial addition of 

water molecule is slightly more favorable than for the infinite wall-wall separation case. When 

adding 10 water molecules, the free energy penalty for Heff at 3 Å starts to become positive (or 

unfavorable) while free energy penalties for other wall-wall separations continue to be negative. 

When adding 10 more water molecules (N=20), the free energy penalty for Heff at 4 Å becomes 

less negative and so on. The number of water molecules, N, where the free energy penalty starts 

to be less negative increases as the Heff are getting larger. The reason for this behavior of the free 

energy penalty may be considered as the result of a competition between favorable water-wall 

interaction energy and unfavorable water-water interaction energy from restricted space when 

adding water molecules. In the following section, we will further discuss the behavior of 

differences of water-water and water-wall (for paraffin-like wall case) interaction energy as a 

function of Heff and N. 

5.3.2 Roles of Water-Water Interaction Energy and Water-Wall Interaction Energy. 

The difference of the water-water interaction term, ∆Eww, and the difference of water-wall 

interaction term, ∆Ewater-wall, were obtained from direct calculations during the simulations. 
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Generally, the water-water interaction energy is not more favorable for water clusters of any size 

formed in a confining space between two hard walls than in an infinite wall-wall separation 

(Figure 5.4). This tendency of unfavorable water-water interaction energy increases both as Heff 

decreases and as the water cluster size increases. A characteristic feature for a hard wall is that 

Heff at 3 Å has a distinctive unfavorable water-water interaction energy than at other separation 

distances. This feature can be attributed to a very small space (near to 2 dimensions) where only 

one strand of water molecule can be adopted. Thus, unfavorable water-water interaction energy 

is alleviated when Heff increases to some extent where two or more strands of water molecules 

can exist inside the confining space leading to a more flexible formation of the water-water 

network.      

 

Figure 5.4. The difference of the water-water interaction energy, Eww, of hard walls as a 
function of wall-wall separation distance, Heff. We set the infinite wall-wall separation as the 
reference.  
 

The existence of weak attractive interactions between water molecules and walls generally 

makes the unfavorable water-water interaction decrease by allowing a more flexible water 

orientation for formation of a water network.  This observation is in contrast to hard wall cases, 

although the size of the confining space for entering water molecules is the same between the 

two different types of walls (i.e., hard walls and paraffin-like walls). For example, for the case of 
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Heff at 3 Å, transverse water density profiles show that water molecules can form two complete 

strands of water molecules for a paraffin-like wall while only one strand of water molecules 

forms for a hard wall. We also evaluated the interaction between water molecules and walls, 

Ewater-wall, and displayed the difference of total energy for a water cluster system, Etotal, by 

summing Eww and Ewater-wall (Figure 5.5).  The water-wall interactions become more attractive 

as Heff decreases while N increases. These negative values result in a lowering of the total energy 

of the system. 

 

Figure 5.5. The difference of the water-water interaction energy, Eww, and the water-wall 
interaction energy, Ewater-wall, of paraffin-like walls as a function of wall-wall separation 
distance, Heff. The difference of total energy of the system, Etotal, for a paraffin-like wall is also 
included in this figure. We set infinite wall-wall separation as the reference.  
 
 



68


5.3.3 Oxygen Number Density Profiles. 

It is well known that water layering is induced when water molecules are placed in two or 

three molecular diameter-size confined environments in order to pack themselves, regardless of 

the water-wall interaction.21-24 Generally, this layering can be shown as the transverse density 

profiles of water molecules along the direction perpendicular to the wall. This transverse density 

profile can be considered as the two body pair correlation function displaying radial density of 

the water oxygen molecules with regard to the wall, which is fixed in space with an infinite 

curvature. Further, both the magnitude and the water layering structure depend on the density of 

water molecules and the water-wall interaction. 

 

Figure 5.6. Oxygen number density profiles along the confinement direction, z-axis, for different 
wall separations of (A) 3, 4, 5, 6 and (B) 7, 8, 9, 10 Å for hard walls. 
 

We analyzed the oxygen number density profiles by computing the average number of water 

oxygen atoms in slabs of a specific thickness (z = 0.1 Å) along the direction perpendicular to 

the wall (central plane at z= 0) for hard walls in Figure 5.6. When Heff = 3 Å, water is under 

transition from one layer to two layers, depicted graphically by having two small peaks. When 

Heff = 4 Å, the water has formed two layers shown by two sharp peaks near each wall. These two 

layers of water are getting broader as Heff increases from 4 to 6 Å. Finally, three water layers 
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were formed at Heff = 7 Å having a broad peak in the middle of a confining slab between two 

hard walls. This formed three layers continues to be broader until Heff = 10 Å. 

 

Figure 5.7. Oxygen number density profiles along the confinement direction, z-axis, for different 
wall separations of (A) 3, 4, 5, 6 and (B) 7, 8, 9, 10 Å for paraffin-like walls. 
 

In order to show the effect of weak attractive interactions between the water and the wall on 

water packing behavior, we also performed the same transverse density analysis for paraffin-like 

walls. As shown in Figure 5.7, the notable observed difference is in the water packing behavior 

at Heff = 3 Å: While water is under transition between one to two layers for hard wall case, water 

initially forms two layers for paraffin-like walls due to the weak attractive interaction between 

the water and the wall.   Although general water layering behavior after Heff = 3 Å is similar to 

the layering behavior for hard walls, the height of the two peaks near each wall, for a paraffin-

like wall, is taller than the height for a hard wall at Heff = 4,5 and 6 Å. Another interesting 

difference between hard and paraffin-like walls is that the summit of the peaks for a paraffin-like 

wall is broader than those for a hard wall, which may also result from the weak attractive 

interaction between the water and the wall.  

From the transverse water density profiles for hard and paraffin-like walls, it is obvious that 

the water-wall interaction affects the way water is packed into a confining space. However, this 



70


paraffin-like wall does not provide a significant difference from the hard wall case except for the 

smallest effective wall separation (3 Å). 

5.4 Conclusion. 

As an extension of the work for hydrophobic interactions between small hydrophobic solutes 

in confined environments, we applied a novel nucleation algorithm termed AVUS-HR to the 

extremely large hydrophobic solute systems such as two infinitely parallel walls. In order to 

adjust the original nucleation algorithm for analysis of the infinitely parallel wall system, we 

slightly modified it in such a way that the applied Monte Carlo move is only accepted when it 

leads to water droplet formation inside the confined environment made by the two walls, 

otherwise the trial move is rejected. To address the effects of water-wall interaction on the 

behaviors of confined water, the weak attractive interaction between water molecules and walls 

are added for comparison to the hard wall case. 

The simulation result reveals that the weak attractive interaction between water molecules 

and walls allows water molecules to pack more efficiently for making water networks.  Thus, 

these weak interactions lower the free energy penalty for the formation of water clusters in a 

confined space between two walls, ultimately lowering the total energy of the system when 

compared with the hard wall case (where there is no interaction between water molecules and 

walls). 

Through the work described in this chapter, we show the successful application of our 

nucleation algorithm to the study of the properties of water molecules (i.e., both qualitative 

properties such as water layering behavior and quantitative properties such as free energy penalty 

and water-water interaction terms) confined between two large hydrophobic solutes expressed as 

infinitely parallel walls.  
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     In conclusion, we have successfully applied our novel nucleation algorithm to two different 

hydrophobicity-related simulation studies, one on hydrophobic association behavior between two 

small hydrophobic solute molecules under confined environment and the other on hydration 

thermodynamics under confined space between two infinitely parallel walls. This information 

will further our understanding of the various and more complex hydrophobic phenomena (i.e., 

association behaviors of nonpolar and/or polar amino acid residues under confined environment, 

and effects of salts, temperature and pressure on this association behaviors) as well as nucleation 

events under confined environment.   
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