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Abstract 

Synthetic polymers are versatile materials with an extraordinary range of technological 

applications playing essential and ubiquitous roles in everyday life. Presently, the 

applications of polymers are not limited to traditional areas of technology but extend to 

novel uses in the areas of nanotechnology connected to medicine and pharmacology. 

Polyethylene oxide (PEO) and polypropylene oxide (PPO) homo-polymers as well as the 

block co-polymers based on them (Pluronics or Poloxamers) are among the most versatile 

polymers used in these fields. These polymers have the advantages of being non-toxic, 

easily available, economic and customizable to meet specific purposes. Despite many 

experimental and theoretical studies on them, the actual mechanisms of their interactions 

with bio-systems and drug molecules are still unknown.  

The research work reported in this PhD thesis is aimed to understand the behavior 

of these polymers in solution and their interactions with biological interfaces and drug 

molecules using molecular dynamics simulations. Recently proposed models for the ether 

based polymers and their monomers were successfully tested in a wide range of non-

aqueous solvents to establish their versatility. The thermodynamics and kinetics of the 

polymers and the monomers were first studied at simple water/n-heptane interface. 

Eventually the research was extended to study their properties at lipid bilayer interfaces. 

The percolation behavior of the ether based polymers and their monomers were studied 

using standard molecular dynamics, steered molecular dynamics and umbrella sampling 

simulations. It has been shown that the percolation of PPO chains through lipid bilayer is 

favored compared to their PEO counterparts. PEO chains do not have any preference for the 

interior of the bilayer and but the PPO chains prefer to stay inside the bilayer. PPO chains 

with length comparable to the width of the bilayer tend to span across the bilayer. Pluronics 

also show similar effect with PPO parts spanned along the width of the bilayer and the PEO 

blocks in the polar headgroup region and water in both sides of the bilayer. The potential of 

mean force barriers of bilayer percolation were found to be smaller for PPO chains of all 
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lengths than their PEO counterparts. 

The last part of the project aimed to investigate the mechanism of interaction of 

Pluronics with hydrophobic drug molecules. Curcumin, a natural drug from the Indian spice 

turmeric, has recently attracted interest as potential multivalent drug for the treatment of 

different diseases comprising cancer and Alzheimer’s disease. For its hydrophobic nature, it 

has low solubility in water and therefore efforts are directed to find suitable polymeric 

carrier. For all these reason, Curcumin was chosen as model of hydrophobic drug for my 

study.  A suitable force field model for this drug was optimized and used to study its 

interaction with Pluronics. The results of these MD simulation studies evidenced the 

mechanism of drug-polymer aggregate formation in which Curcumin is embedded into a 

hydrophobic PPO core surrounded by a hydrophilic PEO shell.    

The findings of this thesis are useful in the better understanding of the interactions 

of block co-polymers with bio-membranes at atomic level. Moreover, they provide a better 

insight on the dynamics and thermodynamics of the drug encapsulation and delivery across 

cell membranes. 
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2 

Preface. 

The development of synthetic polymers as drug carriers is one of the most active areas in 

biomedical research. Approximately half of the recently discovered molecules that have 

therapeutic potential are hydrophobic.[1] To fully utilize the full potential of these molecules 

as drugs, it is important to fabricate an easily available and biocompatible carrier for them 

for better solubilization and controlled release.  During last several years, amphiphilic, non-

ionic block co-polymers have emerged as a potential candidate for this purpose.[2, 3] In 

particular, tri block-copolymers Pluronics based on polyethylene oxide (PEO) and 

polypropylene oxide (PPO) are one of the most widely studied polymer among them.[2-7] 

Pluronics being inexpensive, non-toxic, easily available and easily customizable to meet 

specific purposes, have become one of the promising substitute for lipopolymers for drug 

delivery.[8] These polymers have low cytotoxicity which makes them undetectable by living 

cells or systems.[5] Encapsulation of drugs in Pluronics matrix has found to enhance 

residence time and decrease the chances of proteolytic decomposition.[2, 4, 6, 7, 9-11]  Pluronics 

have also been found to be effective against drug resistant tumor cells.[12] When combined 

with antitumor drugs, the chemotherapeutic material has a tendency to accumulate in 

tumor cells and affects the immune system to far less extent.[13] In several studies, Pluronics 

have found to be a promoter for drug penetration across biological membranes.[14-16]  

 Despite the large number of applications, little is known on the atomic details of 

their interaction with different biological interfaces and also with drug molecules.  

 My PhD thesis reports theoretical study on the interaction of ether-based polymers 

with DMPC lipid bilayer and with the drug Curcumin using molecular dynamics simulation 

techniques. In particular, I have investigated linear and triblock copolymers based on 

polyethylene oxide (PEO) and polypropylene oxide (PPO). Detailed description of the 

polymers involved in the project is given in the next section. 

 



Introduction  

 

Jacobs University Bremen, 2012 

 

3 

Polyethylene oxide (PEO) and polypropylene oxide (PPO). 

PEO or polyethylene oxide is a non-ionic homopolymer produced by polymerization of 

ethylene oxide. Its chemical formula is CH3-O-[CH2-CH2-O]n-CH3 (n is the number of polymer 

monomers). The smallest oligomer (n=1) corresponds to the 1, 2-dimethoxyethane (DME). 

PEO is an amphiphilic polymer and has many important applications. Unlike other 

polyethers (general formula [(CH2)x-O]m)it is soluble both in common organic solvents and 

water. This behavior seems to be a result of the balance between the hydrophobic forces 

applied by the ethylene units, -CH2-CH2-, and the hydrophilic interaction of the units 

containing oxygen. The consequence of these two competitive forces makes PEO soluble in 

water in all proportion at temperature lower than the boiling point of water.[17] PEO at low 

concentration enhances membrane fluidity and at higher concentration, causes membrane 

fusion.[18, 19] 

 

Figure 1: Chemical structure of polyethylene oxide/PEO (left) and polypropylene oxide/PPO (right) 

polymers. 

PPO or polypropylene oxide is a hydrophobic polymer with amorphous structure.[20] 

Its chemical formula is CH3-O-[CH2-C(CH3)H-O]n-CH3. Due to the presence of a chiral carbon 

atom, PPO polymers can have three different configurations, i.e., Isotatic (all chiral atoms in 

the chain methyl groups have the same R or S configuration), Syndiotactic (chiral atoms 

with alternate R and S configurations) and Atactic (chiral carbon atoms with a random 

sequence of R and S configurations).  

The smallest oligomer (n=1) of PPO corresponds to the compound 1,2-
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dimethoxypropane (DMP). Only PPO oligomers with comparatively short chain length 

(molecular weight < 400 Da) are soluble in water.[21] Its solubility decreases rapidly with 

increasing chain length. A limited number of experimental studies of aqueous solutions are 

available on the DMP and the PPO polymers in both water and organic solvents. 

Pluronics or Poloxamers. 

Pluronics are non-ionic triblock copolymers composed of a central hydrophobic chain of 

PPO flanked by two hydrophilic chains of PEO. Pluronics is readily soluble in aqueous 

solutions, polar and non-polar organic solvents.[11] The chemical structure of Pluronics is 

shown in Fig. 2.  

 

Figure 2: Chemical structure of PEO and PPO based triblock co-polymer Pluronics. 

Because customizable length of polymer blocks, many different Pluronics exist those have 

slightly different properties. For the trade name ‘Pluronics’, coding of these copolymers 

start with a letter to define its physical form at room temperature (L for liquid, P for paste, F 

= flake (solid)) followed by two or three digits. The first digit (two digits in a three-digit 

number) in the numerical designation, multiplied by 300, indicates the approximate 

molecular weight of the hydrophobic part; and the last digit × 10 gives the percentage PEO 

content. For example, L61 is a liquid Pluronics with a molecular mass of PPO block of 1,800 

g/mol & 10% PEO content and P85 is a paste Pluronics with 50% PEO content & it has 2400 

g/mol PPO in it. When the trade name ‘Poloxamer’ is used, the convention is slightly 

different.  In that case, the first digit (two digits in a three-digit number) multiplied by 100, 

indicates the approximate molecular weight of the PPO part.[22]  

In the following Table 1, we present few commonly used Pluronics. 
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Table 1: Description of the Pluronics molecules used in this study. 

Name Composition Molecular Weight HLBa 

L61 PEO2-PPO30-PEO2 1962 1.2 

L64 PEO13-PPO30-PEO13 2930 14 

P85 PEO25-PPO40-PEO25 4566 17 

F127 PEO99-PPO67-PEO99 12644 24 

aHLB: hydrophilic-lipophilic balance. For PEOn-PPOm-PEOn type polymers                         

HLB = [-36m/(2n+m) + 33]. Lower HLB indicates higher hydrophobicity of the polymer. 

 Pluronics are usually soluble in water because of their hydrophilic PEO parts. Their 

properties in aqueous solutions depend on temperature and concentration. The presence of   

a more hydrophobic PPO unit permits the formation of micelles with an inner core formed 

by PPO and the outer shell by PEO blocks.[23] Micelle formation occurs in certain conditions 

of temperature, salt concentration, pH, polymer concentration. It mainly occurs above 

Critical Micelle Concentrations (CMC) and above Critical Micelle Temperatures (CMT).[4] For 

some Pluronics, CMC and CMT are in physiological ranges which make them become 

suitable compounds for application in drug delivery or gene therapy.   
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Molecular Dynamics Simulations. 

Algorithm. 

In MD simulation method, atomic trajectories ate calculated from Newton’s equations of 

motion:  

  
       

   
               (1.1) 

Here ri are the position vectors of the particles with mass m i, and Fi is the force 

depending on the positions of all N particles in the system. The required force is 

obtained from the derivative of the interaction potential V between the particles: 

    
 

   
           (1.2) 

The interaction potential contains all necessary information to describe the system 

properly. Newton’s classical equations of motion for N particles system interacting 

through a potential V do not have analitic solutions and, therefore, one need to solve this 

problem numerically using finite difference methods. There are different algorithms to 

approximately integrate these differential equation and hence calculate positions, 

velocities in time. One of these algorithms, commonely using in MD simulations is the 

so-called Leap-Frog[24] algorithm, which is a variant of the Verlet algorithm[25, 26]. It is 

based on the following integration scheme, 

)()
2
1()

2
1( t

m

F
ttvttv

i

i
ii  

  (1.3) 

)(
2
1()()( tttvtrttr iii  

  (1.4) 

where Fi is the force acting on the particle i with mass mi. This algorithm is used in the  

implementation in the Gromacs software, for all the simulations in this thesis.  
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Interaction Potentials. 

In order to calculate the interactions between the particles, we need to describe the m in 

form of analytical potentials or force field.  

  The atomic interactions are mainly divided into two parts as bonded and non-

bonded ones that can be written as a summation of potentials derived from physical 

forces.[27]  

                                        (1.5) 

where they are further defined as, 

dihedralanglebondbonded EEEE 
  (1.6) 

ticelectrostaWaalsdervanbondednon EEE     (1.7) 

Bonded interactions. Bond vibrations are two body interactions and are modelled as 

harmonic potential functions. The bond vibrations are given by, 

2
0 )(

2
1

bbKE b

bonds

bond  
  (1.8) 

where Kb is the constant for bond force, b is the bond length, and b0 is the bond length at 

the minimum energy.  

  The bond-angle vibrations are three body interactions which describe the 

deviation from ideal bond angle geometry and defined again defined using harmonic 

expression as, 

2
0 )(

2
1

   KE
angle

angle

  (1.9) 

where K is the constant for angle force,   is the angle, 0  is the angle at the minimum 

energy.  
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  The torsional motions are described by dihedral angles between four atoms 

(i,j,k,l) and is assumed to be periodic and expressed as sum of  cosine functions,  

))cos(1( s

dihedral

fdihedral nKE   
  (1.10) 

where Kf  is the rotation constant for the dihedral angle energy,  is the dihedral angle 

formed by the two planes defined by the triplets of atoms (i-j-k) and (j-k-l), n is the 

periodicity of the rotational barrier and s is the phase factor. Another functional form 

used to describe proper dihedral interactions which was used in this thesis, is the 

Ryckaert-Bellemans(RB)[28] function defined as, 

          ∑   [       ]  
      (1.11) 

where  = - π.  

Non-bonded interactions. The molecular non-bonded interactions as in equation 1.5 

are consisting of van der Waals (VDW) and electrostatic interactions. The VDW 

interactions are presented by Lennard-Jones (LJ) potential function and it expresses the 

interaction energy between two atoms. The LJ potential is a short range potential 

defined as, 




 














i ij ij

ij

ij

ij

ijWaalsdervan
rr

E 6

6

12

12

4




  (1.12) 

where r is the distance between particles, εij is the well depth and σij is the distance at 

which the inter potential is zero. This potential contains an attractive part and a 

repulsive part. Attractive forces are due to dipole–dipole interactions and the repulsive 

part is due to Pauli-exclusion principle and inter-nuclear repulsion.  

  The electrostatic interactions are defined as simple columbic potential function,  

                ∑ ∑ (
    

        
)     (1.13) 
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where r is the distance between particles, qi and qj are the partial charges on the atoms i 

and j, respectively, and  is the electric constant.  

Temperature and Pressure control. 

The temperature of the system can be calculated using the average kinetic energy of the 

N particles with Nf degrees of freedom,   

 

 
      ∑

 

 
    

 
 

   
 (1.14) 

where vi is the velocity of particle i with mass mi. 

  The pressure expression of the system is based on virial theorem.[29] Thus the 

pressure is expressed as summation of ideal part (PV=NkbT) and the summed product of 

forces (Fi) acting on particles and distances (ri) between the centres of mass of the 

molecules,  

  
    

 
 

 

  
〈∑      

 
   〉  (1.15) 

  In order to control the temperature of the system and the pressure one can use 

weak temperature and pressure coupling to an external bath i.e. Berendsen method.[30] 

In this approach, at each integration step, the atomic velocities, v, are scaled to v, to 

change the temperature of the system 
)

2
1( ttT 

 to the reference temperature, T0.  is a 

constant and defined as, 

2
1

0 )1
)

2
1(

(1






















ttT

Tt

T 





  (1.16) 

where T is the coupling parameter and T0 is the thermostat fixed temperature. 

  For the simulations reported in this thesis, the ‘velocity rescaling’ or ‘V-rescale’ 
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thermostat was used. It is a Berendsen thermostat with an additional term to ensure 

correct kinetic energy distribution. V-rescale thermostat has all the advantages of 

Berendsen thermostat and produces correct cannonical ensemble. When K is the kinetic 

energy, Nf is the number of degrees of freedom and dW is a Wiener process, the 

correction term is defined as  

         
  

  
  √

   

  

  

√  
 (1.17) 

  The coupling to the reference pressure, P0 is performed by scaling of coordinates 

r to r as, 

2
1

0 ))((1 







 PtP

t

P




  (1.18) 

where P(t) is the system pressure at time t and  is the compressibility of the system. P 

is again the coupling parameter or strength of coupling. 

Steered Molecular Dynamics Simulations.  

Percolation of molecules through lipid bilayer is a very slow process with time scale 

going beyond the standard computational affordable MD simulation length. In fact, Even 

for small molecules, the process may take from several hundreds of nanoseconds[31] to 

microseconds. Hence, steered molecular dynamics (SMD) smulation method was used to 

speed up the diffusion of molecules at the interfaces. In SMD simulation a time-

dependent external harmonic force is applied and the realtive distance between two 

groups change continuously. This is not a equilibrium process and hence, very slow 

pulling regime is used to ensure operation in near-equilibrium conditions.[32] A 

schematic diagram of SMD simulation is shown the Fig. 3. In this example, the bottom 

layer of DMPC is set as the reference and the DME/DMP molecule is set as the pull 

group. The center of mass of the pull group is pulled towards the reference with a spring 

having spring constant k and velocity of the end of the spring is v. Considering the 
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pulling is done in one direction, the force working on the pull group can be expressed as  

F = k (x0 –x +vt)  (1.19) 

Where x0 is the initial position of the restraint point. The potential of mean force (PMF) 

is obtained by integrating the force over the whole trajectory along the reaction 

pathaway. However, being non-equilibrium method, the calculations of the equilibrium 

properties (e.g., PMF) require multiple number of pulling trajectories to obtain a reliable 

sampling.[32, 33]  

 

Figure 3: Schematic diagram of the setup used for SMD simulations. The center of mass (CoM) of the 

DME and DMP molecules was pulled along the z-direction at a constant velocity of v towards the center of 

mass of the head groups of the bottom layer of DMPC using a force constant of k.   

Umbrella Sampling Method.  

The PMF can be calculated using the umbrella sampling method. [34-37] In this method, a 

set of N separate molecular dynamics simulations, in which a harmonic potential 

(umbrella potential), 

wi(ξ) = 0.5 Ki (ξ- ξi)2  (1.20) 



Introduction  

 

Jacobs University Bremen, 2012 

 

12 

 

Figure 4: A schematic diagram showing the workflow of umbrella sampling method: i) The probability 

distribution obtained from each simulation is shown against reaction coordinate ii) The histogram is then 

bootstrapped  iii) A large number of observations are obtained iv) The PMF profile is then obtained by 

evaluating PMF at each point 

is applied between the centre of mass of the target molecule and the bottom bilayer, are 

performed. This restrains the molecule at a distance ξi with a force constant of Ki. In each 

simulation the value of ξi is changed from a maximum value corresponding to the 

molecule in the water phase to a minimum at which the molecule is in the middle of the 

lipid bilayer. From each simulation a histogram is calculated, representing the 

probability distribution (Pi) along the reaction coordinate biased by the umbrella 

potential. The most widely used technique to compute PMF from histograms by 

removing the bias added by umbrella potential is the weighted histogram analysis 

method (WHAM).[38] WHAM computes PMF based on several numbers of trajectories 

along the reaction coordinate. Each trajectory is bootstrapped to produce a new set of 

histograms (Pi,b). This leads to all positions ξi considered to be a large set of 

Boot- 
strapping  

-k
B
TlnP  
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observations with distance ξi,b. The PMF for each ξi,b is represented by  

PMF = –kBT ln(Pi,b)  (1.21) 

where kB is the Boltzmann constant and T is the temperature. In the Fig. 4, a schematic 

diagram of the umbrella sampling workflow is shown. We used g_wham  program of the 

GROMACS version 4.0.7 package to computes PMFs from the umbrella sampling 

simulations. This procedure implemented in this program take in account the 

periodicidy of the system and it has proven to yield more realistic PMF estimates in the 

case of longer sampling.[35] 
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Aim and outline of the thesis. 

The aim of this thesis can be summarized in three points: 

a) To optimize a new set of forcefield parameters for the ether based polymers 

compatible with existent force field for the simulation of biological systems 

(membrane and proteins). 

b) To understand the adsorption and percolation processes of these polymers 

through lipid bilayer interface. 

c) To study the interaction of triblock copolymer Pluronics with the drug molecules 

Curcumin. 

Aforementioned points have been addressed in this thesis in five chapters. 

  Chapter 1 describes the structural, dynamic and thermodynamic properties of 

DME and DMP, in three non-aqueous solvents, i.e., methanol, carbon tetrachloride and n-

heptane. In Chapter 2 the conformational and dynamic properties of the polymers of 

DME and DMP, i.e., PEO and PPO in four non-aqueous solvents are reported. The 

forcefield parameters of the molecules were optimized for better performance in 

various environments. The results were compared with available experimental data and 

they were found to be satisfactory. 

  Chapter 3 describes the permeation of DME and DMP through water/n-heptane 

interface and DMPC lipid membrane. Since the actual process of permeation is too slow 

to be studied directly with normal MD simulation, steered molecular dynamics 

simulation was used to accelerate the process. The potential of mean force profile for 

that process for both DME and DMP were mapped using umbrella sampling method. 

Properties of the ether molecules in the interface were studied with unconstrained MD 

simulations at the interface.  

  Chapter 4 contains the results of the study of polymers (PEO, PPO and Pluronics) 



Introduction  

 

Jacobs University Bremen, 2012 

 

15 

at the water/n-heptane interface and at the water/DMPC interface. Percolation barriers 

for the smaller polymers were calculated using umbrella sampling method. Percolation 

of the longer polymers was studied using steered molecular dynamics simulations. 

Unconstrained simulations were used to obtain a better understanding of the 

interaction of the polymers with DMPC lipid membranes. 

  In Chapter 5, the force field parameterization for the natural drug Curcumin drug 

and the study of its interaction with Pluronics have been reported. Properties of the 

drug have been systematically studied in simple solutions, in DME/DMP/water mixture, 

in the presence of single and multiple Pluronic P85 chains. The study evidences the 

atomic detail of coating of the drug by the Pluronic chains. 

  Supporting data for the chapters are put in the Appendix. Finally, the major 

findings and possible future directions are summarized in the Summary and Outlook 

section.  
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Structure and Dynamics of 1,2-Dimethoxyethane and 1,2-

Dimethoxypropane in Nonaqueous Solutions 

 

ABSTRACT. 

In this chapter, a comparative modelling study of 1,2-dimethoxyethane (DME) and 1,2-

dimethoxypropane (DMP) at 298 K and 318 K in the infinite dilution condition in methanol, 

carbon tetrachloride, and n-heptane is reported. Both DME and DMP are united-atom 

models compatible with GROMOS/OPLS force fields. The structural, dynamic and 

thermodynamic properties of DME and DMP were found to be consistent with experimental 

results and expected trends. The free energy of solvation of DME in non-aqueous solvents 

follows the trend methanol < carbon tetrachloride < n-heptane, and that is consistent with 

the dielectric constant values of the solvents. The presence of an extra methyl group on 

chiral carbon makes DMP less soluble than DME in polar solvents but more soluble in non-

polar solvents such as n-heptane.  
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INTRODUCTION. 

1,2-dimethylethene oxide (DME) and 1,2-dimethoxypropane (DMP) are commonly used 

organic solvents.[1-6] The presence of hydrophilic and hydrophobic moieties in the DME 

structure (CH3–O–CH2–CH2–O–CH3) results in a high solubility both in water (in all 

proportion and at different temperatures)[7] and in common organic solvents of 

different polarity. The properties of DME have been investigated in the liquid phase, in 

aqueous solution, and in organic solvents using different experimental techniques. 

Dynamic properties and diffusive behavior of the molecule in solution have been studied 

using Raman spectroscopy, light scattering (Brillouin and photon correlation 

spectroscopy),[8-11] and nuclear magnetic resonance (NMR) 

spectroscopy.[12] Thermodynamic measurements[13-15] in the pure liquid and in water 

solution have been used to obtain information on the intra- and inter-molecular 

interactions.[16] Though study of DME and DMP in non-aqueous solvents much less than 

those of pure liquid and aqueous solution, thermodynamic data of DME in methanol, 

carbon tetrachloride (CCl4), and n-heptane as well as in other solvents are also 

available.[17-22] 

  DME (Fig. 1.1) is the smallest oligomer (one monomer) of the polyethylene oxide 

(PEO) polymer. For this reason, it was used as the reference model to parameterize 

force field for this polymer. Several theoretical studies on DME have been conducted 

using both quantum mechanical and MD simulations.[23-36] From these studies, different 

force field models, parameterized against experimental properties of the pure liquid and 

of water solutions, have been proposed. 

  In the case of DMP, the smallest oligomer of the polypropylene oxide (PPO), the 

presence of an additional methyl group in the structure (CH3–O–C*H(CH3)–CH2–O–CH3) 

renders the molecule more hydrophobic than DME and adds a chiral center. Different 

physical and thermodynamic properties are also available for the liquid DMP. In 

addition, the conformational population of the molecule in water and in different 
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organic solvents has been characterized using NMR spectroscopy.[37] As for DME, it can 

be used as reference model to parameterize force fields for polymer PPO. To the best of 

our knowledge, very few theoretical studies on DMP are present in the literature and the 

only atomistic force field for MD simulations so far available is the all-atoms model 

proposed by Smith et al.[30, 38] 

 

Figure 1.1: Molecular structures of DME and DMP with their partial charge on the heavy-atoms. 

In addition, for both DME and DMP, none of the reported theoretical models have been 

also parameterized or tested against physico-chemical properties in both aqueous and 

non-aqueous solvents. Extending the parameterization of both solvents to non-aqueous 

conditions, besides unrevealing details of their properties in these conditions at 

atomistic level, can provide a more reliable model for studing their interaction and the 

corresponding polymers with biological, or in general, at organic interfaces. In this 

paper, we will propose new united atom models for both DME and DMP compatible with 

both GROMOS and OPLS united atom (OPLS-UA) force fields. In our study, the physical 

and thermodynamic properties of the new models have been tested at infinite dilution 

in methanol, carbon tetrachloride, and n-heptane using MD simulations. In the next 

chapter, the model of DME and DMP will be used to extend this study to the 

corresponding polymers (PEO and PPO) in the same milieu conditions. The aim of this 

study is to provide reliable models of these polymers that can be used to study their 

properties in non-aqueous milieu as biological membranes or in general, organic 

interfaces. 

  The chapter is organized as follows. The details of the force field 

parameterization are given in the ‘Methods’ section. In ‘Result and Discussions’, 
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calculated thermodynamic, dynamic, and structural properties of DME and DMP 

molecules in different solvents are reported. Finally, in ‘Conclusions’ overall properties 

of the models are discussed and summarized. 

METHODS. 

Force-field parameters. 

DME. The initial Lennard-Jones (LJ) parameters have been derived from our previous study 

of a PEO model.[39] The LJ interaction parameters of the ether oxygen atoms with methanol 

oxygen atoms have been modified for better reproduction of the structural and dynamic 

properties. The bonded parameters, in particular, dihedral angle parameters were taken 

from Anderson and Wilson.[40] The initial quantum mechanically derived partial charges 

were taken from the same paper[40] and subsequently adjusted using a trial-and-error 

approach to reproduce correct experimental density and diffusion coefficient for pure 

DME.[41, 42]  

DMP. Lennard-Jones parameters were taken the same as for the DME and PEO. The initial 

partial charges, taken from Smith et al.,[38] were adjusted during the optimization procedure 

to reproduce the correct density and enthalpy of evaporation of the pure liquid. The bonded 

interaction parameters were also adapted from Smith et al.[38] with the exception of the 

middle dihedral (O–C–C*–O) that it was modified to obtain the correct experimental 

dihedral distributions for our model. All DMP simulations have been performed using the R-

isomer unless differently indicated.  

Solvents. OPLS united atoms solvent models were used for methanol,[43] carbon 

tetrachloride,[44] and n-heptane.[45].  

Molecular dynamics simulations setup.  

All MD simulations were performed using GROMACS (version 4.0.7) software package.[46] In 

the simulations, all-bonds were constraint using the LINCS algorithm.[47] The integration 



Chapter  1 

 

Jacobs University Bremen, 2012 

 

24 

time step was set to 2 fs. The temperature was maintained to the reference values using the 

Berendsen thermostat[48] with coupling time constant τT = 0.1 ps. The pressure was kept 

maintained at 1 bar using Berendsen barostat with coupling constant τp = 0.5 ps. The 

isothermal compressibility values used for the pressure coupling algorithm were 1.2 × 10−4, 

1.06 × 10−4, and 1.4 × 10−4 bar−1 for methanol, carbon tetrachloride, and n-heptane, 

respectively.[49, 50] The long range interactions were applied using the particle mesh 

Ewald[51] with a real space cut-off of 0.9 nm, a Fourier mesh spacing of 0.12 nm, and a 

fourth-order interpolation. The Lennard-Jones interactions were calculated using a cutoff of 

1.4 nm. All the errors on the calculated properties have been evaluated using the block 

averaging method.[52] 

The diffusion coefficients from simulations (DPBC) were calculated using the Einstein 

formula. The mean square displacement was calculated with respect to the coordinates of 

the molecular center of mass. The DPBC was then corrected for the finite size effect using the 

approach proposed by Hasimoto[53] and applied by Dunweg et al.[54], Yeh et al.,[55] and 

recently by Pranami et al.[54-56] In the corrected diffusion coefficient (D) is given by 

 

where L is the length of the cubic box, T is the simulation temperature, ξ is a constant with 

value 2.837297,[53-55] kB is the Boltzmann constant, and η is the viscosity of the medium. 

Shear viscosities were calculated using non-equilibrium method.[57] In this method 

the viscosity of the liquid is estimated from non-equilibrium systems where an external 

shear-stress acceleration field is applied to the system. The external acceleration field 

induces a velocity gradient of the same shape. The velocity gradient was calculated as 

described in the work of Hess.[57] Under these conditions, for a Newtonian fluid, the 

dynamic viscosity (η) can be easily derived from the resulting velocity.[57] For these 

simulations, a rectangular box of volume 4 × 4 × 14 nm3 was used. The viscosity was 

calculated for different shear-stress acceleration rates and then extrapolated to obtain the 
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zero shear rate viscosity. 

DME and DMP in non-aqueous solvents.  

Each simulation was conducted using a 3 nm/side cubic box containing one DME or DMP 

molecule at its center and 380, 306, and 208 molecules of methanol, carbon tetrachloride, 

and n-heptane, respectively. Simulations were performed at 318 and 298 K in NPT 

conditions for 20 ns. 

Gibbs free energy of solvation, ΔG, has been calculated for DME and DMP in all 

solvents at 298 K using the thermodynamic integration (TI) method with soft-core 

potential.[58] The integration was performed on 17 λ points: 0, 0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 

0.5, 0.55, 0.6, 0.65, 0.7, 0.8, 0.9, 0.95, 0.98, 1. The λ points were chosen in order to get a 

smooth variation of the dH/dλ curve. The soft-core parameters alpha and sigma were 

assigned the values of 1.51 and 0.30, respectively, as suggested by Villa and Mark.[59] For 

each lambda, the system was first equilibrated for at least 150 ps allowed by a production 

run of at least 500 ps. 

The spatial density distribution of the solvent molecules around the oligomers was 

calculated using g_spatial program of the GROMACS package. A cubic grid with 0.1 nm grid 

spacing was used for all the calculations. The solvent molecules were centered around the 

solute in each trajectory frame using a translational-rotational fit to the first configuration 

of the MD trajectory and removing the periodic boundary conditions. Finally, the atomic 

positions of the selected atoms of solvent molecules were mapped on a cubic grid centered 

on the geometric center of the reference solute and averaged with respect to the number of 

frames analyzed. The averaged volumetric density data obtained was analyzed using the 

program VMD.[60] 
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RESULTS AND DISCUSSIONS. 

DME in non-aqueous solvents.  

Gibbs free energy of solvation (ΔGsol) of one DME molecule in methanol, carbon 

tetrachloride, n-heptane, was also calculated at 298 K and results are shown in Table 1.1. 

Although experimental data are not available for a direct comparison, the expected trend of 

a gradual increase of ΔGsol with the decrease of the dielectric constant is observed. 

Furthermore, with the exception of n-heptane and CCl4, the values are lower than the 

ΔGsol in the pure liquid indicating a good solubility in these solvents. 

Table 1.1: Free energy of solvation values of DME and DMP in solvents at 298 K.  
 

Solvent ΔGDME (kJ/mol) ΔGDMP (kJ/mol) 

Methanol −25.3 ± 0.2 −18.4 ± 0.5 

CCl4 −12.2 ± 0.5 −12.9 ± 0.7 

n-heptane −11.1 ± 0.5 −12.7 ± 0.5 

Water[41, 42] −22.1 ± 0.8 −16.0 ± 1.1 

 

The calculated self-diffusion coefficients of DME molecules (DDME) and the solvents 

(Dsol) at 318 and 298 K are reported in Table 1.2. Since direct experimental data of the self-

diffusion coefficients are not available, the D values of the pure solvents at different 

temperatures were also calculated and compared with their corresponding experimental 

data.[61-65] The comparison provides a ratio between the experimental and calculated data 

of 1.0, 0.7, 0.8 (at 318 K) and 0.8, 0.5, 0.7 (at 298 K) for methanol, CCl4, and n-heptane, 

respectively. The ratio is consistent with the published D values for the solvent models at 

both temperatures.[64, 66, 67] The self-diffusion coefficients for the solvents were corrected to 

account the box size effects for the long range interactions as mentioned in the Methods 

section. The correction factor accounts for 21%, 15%, 18% (at 318 K) and 15%, 13%, 16% 

(at 298 K) for methanol, CCl4, and n-heptane, respectively. The deviations at 298 K are 

http://jcp.aip.org/resource/1/jcpsa6/v135/i16/p164501_s1?view=fulltext#t4


Chapter  1 

 

Jacobs University Bremen, 2012 

 

27 

consistent with the estimation of ∼12% deviation of the DPBC for similar system size 

reported by Yeh and Hammer.[55] 

Table 1.2: Diffusion coefficient values of DME and the solvents at 318 K and 298 K.  
 

 ______________318 K______________ ______________298 K______________ 

Solvent Dsol 
Expt. Dsol 

(Dsol bulk) 
DDME Dsol 

Expt. Dsol 

(Dsol bulk) 
DDME 

Methanol 3.3  3.35 (4.0) 1.1 2.0 2.34 (3.0) 0.8 

CCl4 3.3 1.82 (3.1) 2.1 2.6 1.28 (2.7) 2.0 

n-heptane 4.6 3.34 (4.7) 3.9 4.2 3.34 (4.3) 3.3 

Water[41, 42] 4.1 3.44 (4.0) 2.2 2.8 2.25 (2.8) 0.9 

In the case of the systems with DME in infinite dilution conditions, the Dsol lies very 

close to that of the pure solvent value in all the cases. The DDME follows a similar trend 

observed for the surrounding solvents. The DDME value is higher in non-polar n-heptane and 

lower for the polar solvent methanol (and water). This can be explained by the free energy 

of solvation that shows better solvation of DME in polar solvents, and this can be accounted 

for restricted mobility of the solute molecule in polar solvents resulting in lower diffusion 

coefficient values. Relatively lower value for DDME in CCl4 can be related to the high molar 

mass of the solvent molecules. 

In Fig. 1.2, the ODME–OW, ODME–OMeOH, ODME–CCCl4, and ODME–C(4)hep RDFs are reported. 

A sharp peak at 0.29 nm characterizes the RDF for the simulation in methanol. The better 

organization of the methanol molecules around the DME oxygen explains the calculated 

lower solvation free energy in methanol than in water. The RDF of DME in the carbon 

tetrachloride shows two main features at 0.80 and 1.32 nm. The RDF in n-heptane shows 

very similar peak positions but the peaks are more flat and smooth. The same peak 

positions are observed at 298 K as well. Coordination numbers of the first two shells in 
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different solvents are reported in Table A1.2 in Appendix I. 

Figure 1.2: RDF plots of ODME–OMeOH, ODME–C(4)hep, and ODME–CCCl4 and in comparison with ODME–OW
[41, 

42] at 318 K for one DME molecule in different solvents.  

In Fig. 1.3, the spatial density distributions of the solvent atoms in the first solvation 

shell of DME (upper row) at 318 K are reported. The central molecule is a representative 

structure of DME. For methanol, the density distributions of the hydrogen and oxygen 

atoms are localized in the region between the two oxygen atoms of the DME and DMP. This 

indicates that solvent molecules are involved in hydrogen bonding interactions with both of 

these two atoms. The density distribution for DME is higher and more localized than that 

for DMP as a consequence of the more hydrophilic nature of the molecule. In fact, the 

methyl group on DMP chiral carbon prevents the formation of strong hydrogen bond with 

the solvent molecules. In addition, the presence of localized hydrogen bond interactions 

determines the observed non-uniform density distributions. On the contrary, for the non-

polar solvents, we have more uniform distributions as a consequence of the absence of 

strong localized interactions. From Fig. 1.3, it is also evident that the solvent chirality of the 

DMP has no major effect on the spatial distribution of the solvent atoms around DME. In 

both cases we observe an inner cloud of carbon on one side of the DME molecule and a 
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cloud of oxygen on the other side. 

 

Figure 1.3: Spatial density distributions of the solvent atoms in the first solvation shell of DME (upper row) 

and DMP (lower row) at 318 K. From the left to right, methanol, CCl4, and n-heptane density distribution are 

reported, respectively. The hydrogen atoms are in blue, oxygen in red, carbon in green, and chlorine in yellow. 

The density surfaces have isovalues of 0.004, 0.0016, and 0.0008 for methanol, carbon tetrachloride, and n-

heptane, respectively. 

In Table 1.3, the percentages of conformational population of the three most 

abundant conformers of DME (TGT, TGG′, and TGG) are reported. The data indicate that the 

overall contribution of TGT configuration tends to increase with the polarity of the solvent. 

The populations in CCl4 are similar to those in n-heptane and they are also consistent with 

the experimental NMR measurements in the same solvent and in benzene.[68, 69] The 

experimental and theoretical data also show that the populations do not have substantial 

changes going from liquid phase to non-polar solvents.[68, 69] At 298 K, a decrease in the 

population of conformers in polar solvents and a small increase in the non-polar one was 

observed. 
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Table 1.3: Dihedral distributions (in percentage) of DME in the solvents at 318 K and 298 K. 
 

 ______________318 K______________ ______________298 K______________ 

Solvent TGT TGG’ TGG TGT TGG’ TGG 

Methanol 45 23 25 34 21 17 

CCl4 36 16 14 38 13 19 

n-heptane 35 15 12 26 14 16 

Water[41, 42] 54 12 18 49 20 18 

 

In Fig. 1.4, the distributions of the DME dipole moment calculated from the 

simulations are reported. The distribution from polar solvent, methanol, (also water) shows 

a strong peak around 3.2 D, while for carbon tetrachloride and n-heptane the distribution is 

almost flat in the range from 1.0 to 3.2 D with a small peak at 3.2 D. For methanol, the 

maximum of the distribution corresponds to the dipole moment of the most populated 

conformations TGT and TGG (Table 1.3). Values at both 298 and 318 K of the average dipole 

moment of different conformers do not show significant differences (Table A1.1 in 

Appendix I). 

DMP in non-aqueous solvents.   

The values for ΔGsol of DMP in methanol, carbon tetrachloride, and n-heptane are 

reported in Table 1.1 As for the DME, the gradual increase of the value from water to n-

heptane is consistent with the lowering of dielectric constant. In the case of DMP in n-

heptane and carbon tetrachloride, the ΔGsol values are smaller than those of DME in the 

same solvent. The presence of the methyl group allows more favorable interactions with 

these more hydrophobic solvents than DME. The higher ΔGsol values for DMP also indicate 

lower solubility in polar solvents than DME. 
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Figure 1.4: Dipole moment distribution of DME in methanol, carbon tetrachloride, and n-heptane in 

comparison to water at 318 K. The colored bands are showing the distribution of the dipoles for the three 

most populated conformation (red: TGG′, purple: TGT, blue: TGG). 

The calculated diffusion coefficients of solvents and DMP are reported in Table 1.4. 

The trends are more or less similar to that of DME. This indicates that the presence of an 

extra methyl group does not have a significant effect on the dynamic properties of DMP at 

infinitely diluted conditions. The self-diffusion values at 298 K are also reported in the same 

table. We observe a similar trend for the diffusion coefficient of solvent molecules. 

Table 1.4: Diffusion coefficient values of DMP and the solvents at 318 K and 298 K.  
 

 ______________318 K______________ ______________298 K______________ 

Solvent Dsol 
Expt. Dsol 

(Dsol bulk) 
DDMP Dsol 

Expt. Dsol 

(Dsol bulk) 
DDMP 

Methanol 3.4  3.35 (4.0) 2.2 2.0 2.34 (3.0) 2.0 

CCl4 3.0 1.82 (3.1) 2.4 2.7 1.28 (2.7) 2.7 

n-heptane 4.8 3.34 (4.7) 4.2 4.2 3.34 (4.3) 2.8 

Water[41, 42] 3.8 3.44 (4.0) 1.5 2.7 2.25 (2.8) 1.1 
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Fig. 1.5 presents the radial distribution function of ODMP–OMeOH, ODMP–CCCl4, and ODMP–

C(4)hep at 318 K. The positions of the RDF features resemble those of the DME RDFs, but the 

peaks are shorter and smoother because of the hindrance produced by the methyl group on 

the chiral carbon. At 298 K, the RDF shows a similar trend. The solvation number of the first 

two shells in different solvents is reported in Table A1.3 in Appendix I. As we expect, the 

solvation numbers in methanol are higher in the case of DME than DMP. On the contrary, in 

case of CCl4, the higher value of DMP than DME shows better interaction of the former with 

this solvent. Finally, no relevant differences in the number of solvation molecules are 

observed for the simulation in n-heptane. 

 

Figure 1.5: RDF plots of ODMP–OMeOH, ODMP–C (4)hep, and ODMP–CCCl4 in comparison with ODMP–OW
[41, 42] at 318 K 

for one DMP molecule in different solvents. 

The conformation population of the middle dihedral (OC*CO) was analyzed and the 

results were compared with the experimental ones in gas phase.[37] The results, shown in 

Table 1.5, indicate that for non-polar carbon tetrachloride and n-heptane, the dihedral 

distribution is very similar to the experimental one in gas phase. However, in polar solvents 

the population of gauche conformers increases considerably, and at 298 K, we observe an 
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increase in the population of trans form and a decrease in gauche form as expected by the 

higher conformational energy of gauche than the trans conformers. 

Table 1.5: Percentage of conformational population of DMP in the solvents at 318 K and 298 K. 
 

 ______________318 K______________ ______________298 K______________ 

Solvent G T G’ G T G’ 

Methanol 65 20 15 68 17 15 

CCl4 40 39 21 47 31 22 

n-heptane 44 38 18 50 27 22 

Water[41, 42] 70 16 14 79 12 9 

Gas phase[37] 41 39 20 -  - - 

 

In Fig. 1.6, distributions of DMP dipole moments at 318 K in different solvents are 

reported. In polar solvents, as methanol (and water[41, 42]), there are strong peaks around 

3.0 D. On the contrary, for CCl4 and n-heptane, the distribution is very similar and more 

uniform and similar to the DME ones. As for DME, we have considered the three dihedrals 

COC*C, OC*CO, and C*COC and calculated the average dipole moment for their four most 

abundant conformations TGT, TG′T, GGT, and GTT. In Fig. 1.6, the range of dipole values for 

these conformations is reported as colored bands. 

The distributions from polar solvents show a strong peak around 3.0 D which is 

populated by GGT and GTT conformations. The same peak is also present in CCl4 and n-

heptane, but is less intense. In addition, in the apolar solvents the distribution is rather 

constant for different conformations. The values of dipole moment for the most abundant 

conformers at 298 and 318 K are reported in Table A1.1 in Appendix I. 
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Figure 1.6: Dipole moment distribution of DMP in methanol, carbon tetrachloride, and n-heptane in 

comparison to water[41, 42] at 318 K. Stripes (Blue: TGT, red: TG′T, purple: GTT and gray: GGT) are showing the 

average position of the dipoles for most abundant conformations of DMP. 

 

CONCLUSIONS. 

Recently we proposed two new united atom force field models for DME and DMP 

compatible with GROMOS and OPLS-UA force fields and they performed satisfactorily in 

water.[41, 42] In this work we have tested the properties of them in methanol, carbon 

tetrachloride, and n-heptane solutions. The aim of this study was to provide models of both 

molecules compatible with hydrophilic and hydrophobic environments and transferable to 

the corresponding PEO and PPO polymers. The compatibility to different milieu conditions 

is important for the study of their interaction with biological interfaces. 

The new DME force field shows substantial improvement over other available force 

fields on several aspects. First of all, we tested the all-round performance of the model 

using non-aqueous solvents. To the best of our knowledge these are the first DME and DMP 

models to be parameterized against these conditions. In our study, we considered three 
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organic solvents (methanol, carbon tetrachloride, and n-heptane) having large difference in 

polarity to study solvent effects on DME and DMP. The results of our simulations show that 

the ΔGsol of DME shows a decreasing trend going from methanol, carbon tetrachloride, 

and n-heptane, which is in agreement with the dielectric constant of the solvents. Contrary 

to the DME, the presence of an extra methyl group makes DMP less soluble than DME in 

water but more soluble in non-polar solvents as n-heptane. However, the ΔGsol of DMP 

shows less discrimination for methanol, carbon tetrachloride and n-heptane. 

In conclusion, the new force fields consistently reproduce the behavior of both 

oligomers in non-aqueous solvents with their expected physical and thermodynamic 

properties. 
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Solvent Effects on Conformation and Dynamics of Polyethylene 

Oxide and Polypropylene Oxide Chains in common organic 

solvents 

 

ABSTRACT. 

In this chapter, the conformational and dynamic properties of polyethylene oxide (PEO) and 

polypropylene oxide (PPO) polymer chains at 298 K have been studied at infinite dilution 

condition in methanol, chloroform, carbon tetrachloride and n-heptane using molecular 

dynamics simulations. The conformational properties of PEO and PPO show an increasing 

gauche preference for the O-C-C-O dihedral in the following order 

methanol>chloroform>carbon tetrachloride=n-heptane. On the contrary, the preference for 

trans conformation has a maximum in carbon tetrachloride and n-heptane followed in the 

order by chloroform and methanol. The PEO conformational preferences are in qualitative 

agreement with results of NMR studies. PEO chains formed different type of hydrogen 

bonds with polar solvent molecules. In particular, the occurrence of bifurcated hydrogen 

bonding in chloroform was also observed. Radii of gyration of PEO chains of length larger 

than n=9 monomers showed a good agreement with light scattering data in methanol. For 

the shorter chains the observed deviations are probably due to the enhanced hydrophobic 

effects caused by the terminal methyl group. The fitting of the end-to-end distance with the 

semi-flexible chain model at 298 K provided a persistence length for PEO as 0.387 nm in 

methanol.  
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INTRODUCTION. 

Polyethylene oxide (PEO) and polypropylene oxide (PPO) homo-polymers are important 

polyethers with a broad range of application in polymer chemistry, biotechnology and 

particularly, in medicine. Polyethylene oxide is an amphiphilic non-toxic[1] 

homopolymer with CH3-O-[CH2-CH2-O]n-CH3 chemical formula, in which n is the number 

of monomers.  PEO is completely soluble in water and in other organic solvents, such as 

methanol, acetonitrile, dioxane, chloroform, and benzene.[2] This behavior is the result 

of a balance between the hydrophobic forces caused due to the presence of ethylene 

units and hydrophilic interactions determined by oxygen atoms. The consequence of 

these two complementary interactions leads to the solubility of PEO in water for a broad 

range of concentrations and temperatures.[3]  These peculiar properties are exploited in 

electrochemistry as polymer electrolyte membranes and gels for battery [4-6],  fuel cells[7, 

8] ion chromatography,[9] and crystallography as macromolecule crystallization agent. [10] 

The amphiphilic behavior of PEO in water solution has attracted a large interest, and 

thus, a large number of experimental studies have been published. [11-18] On the contrary, 

structural and dynamics study of this polymer in other solvents are not well covered 

and, to the best of our knowledge, only a limited number of studies of this polymer in 

methanol, ethanol and chloroform are reported in literature. [19-21]  

  Several computational studies, at atomistic level, have also been conducted on the 

PEO polymers to complement the available experimental data and hence understand 

their molecular properties at atomic level.[21-32] However, the scarce availability of 

experimental data of PEO in other solvents has also limited the number of 

computational studies in non-aqueous milieu.[33, 34] 

  Polypropylene oxide (PPO) polymer differs from PEO by the presence of an extra 

methyl group, (X-O-[C*H-CH2-O]n-Y) bound to the chiral carbon atom (C*) in each unit, 

which  makes this polymer more hydrophobic than PEO. Therefore, PPO can be 

stereoregular or stereoirregular (isotactic, syndiotactic and atactic) accordingly to the 
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alternation of the chiral center configurations in each repeating unit. Some experimental 

studies of PPO in solutions like chloroform, carbon tetrachloride and benzene are 

available. These studies report the thermodynamic properties of this polymer and 

details on the conformation adopted by the chains. [35-38] Different quantum mechanical 

calculations[39] of PPO chains have been reported. However, few atomistic molecular 

dynamics simulations studies are available on this polymer [40-42] and none of them in 

non-aqueous solutions. 

  Pluronics are linear ABA-type triblock copolymers with the middle (B) block of 

PPO and outer (A) blocks of PEO. They have broad range of applications in 

biotechnology (e.g. detergent, lubrication, emulsification), [43] biomedical sciences (e.g. 

drug delivery and biocompatible material)[44] and gene therapy.[45] The broad range of 

use for these polymers is a consequence of their properties in solution and at interfaces, 

in particular, the possibility to modulate solubility and other solution thermodynamic 

properties by changing the block composition. Therefore, they can be customized for 

specific applications by an appropriate choice of relative proportions of PPO and PEO 

units.[35] Despite the vast amount of experimental information, their structural and 

dynamic properties in different solvents have been poorly studied from a theoretical 

perspective. 

  In the previous chapter, we have proposed a new united atom GROMOS/OPLS-UA 

compatible force field model optimized for the smaller (n=1) PEO and PPO oligomers, 

1,2-dimethoxyethane (DME) and 1,2-dimethoxypropane (DMP).[33] We studied their 

structure and dynamic properties in methanol (MeOH), carbon tetrachloride (CCl 4) and 

n-heptane. In this work, we extend the study by considering polymers of different chain 

lengths (n=2, 3, 4, 5, 6, 7, 9, 18, 27, 36, 43) in the same solvent conditions and in 

addition, in chloroform (CHCl3). This work aims to understand the effect of solvents on 

the conformation and dynamics of these polymers in solutions. Further, the study of 

these polymers in different milieu conditions is also important for understanding their 
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interactions with organic and biological interfaces. 

METHODS. 

Force-field parameters. 

PEO and PPO. The force field parameters for PEO and PPO polymers were taken from  the  

DME and DMP  model reported in our previous paper.[33] The force field parameters are 

compatible with GROMOS/OPLS-UA. We adopted this force field for compatibility with a 

commonly used model of biological membrane.[46]  

Solvents. OPLS united atoms solvent models were used for methanol,[47] carbon 

tetrachloride,[48] and n-heptane.[49]. For chloroform, the model by Dietz and Heinzinger was 

used.[50] 

Molecular dynamics simulations setup.  

All MD simulations were performed using GROMACS (version 4.0.7) software package.[51] In 

the simulations, all-bonds were constrained using the LINCS algorithm.[52] The integration 

time step was set to 2 fs. The temperature was maintained to the reference values using the 

Berendsen thermostat[53] with coupling time constant T=0.1 ps. The pressure was kept 

constant to 1 bar using Berendsen barostat[53] with coupling constant p=0.5 ps. The 

isothermal compressibility values used for the barostat algorithm were 1.2×10-4, 1.0×10-4, 

1.06×10-4 and 1.4×10-4 bar-1 for methanol, chloroform, carbon tetrachloride and n-heptane, 

respectively. The long range interactions were applied using the Particle Mesh Ewald 

(PME)[54] with a real space cut-off of 0.9 nm, a Fourier mesh spacing of 0.12 nm and fourth-

order interpolation. The Lennard-Jones interactions were calculated using a cut-off of 1.4 

nm. All the errors on the calculated properties have been evaluated using the block 

averaging method.[55] 

PEO, PPO and Pluronic P85 in non-aqueous solvents.  

Single chains of polymers with different lengths of 2, 3, 4, 5 , 6 , 7, 9, 18, 27, 36, and 43 for 
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PEO and  PPO were simulated for 50 ns in all solvents in NPT ensemble at T=298 K. The 

detailed compositions of the simulated systems are reported in Table A1.4 in Appendix I. A 

Single chain of Pluronic P85 (PEO26-PPO40-PPO26) was also simulated in a box of ~8nm/side 

containing 5862, 2695, 2371 and 1608 molecules of methanol, chloroform, carbon 

tetrachloride and n-heptane, respectively. The simulations were run for 100 ns at 293 and 

298 K in NPT ensemble. 

End-to-end distance relaxation time. The end-to-end distance (h) relaxation time () was 

calculated by computing the autocorrelation function, C(t)  of the end-to-end vector  L as,  




 2

)().0()(
L

tLL
tC  

and then by fitting  C(t) with the  Kohlrausch-Williams-Watts stretched exponential 

function,[56] 
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where α and ß are the two fitting parameters. The relaxation time is then equal to the time 

integral of the stretched exponential, which is given, 
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with  as the Euler function.  

Persistence length calculation. The contour and persistence length of the polymer chains 

were calculated by comparing end-to-end distributions calculated from the trajectories to 

worm-like chain (WLC) [57, 58]  model given by, 
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where N is the normalization factor, lc is contour length or the length of fully extended 

polymer, lp is the persistence length and A is equal to, 
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RESULTS AND DISCUSSIONS. 

PEO in non-aqueous solvents.   

The rotation about the O-C-C-O and C-O-C-C dihedrals in PEO determines the overall 

polymer conformation and interaction with its environment. [59] Therefore, we have 

analyzed the population distributions of the two dihedrals for all the PEO chains in 

different solvents.  

  In Fig. 2.1 the dihedral distributions of the two dihedrals in different solvents are 

shown and in Table 2.1 the fraction values of trans (T) and gauche (G) conformers are 

reported. Since no significant variations were observed among the distributions of the 

different polymer chains, only the distributions for the PEO18 polymer are reported. 

The distributions in Fig. 2.1 show a clear preference for gauche (a) and trans (b) 

conformation for the O-C-C-O and C-O-C-C dihedrals, respectively. The distributions 

have very similar shape in all solvents with two peaks centered on the gauche 

conformation (around -60o, 60o). However, the gauche population decreases going from 

methanol to n-heptane. These results are consistent with the NMR results indicating that 

polar solvents tend to enhance the stability of gauche conformations. [60] The same 

authors also investigated the trans and gauche fractions of O-C-C-O dihedral of PEO3 

(triglyme) in water, methanol and chloroform.[60] They reported a population of 89% 

and 89% gauche conformers in methanol and chloroform, respectively.[61] On the other 
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hand, they have shown that trans fraction in this dihedral are in the order of 11% in 

chloroform and methanol. These results qualitatively agree with the relative in the 

populations obtained from our simulations of gauche conformations in the solvents. 

 

Figure 2.1: Dihedral distribution of O-C-C-O bond (up) and C-O-C-C bond (down) for PEO in different 

solvents. CCl4 and n-heptane have the same distribution. Water was put for reference.[62, 63] 

  From the C-O-C-C bond dihedral distributions in Fig. 2.1, the two peaks are 

observed which are centered for all the distributions on the trans conformation (around 

-130o, 130o). It is again consistent with NMR data of triglyme and IR spectroscopy for 

PEO9.[59] Our results show that this dihedral has a large population of trans conformers 

but smaller fraction of gauche ones in all solvents. However, methanol has a lower 

population of trans conformers compared to chloroform, carbon tetrachloride and n-

heptane. Methanol shows the highest gauche population that decreases going from 

chloroform to carbon tetrachloride and n-heptane, respectively. 
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Table 2.1: Dihedral distribution of O-C-C-O bond (above) and C-O-C-C bond (below) for PEO in 

different solvents. Carbon tetrachloride and n-heptane are having the same distribution.   

O-C-C-O Methanol CHCl3 CCl4 n-heptane 
T 0.07 0.14 0.15 0.15 
G 0.93 0.86 0.85 0.85 

C-O-C-C     
T 0.61 0.67 0.68 0.68 
G 0.38 0.33 0.32 0.32 

   Based on IR spectroscopy data of PEO (n=1 to 4) in methanol and chloroform the 

conformational behavior of the O-C-C-O dihedral suggests the presence of several types 

of hydrogen bonds between the polymer chain and water. They revealed that both the 

hydrogen bonding and the structural matching between the PEO chain and the solvent 

are important in the conformational stabilization of the chain in these solvents.[17, 64, 65] 

Therefore we have analyzed hydrogen bonds formation between the polymer oxygen 

atoms and polar protic solvents molecules by calculating the number and types of 

hydrogen bonds. The numbers of hydrogen bonds calculated for PEO2 in methanol and 

chloroform resulted in 1-2 per PEO molecule. Hydrogen bond distances decreases from 

chloroform (0.34 nm) > methanol (0.25 nm). These results show that methanol forms 

stronger hydrogen bonding with PEO. More affinity of PEO to methanol was previously 

shown from low free energy of DME in methanol.[33] 

 

Figure 2.2: Hydrogen bonds (blue lines) between PEO2 and methanol molecules. Hydrogen-bonded 

bridge by one or more than one methanol molecule between the ether oxygen atoms. For clarity, only 

some solvent molecules are shown. Oxygen, carbon and hydrogen are shown in red, blue and white, 

respectively and CH3 in methanol is in green. 
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  For methanol, an IR experimental study suggests that, in analogy with water, that 

methanol can form hydrogen bonds with the PEO chain by forming bridges of two or 

more linked methanol molecules between the ether oxygen atoms.[65] This was also 

observed from our simulation and one example is shown in Fig. 2.2. 

  In the case of chloroform the analysis of the experimental results for DME 

suggested that chloroform can form strong bifurcated hydrogen bonds with the adjacent 

oxygen atoms of ethers.[65] The analysis of the PEO2 and PEO7 in chloroform simulations 

evidenced the presence of two hydrogen bond types, the first type which is between the 

hydrogen of the solvent and one oxygen of the polymer and the second one is bifurcated 

type in which a single hydrogen participates the hydrogen bonding with two oxygen 

atoms of the same chain (Fig. 2.3). While for the PEO2 chain only one bifurcated H-bond 

was observed at a time, for the PEO7 simultaneous bifurcated hydrogen bonds along the 

chain (Fig. 2.3b) can be observed. Ab-initio calculations[17] show that the bifurcated 

hydrogen bond occurs at the distance of 0.209 and 0.230 nm between hydrogen and the 

two adjacent oxygen. The average values from our results were 0.215 and 0.227 nm in 

excellent agreement with the ab-initio calculations.  

 

Figure 2.3: Hydrogen bonds (blue lines) between PEO2 (a) and PEO7 (b) and chloroform molecules. 

Normal and bifurcated hydrogen bonds formation is shown in blue lines. For long chains as PEO7, 

simultaneous bifurcated bonds were observed. For clarity, only some solvent molecules are shown. 

Oxygen, carbon, hydrogen and chlorine are shown in red, blue, white and green, respectively.  
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  Calculated radius of gyration (Rg) and average end-to-end distances (<h>) are 

shown in Fig. 2.4 and 2.5. In Fig. 2.4, the radii of gyration are plotted vs. molecular 

weight for all chains in all different solvents. The curves are fitted using the power 

law,[18]  


Wg aMR   

where Mw is the molecular weight and  is the Flory exponent.[66] Our results were 

compared with the available extrapolated experimental data from power law of long 

chains.[18] All the curves especially in methanol show two trends. One for short chains 

up to n=9 and another for the longer chains from n=18-43.  

 
Figure 2.4: Radius of gyration for PEO18-43 plotted against molecular weight for all solvents at 298 K. 

Water is shown for reference.[62, 63] 

  For short chains the Rg values in methanol are smaller than experimental 

extrapolated values and deviating from power law derived from longer chains 

simulations. A possible explanation of this effect is the presence of methyl end-groups 

that decrease the hydration. The effect is more dominant in short chains than longer 

ones causing these deviations. The effect of end-groups was studied both experimentally 

and theoretically in PEO chains.[25, 67-69] Based on these studies, it was shown that the 

solubility is strongly affected by methyl end-groups. The reduced solvation probably 

favors more compact polymer conformation and decreasing the value of Rg as we 
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observed in our simulations. 

 
Figure 2.5: End-to-end distance of PEO chains in all solvents. The points are from water and methanol 

simulation values. Water is shown for reference.[62, 63] 

  For methanol, recent light scattering data were available for high molecular 

weights (105-106).[20] In this case, they reported a power law as,  

60.0019.0 Wg MR 
 

and the expression of the fitted power law from our simulations is,  

62.0015.0 Wg MR 
 

In this case a good agreement between the experimental and calculated values is 

observed.  

  For other solvents, the power laws obtained by fitting the longer chains are 

following, 

55.0018.0 Wg MR 
 for chloroform, 

37.0048.0 Wg MR 
for carbon tetrachloride, 
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41.0036.0 Wg MR 
 for n-heptane,  

respectively. The lower values of the Flory exponent clearly indicate a more compact 

chain especially for carbon tetrachloride and n-heptane as they are not good solvents for 

the hydrophilic PEO chain. As shown in Fig. 2.4 and from the higher value of the Flory 

exponent, chloroform has an intermediate behavior between polar and non-polar 

solvents probably due to the peculiar hydrogen bonding between PEO and solvent 

molecules that favors more extended configuration of the polymer. 

  End-to-end distance values were compared with the experimental extrapolated 

ones derived from the radius of gyration values by applying the formula, [70] 

5.02

6
665.0

hRg 

 

In Fig 2.5, differently from the radius of gyration, the end-to-end distance values in 

methanol show a slow convergence in compare to the one from extrapolated 

experimental curve. In fact, the agreement with experimental extrapolated value is 

smaller as the chain length gets larger than 27 monomers. Longer simulation time is 

required to improve these values. The distributions in carbon tetrachloride and n-

heptane were very similar and only the n-heptane distributions are shown. In methanol 

and chloroform, the distributions are very close, however the height of the peaks 

decreases going from methanol to chloroform. The WLC model fitting to the 

distributions for PEO was previously used by Lee et al. at atomistic and coarse-grained 

level [29, 71]. We fitted the distributions to the WLC model (Fig. 2.6) and derived the 

persistence length and counter length of the chains. However, for the distributions in 

carbon tetrachloride and n-heptane, it was not possible to obtain even a reliable WLC fit 

because of the multimodal shape of the curves due to the larger variety of conformations 

in solution.    
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Figure 2.6: End-to-end distribution of PEO2-43 chains in all solvents. The lines are data from simulations 

and the dashed lines are those from fitting to the WLC model. For sake of clarity, since carbon 

tetrachloride and n-heptane distribution are very similar, only the one for n-heptane is shown. 

   From the fitting, the persistence lengths were calculated as 0.387 and 0.343 nm 

for methanol and chloroform, respectively. The comparison of persistence lengths 

shows that PEO is slightly stiffer in methanol than in chloroform; this is due to 

formation of stronger hydrogen bonds that prevent chains to become compact. On the 

other hand, based on Flory for simple chains like PEO the characteristic ratio C  is 

related to the persistence length [72] as, 

1
2



b

p

l

l
C

 

where lp is persistence length and lb (for PEO lb=0.15 nm) is the bond length. Using the 

value of C =4.1 for PEO from Mark and Flory,[73] a value of lp= 0.373 nm at 296 K was 
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obtained.[29] The value of C for PEO in methanol at 293 K is 4.0 [72]  that corresponds, by 

applying the value of lp = 0.375 nm, which is comparable  to our simulation result at 298 

K.  

Table 2.2: The calculated end-to-end distance relaxation times (in ps) for the PEO chains. 

n Methanol CHCl3 CCl4 n-heptane 

2 4.6  1.8 5.0 2.7 

3 8.4 4.3 9.5 4.8 

4 16.6 5.6 17.1 7.8 

5 21.0 9.3 25.0 11.4 

6 30.8 14.4 37.6 19.4 

7 38.4 17.1 47.0 25.7 

9 53.2 25.3 60.1 41.8 

18 269.8 108.8 222.7 139.4 

27 422.8 135.1 248.2 147.2 

36 482.5 176.8 380.3 157.7 

43 607.3 224.4 441.0 180.5 

  The dynamics of the polymer in solution was analyzed by calculating the end-to-

end relaxation times. In Table 2.2 the calculated fitted parameters for each chain length 

are reported. The relaxation times were scaled by the ratio between experimental and 

calculated solvent model viscosities that have a value of 1.19, 0.82, 1.80 and 1.33 for 

methanol, chloroform, carbon tetrachloride and n-heptane, respectively. The resulting 

relaxation time showed a solvent dependence with the value for methanol > carbon 

tetrachloride > chloroform > n-heptane, respectively. This is in consistent with higher 

solvation of PEO in methanol due to stronger hydrogen bonding. However due to the 

large viscosity difference between the two solvents, the value for carbon tetrachloride is 

higher than in chloroform. In fact, the viscosity of carbon tetrachloride is almost two 

times higher than that of chloroform.[74] This can delay the relaxation time of chains in 

carbon tetrachloride even more than the effect of hydrogen bonding in chloroform.  
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PPO in non-aqueous solvents.   

The population of the PPO conformers in the different solutions was analyzed by 

monitoring the O-C-C*-O dihedral. Since the population distributions of this dihedral do 

not show large variation for all the considered chain lengths in the different solvents, we 

report the results of the analysis for the chains of length n=9 as representative example. 

The results of the analysis are reported in Table 2.3.  

Table 2.3: Dihedral angle population distribution (in percentage) of PPO with different  chain tacticity. 

O-C-C*-O 
 Methanol  CHCl3  CCl4  n-heptane 

T G G’ T G G’ T G G’ T G G’ 

Atactic 8 47 45 14 49 37 17 43 40 17 44 39 

Syndiotactic 20  44  36  27 43 30 30 38 32 30 36 34 

Isotactic 3  54  43  5 51 44 8 54 38 8 52 40 

C*-O-C-C* 

Atactic  38 32 30  34 36 30  42 31 27  41 31 28 

Syndiotactic 40  29  31   40 34 26 43 29 28 41 29 30 

Isotactic 34  17  49   31 7 62 43 15 42 39 17 44 

C-C*-O-C 

Atactic  58 22 20  69 17 14  62 20 18  63 19 18 

Syndiotactic 49  25  26   59 23 18 60 20 20 60 21 19 

Isotactic 68  16  16   87 8 5 68 17 15 68 17 15 

  The conformation property of PPO with different tacticities shows a 

preponderant gauche preference for the O-C-C*-O dihedral with the following trend 

from methanol>chloroform>carbon tetrachloride=n-heptane. This attractive gauche 

effect was previously shown from NMR studies and also it was shown that both gauche 

and anti-gauche conformers become more stabilized by increasing the solvent polarity. 

[36, 37, 75]  On the other hand, our results show that trans conformation has a maximum 

preference in n-heptane followed in a decreasing order by carbon tetrachloride, 

chloroform, and methanol.  

  For C*-C-O-C* and C-C*-O-C dihedrals a higher trans preference was observed 

especially for C-C*-O-C dihedral and in case of C*-C-O-C*, the gauche conformer is more 



Chapter  2 

 

Jacobs University Bremen, 2012 

 

55 

stabilized than C-C*-O-C. On average the gauche preference does not vary much for C*-

O-C-C* in all solvents especially for atactic chains. In all mediums the O-C-C*-O and C*-O-

C-C* dihedrals of syndiotactic chains were having the highest population of trans 

conformers while for isotactic ones were minimum. However for C-C*-O-C the isotactic 

chains had the highest population of trans which was maximum in polar solvents. The 

dihedral populations for atactic chains are always between those of syndiotactic and 

isotactic ones. 

 

Figure 2.7: Radius of gyration (a) and end-to-end (b) distances of PPO in the different solvents plotted 

against molecular weight. Water is shown for reference.[62, 63] 
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  The average number of hydrogen bonds of polar solvent for the different PPO9 

chains was also calculated. For methanol, and chloroform the number of hydrogen 

bonds per monomer varied from 0 to 1 with average values of 0.3 to 0.4 and 0.03, 

respectively. The results also indicated that the tacticity of the chain is not playing any 

important role in the solvation of the polymer in the considered polar solvents. For PPO, 

the number of hydrogen bonds per monomer in methanol is less than half of those for 

PEO and, in the case of chloroform, it is ten times lower. The reason of this difference is 

probably due to the side methyl groups that interfere with the formation of solvent 

hydrogen bonds. 

  Radii of gyration and end-to-end distances were calculated for each chain in all 

solvents and the results are shown in Fig. 2.7. As for PEO, a reliable fitting was possible 

only for longer polymer chains. In methanol, the fitting of the calculated Rg values for 

n=18 to 43 resulted in a power law as, 

57.0017.0 Wg MR 
 

  This value of the exponent,  are lower than those for PEO in the same conditions. 

The fitting of Rg from the simulations in other solvents resulted in the following power 

law relations: 

53.0020.0 Wg MR 
for chloroform, 

51.0021.0 Wg MR 
for carbon tetrachloride, 

48.0025.0 Wg MR 
for n-heptane, 

respectively. Comparing the exponent obtained for PPO with those for PEO, it can be 

concluded that the long and more hydrophobic PPO chains are less compact in carbon 

tetrachloride and n-heptane than PEO, while it is more compact than PEO in methanol 

and chloroform. These results also show that the chain length affects the solubility of 
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PPO in the different solvents as a consequence of the polymer hydrophobicity change, 

being more hydrophobic as the chain length increase.  

  PPO9 was used to examine the effect of tacticity on Rg of PPO chain, and the 

results are reported in Table 2.4. For each solvent, the maximum and minimum values of 

Rg are observed for syndiotactic and isotactic chains, respectively. For the three 

different atactic chains, containing a 50% random distribution of R/S chiral centers, no 

significant difference of the calculated Rg values was observed. 

Table 2.4: Radius of gyration (in nm) and end-to-end average distances (in nm) for PPO9 with different 

tacticities. 

 Rg <h> 

Methanol 

Atactic 0.57±0.005 1.52±0.02 
Syndiotactic 0.60±0.004 1.68±0.01 

Isotactic 0.47±0.004 1.43±0.01 
CHCl3 

Atactic 0.51±0.003 1.24±0.02 
Syndiotactic 0.53±0.004 1.36±0.01 

Isotactic 0.50±0.001 1.48±0.01 
CCl4 

Atactic 0.50±0.004 1.15±0.03 
Syndiotactic 0.51±0.004 1.27±0.01 

Isotactic 0.41±0.004 1.49±0.01 
n-heptane 

Atactic 0.48±0.004 1.10±0.02 
Syndiotactic 0.52±0.004 1.30±0.01 

Isotactic 0.47±0.002 1.48±0.01 

  The end-to-end distance distributions of PPO chains in all solvents were also 

calculated. However, the fitting of the distributions with the WLC model was not 

possible due to the multimodal nature of all the distributions.  

  The relaxation times obtained from the fitting of the C(t) curves for different PPO 

chain lengths are reported in Table 2.5.  
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Table 2.5: End-to-end relaxation times (in ps) for each PPO length. 

n Methanol CHCl3 CCl4 n-heptane 

2 20.2 3.8 8.7 5.1 
3 71.2 21.8 64.3 55.3 
4 95.1 30.2 120.0 90.7 
5 118.2 32.8 141.9 101.1 
6 146.8 41.0 166.8 116.8 
7 170.1 56.6 198.9 130.3 
9 190.3 75.7 256.9 159.6 
18 240.0 115.7 475.3 307.6 
27 342.8 198.8 725.0 419.8 
36 530.1 271.8 814.1 604.8 
43 650.3 395.6 1020.2 753.0 

  Values were scaled by the ratio between experimental and calculated solvent 

model viscosities using the same values as for PEO. It is evident that the relaxation 

values increase by increasing the length of polymer. However, in comparison to PEO, the 

relaxation times are longer; especially for longer chain lengths. For longer chains  the 

relaxation times have the maximum value in carbon tetrachloride and the minimum one 

in chloroform. 

Pluronic P85 in non-aqueous solvents. 

From Table 2.6 at 293 K, as expected, the value of radius of gyration of Pluronic P85 was 

found to be maximum in methanol. However, the values in carbon tetrachloride and n-

heptane are almost half of those in methanol and shows the chain is more compact due 

to the low solubility of the PEO blocks in these non-polar solvents. We also observe a 

decrease of the Rg for methanol and chloroform at 298 K. For non-polar solvents (carbon 

tetrachloride and n-heptane), the values at the higher temperature (298 K) are 

comparable to those at 293 K. In polar solvents the effect is associated with the decrease 

in the number of hydrogen bonds of the polymer with solvent molecules.[76-80] 
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Table 2.6: Radius of gyration (in nm) for P85 at different temperature. 

Temperature Methanol CHCl3 CCl4 n-heptane 

293 2.40±0.5 1.30±0.01 1.03±0.01 0.98±0.01 

298 1.52±0.4 1.16±0.01 1.04±0.01 0.98±0.05 

 

CONCLUSIONS. 

In this chapter, we have reported our study results on the effect of solvents (methanol, 

chloroform, carbon tetrachloride and n-heptane) on the conformation and dynamics of PEO 

and PPO chains at 298 K in dilute solutions. In addition, simulation of the Pluronic P85 was 

performed in the same solvents to check the transferability of the model to the 

corresponding block copolymers. The study of the polymer in different milieu conditions is 

important for understanding the interaction of their macromolecule with biological 

interfaces.  

The dihedral distributions in methanol and chloroform were found in very good 

agreement with NMR data. We also showed the gauche preference for the C-C bond 

dihedrals in both PEO and PPO. The effect of the solvent on the gauche preference for PEO 

and PPO show the following trend from methanol>chloroform>carbon tetrachloride=n-

heptane. On contrary, the trans conformation population increases in the order from carbon 

tetrachloride and n-heptane>chloroform >methanol. For PEO in the last two solvents, this 

trend is in agreement with the experimental NMR studies. The persistence length of 0.387 

for PEO, calculated in methanol, is also in good agreement with the experimental value. In 

addition, the hydrogen bonding with polar solvent molecules was studied. In the case of 

PEO, different types of hydrogen bonding were observed. In particular, the simulations in 

chloroform showed the presence of bifurcated hydrogen bonds with the hydrogen of the 

chloroform molecules as predicted from experimental observations. In the case of PPO, the 
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absence of strong hydrogen bonding was observed. 

The structure and dynamics of chains in the solvents were also studied by 

calculating the Rg, end-to-end distances and their relaxation time. For the Rg, the power law 

dependence with the chain lengths for PEO showed a good agreement with the 

experimental data in methanol. In case of non-polar solvents, polymer chains tend to 

become more compact than in polar solvent as expected by the less solubility. The good 

solvent behavior of the chloroform is an exception due to the hydrogen bonding between 

PEO chains and the solvent molecules. For PPO there are no experimental data available for 

comparison. However, the  comparison with the PEO revealed that long PPO chains (n=18 

to 43) are less compact in carbon tetrachloride and n-heptane, and more compact in water, 

methanol and chloroform than PEO which is due to its more hydrophobicity.  

To conclude, in this study we have used a novel GROMOS/OPLS based force field to 

analyze different physico-chemical properties of PEO, PPO and the Pluronic P85 in different 

solvent conditions. The results of this work can be extended to study the interaction of 

these polymers with biological and nanotechnologically relevant interfaces (e.g. lipid 

bilayers, silica surfaces and carbon nanotubes) and for the parameterization of coarse-

grained model of the same polymer for study aggregations phenomena at mesoscale level. 
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Diffusion of 1,2-Dimethoxyethane and 1,2-Dimethoxypropane 

Through Phosphatidycholine Bilayers. 

 

ABSTRACT. 

In this chapter, a theoretical study of 1,2-dimethoxyethane (DME) and 1,2-

dimethoxypropane (DMP) at water/n-heptane and 1,2-dimyristoyl-sn-glycero-3-

phospatidycholine (DMPC) lipid bilayer/water interfaces using the umbrella sampling 

method is reported. Recently proposed GROMOS96/OPLS compatible models for DME and 

DMP have been used for the simulation studies. The percolation free energy barrier of one 

DME and DMP molecule from water to n-heptane phase calculated using the umbrella 

sampling method turned out to be ~18.5 kJ/mol and ~6 kJ/mol, respectively. In the case of 

the DMPC lipid bilayer, overall free energy barriers of ~20 kJ/mol and ~12 kJ/mol were 

obtained for DME and DMP, respectively. The spontaneous diffusion of DME and DMP in the 

lipid bilayer has also been investigated using unconstrained molecular dynamics 

simulations at the water/DMPC interface and inside the lipid bilayer. As expected from the 

estimated percolation barriers, simulation results show that DME, contrary to DMP, 

spontaneously diffuse into the aqueous solution from the lipid interior. In addition, 

simulations with multiple DME or DMP molecules at the interface show spontaneous 

diffusion within 50 ns inside the DMPC layer only for DMP.  
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INTRODUCTION. 

Ether-based molecules such as crown-ethers, polymers, and especially polyethylene 

oxide (PEO) and polypropylene oxide (PPO) based copolymers are of great interest for 

basic research and also for their applications in biotechnology and medicine. [1-6] A 

significant amount of work has been published on the applications of block copolymers 

in the medical and pharmaceutical fields.[7] In fact, block copolymers, being inexpensive, 

nontoxic and easily available; are  promising substitutes for lipopolymers for drug 

delivery.[8] As an example, encapsulation in polymer of peptide based drugs increases 

residence time and bioavailability by decreasing the chances of proteolytic 

decomposition.[2, 3, 5, 6, 9, 10] Other interesting applications include, for example, the use of 

crown ether modified peptide to create artificial membranes or grafting of lipids and 

polymers to achieve specific bioactivities.[11-14] 

 

Figure 3.1: Molecular structures of DME, DMP and one chain of DMPC. Partial charge on the heavy -atoms 

of the DME and DMP molecules are shown in parenthesis. 

  For all these applications, it is of utmost importance to understand the atomistic 

details of the interaction of these molecules with biological membranes. Although a good 

number of experimental studies have already been done on the structural 
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characteristics and interactions of ethylene oxide/propylene oxide based polymers with 

biomembranes and lipid bilayers,[10, 15-17] the details of permeation of these polymers 

systems across lipid membrane itself are not well known at the molecular level. 

Therefore, atomistic simulations of these polymers at the interface of lipid bilayers can 

shed light on these processes. The simplest models of these polymers are the DME and 

DMP molecules (Fig. 3.1). They can be considered as the smallest oligomers of the 

polyethylene oxide (PEO) and polypropylene oxide (PPO) polymers, the building blocks 

of common biocompatible block copolymers. Despite the widespread biomedical 

applications of these molecules, accurate molecular dynamics (MD) simulations studies 

to assess their thermodynamics and dynamics of the interaction with biological 

interfaces are limited.[18-23] One of the reasons for so few studies is the timescale of this 

process which can go beyond the capacity of standard MD simulations. A more 

convenient way to simulate these processes is the use of potential driven and/or 

constrained MD simulations. The steered molecular dynamics (SMD) method [24, 25] (also 

known as ‘pulling simulation’) is commonly used to drive a process along a given 

pathway by applying an external constant force to the system. The additional force 

allows the system to easily overcome energy barriers speeding up the simulation of the 

process.[18, 26, 27]  The integration along the pathway of the variation of this external 

force provides the potential of mean force (PMF) of the process. SMD being a non-

equilibrium method requires a large number of pulling simulations to provide a reliable 

PMF profile from which one can derive thermodynamic properties with good 

accuracy.[25, 28, 29] An equivalent approach to the SMD is the umbrella sampling (US) 

method.[30] In this case, the potential of mean force properties of system is obtained by 

conformational sampling along the reaction pathway (generated, for example, by a SMD 

simulation) to generate overlapped probability distributions. The resulting distributions 

are then combined with the weighted histogram analysis method (WHAM) to 

reconstruct the  barrier.[31] These two techniques have been used to study small 

molecules[32-35] and polymer[18, 36] permeation in lipid bilayers with good accuracy. 
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Nevertheless, to the best of our knowledge, a quantitatively accurate characterization of 

the lipid bilayer permeation barrier by DME and DMP molecules has not yet been 

performed. In the present work, we use the recently published force field models for 

DME and DMP molecules[37] to study their interaction with  n-heptane and  DMPC lipid 

bilayer interfaces and characterize, using both SMD and US methods, the percolation 

barriers through them. The models of DME and DMP are further validated by calculating 

their partition coefficient between 1-octanol and water. The percolation of DME and 

DMP through water/n-heptane interface was investigated to understand their behavior 

in the presence of a simple hydrophobic interface, which is comparable to the aliphatic 

tail region of the lipid bilayer.  

  The chapter is organized as follows: The details of force fields and simulation 

procedures are given in the Methods Section. In the first part of the Results and 

Discussions, the results obtained from umbrella sampling simulations of percolation of 

both DME and DMP through n-heptane/water and DMPC/water interfaces are reported. 

In the second part, free simulations of DME and DMP at the DMPC interface are 

performed to investigate the occurrence of a spontaneous diffusion process. Finally, in 

the Conclusions section, a summary of the properties of DME and DMP at interfaces and 

the implications for the interaction of a polymer with a biological membrane are 

summarized. 

METHODS. 

Force Field. 

For the DMPC bilayer, the united atom model of Berger et al. [38] was used. This lipid 

model is a combination of GROMOS and OPLS parameters, optimized to reproduce the 

experimental physical properties of a lipid bilayer. For DME and DMP, the recent models 

by Hezaveh et al.[37] were used. For the water model, the simple point charge (SPC)[39] 

model was used, and for 1-octanol and n-heptane, the OPLS united atom (OPLS-UA) 
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model[40, 41] was used. 

Simulation Setup: 

All the simulations were performed using the GROMACS (version 4.0.7)[42]  software 

package. The program VMD[43] was used for the graphical representation of the 

molecular systems. 

  For the water/n-heptane interface system, 208 n-heptane molecules were 

sandwiched between ~3350 water molecules along the z-direction in a box of dimension 

3.7×3.7×11.2 nm3. The lipid bilayer simulations were performed using a simulation box 

containing one DME or DMP molecule and a bilayer composed by 128 DMPC lipids 

chains, 64 for each layer. The box had dimension of 6.4×6.4×9.5 nm3, and it was filled 

with ~8000 water molecules for a total of ~30000 atoms. A schematic diagram of the 

position and density distribution of the DMPC bilayer along with the relevant 

components of the system is shown in Fig. 3.2. 

  The bilayer simulations were performed at 310 K, above the crystalline 

fluid/liquid phase transition temperature, using the V-rescale thermostat[44] with a 

coupling constant of 0.1 ps. For comparison, the temperature of the water/n-heptane 

systems was set the same. The pressure was kept constant at 1 bar using the Berendsen 

barostat[45] with a coupling constant of 0.5 ps. For lipid bilayer simulations, a semi-

isotropic barostat was used to take in account the difference in compressibility of the 

system along the x, y and z directions. The bond lengths were constrained using 

LINCS[46] algorithm. An integration time step of 2 fs was used for all the simulations. 

Electrostatic interactions were evaluated using particle mesh Ewald method [47] with a 

cutoff of 1.0 nm, grid spacing of 0.12 nm and a fourth order spline interpolation. 

Lennard-Jones interactions were truncated at 1.0 nm. 
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Figure 3.2: Schematic diagram of the density profile of the DMPC bilayer along z-axis. A snapshot of the 

simulated system is shown above. For better understanding of the position of the components, they have 

shown in different colors – water molecules in red, the choline groups in blue, the carboxilic groups in 

orange, the phosphate groups as tan spheres and the aliphatic chains are shown in green. The density 

profile of the whole system along with relevant components of the system is shown in the bottom half.  

Calculation of the Free Energy of Solvation and Partition Coefficient.  

Simulations were performed in 1-octanol as solvent for calculating the partition free 

energy of DME and DMP in water/1-octanol. One molecule of DME or DMP was centered 

in a ~4 nm/side cubic box including 124 1-octanol molecules. Gibbs free energy of 

solvation in 1-octanol (ΔGsol) at 298 K was calculated for both molecules using the 

thermodynamic integration (TI) method.[48] The Gibbs free energy of solvation in water 

(ΔGhyd) and in vacuum (ΔGvac) were taken from our recent publication.[37] The TI 
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integration was performed on 17 λ points: 0, 0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.55, 0.6, 

0.65, 0.7, 0.8, 0.9, 0.95, 0.98 and 1.00. The λ points were chosen in order to get a smooth 

variation of the dH/dλ curve. The soft-core parameters α and σ were assigned the values 

of 1.51 and 0.30 respectively, as suggested by Villa and Mark. [49] For each λ, the system 

was first equilibrated for 150 ps followed by a production run of 500 ps.  The ΔGvac was 

subtracted from the ΔGoct value in 1-octanol to obtain the final ΔGsol value. From ΔGsol 

and ΔGhyd at the temperature T, the corresponding partition coefficient is calculated 

according to the following formula[41], 

RT

GG
P

solhyd

wateroloc 303.2
log /tan1


  (Eqn. 1) 

where R is the universal gas constant. 

SMD Simulations.  

SMD method was used to speed up the diffusion of DME/DMP through a) n-heptane 

layer and b) one of the monolayers of the DMPC bilayer. The SMD simulations were 

performed to obtain the frames for umbrella sampling simulations and also to test the 

convergence of the two methods. The SMD simulations were performed using a slow 

pulling regime to ensure operation in near-equilibrium conditions.[29] The pulling 

parameters adopted by Pal et al.[18] to study the percolation of a PEO chain through a 

DMPC lipid bilayer were used. For qualitative estimations, SMD takes less computational 

time and resources than the US methods. However, being non-equilibrium method, the 

calculations of the equilibrium properties require multiple number of pulling 

trajectories to obtain a reliable sampling.[25, 29] From the initial tests (reported in 

Appendix II), it was clear that it is not possible to rely on relatively small number of SMD 

simulations for the calculation of quantitative free energy profile for a complex system 

like this. Therefore, the SMD simulations were mainly used to generate starting points 

for the US simulations.  
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Umbrella Sampling Simulations.  

US method was used to calculate the free energy profiles for the percolation of the DME and 

DMP molecules through n-heptane and DMPC layer. This method has been recently used by 

MacCallum et al.[32] to study the diffusion of small amino acid side chain model molecules 

through lipid bilayers. In the present work, we have adopted a similar procedure. A 

harmonic restraint with a force constant 3000 kJ/mol nm2 was applied to the distance 

between the center of mass (CoM) of the DME/DMP molecule and the head groups of the 

bottom DMPC layer, in the direction normal to the bilayer. Fifty starting US configurations 

of both DME and DMP molecules were taken from the path of one of the SMD trajectories. 

The first configurations were taken at least 3 nm away from the bilayer center and the last 

one was taken in the bilayer center. The difference of distances between the CoM of the 

DME/DMP molecules and the reference group for two consecutive conformations was 

always less than 0.1 nm to ensure the correct calculation of the PMF profile. The same 

method was used for the water/n-heptane interface system. In this case, the n-heptane 

molecules were set to be the reference group and ~65 configurations taken from one SMD 

simulation were selected for umbrella sampling. Each frame was simulated for 5 ns. The 

distance was sampled at every 100 fs. The weighted histogram analysis method (WHAM)[31] 

was used to calculate the PMF profile. The free energy profiles obtained from the 

calculations were rescaled to assign a zero reference value to the profiles in the bulk water. 

In the case of US, three different simulations of length 1, 5, and 7 ns were used to evaluate 

the convergence of the PMF of the DME molecule.  For the system in consideration, the PMF 

profile did not change for simulation lengths larger than 5 ns, and therefore we have used 

this time scale for all the frames of US simulations of DME and DMP for both permeation 

through the DMPC layer and relatively simpler n-heptane/water interface.  

Unconstrained Simulations at the Interface.  

To understand the behavior of the ether molecules at interfaces, a set of 50 ns 

unconstrained simulations were run with DME and DMP molecules at the water/n-heptane 
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interface.  The simulation boxes of dimensions 3.7×3.7×7.6 nm3 were filled with 208 

molecules of n-heptane and ~1700 molecules of water along with one molecule of 

DME/DMP. Simulations were done at 310 K in NPT conditions to be consistent with the 

umbrella sampling simulations. 

The diffusive behavior of DME and DMP in different positions of the DMPC/water 

interface was analyzed by selecting six starting conformations from the umbrella sampling 

simulations for an unconstrained run of 50 ns at 310 K. The starting positions of DME and 

DMP with respect to the bilayer for the selected sets are shown in Fig. 3.3. Two additional 

50 ns simulations were also run with nine molecules of DME and DMP at the interface 

region of the DMPC bilayer (1 nm away from the upper boundary of DMPC).  

 

Figure 3.3: The selected six frames from the umbrella sampling simulations for detailed investigations. 

These specific frames were used as the starting configuration for unconstrained simulations. Initial 

positions of DME with respect to the bilayer are shown in the top row and that for DMP are shown in the 

bottom row. 
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RESULTS AND DISCUSSIONS. 

Free Energy and Partition Coefficient. 

Gibbs free energy values for DME and DMP in 1-octanol was calculated to be 80.3 and 

63.1 kJ/mol, respectively. Their ΔG values in vacuum were calculated to be 59.8 and 38.2 

kJ/mol, respectively. Hence, Gibbs free energies of solvation in 1-octanol, calculated for 

both DME and DMP are -20.5±1.3 and -24.9±1.0 kJ/mol, respectively. The value for DME 

is in good agreement with the estimated value of -19.1 kJ/mol.[50, 51] To the best of our 

knowledge, the same value for DMP is not available in the literature for a direct 

comparison. However, the water/1-octanol partition coefficient values (logP) are 

available for both DME and DMP. Thus, by applying Eqn. 1 with the values of ΔGsol 

calculated in this work and ΔGhyd available from our previous work,[37] values of logPDME 

= -0.28 and logPDMP = 1.57 were obtained. These values are close to the experimental 

values of -0.21 and 1.78, for DME and DMP, respectively.[52, 53]  

Percolation of DME and DMP through n-Heptane.  

The middle part of the DMPC bilayer is made of aliphatic chains that can be mimicked by 

a layer of aliphatic liquid such as n-heptane.[54] Therefore, as the first part of our study, 

the PMF barriers for the diffusion of the two molecules from water to the organic phase 

were calculated and then compared with those through the lipid bilayer.   

  In Fig. 3.4, the PMFs profiles calculated using umbrella sampling method are 

shown. The heights of the PMF energy barriers are significantly different for DME and 

DMP, although their profiles look qualitatively similar. For DME, the height for the 

energy barrier (from water to n-heptane) is equal to ~18.5 kJ/mol but it is only ~6.0 

kJ/mol for DMP. In both profiles, a minimum at the n-heptane/water interface is 

observed. The origin of these minima is related to the nature of the interface. The n-

heptane molecule being a hydrophobic solvent, exerts repulsive force towards water 

and hence molecular density drops significantly at interfaces, resulting in a reduction of 
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the PMF in these regions. 

 

Figure 3.4: PMF profiles for percolation of DME (blue) and DMP (green) molecules from water to water 

layer through n-heptane layer. The relative positions of the solvents are shown in dashed line. The center 

of the box is the center of the n-heptane layer along z-direction. 

  Fig. 3.5 shows the non-bonded energy contribution of DME and DMP with other 

relevant components of the system, i.e., water and n-heptane. For this purpose, five sets 

of simulations from the umbrella sampling trajectories were considered for further 

analysis where the ether molecule reside in five different environments: in bulk water 

(1.85 nm away from the interface), in water near the interface (0.25 nm away from the 

interface), in the interface, in n-heptane near the interface (0.25 nm away from the 

interface) and in bulk n-heptane (1.85 nm away from the interface). When the solutes 

are in the water phase, Lennard-Jones contributions with water have average values of -

61.15 (±0.56) kJ/mol and -73.42 (±0.26) kJ/mol, respectively for DME and DMP. In the 

n-heptane phase the values of Lennard-Jones interaction energies with n-heptane 
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increase to -48.87 (±0.65) kJ/mol and -56.83 (±0.68) kJ/mol, respectively for DME and 

DMP. 

 

Figure 3.5: Non-bonded energy contribution in terms of Lennard-Jones (LJ) and Coulombic (CL) potential for 

percolation of DME (left) and DMP (right) through n-heptane. The center of the box is the center of the n-

heptane layer along z-direction. 

  Similarly, the Coulombic energies reach minima of -33.32 (±0.57) kJ/mol and -

16.39 (±0.43) kJ/mol for interaction with water for DME and DMP, respectively. As the 

OPLS model of n-heptane has null partial charges on the carbon atoms, Coulombic 

interactions of DME and DMP with n-heptane are not shown. Both of the scenarios 

support relatively greater affinity of DMP toward n-heptane than that for DME. This 

behavior is also evidenced in our previous study of the models.[37] The presence of the 

extra methyl group makes DMP more hydrophobic than DME and hence more soluble in 

aliphatic solvents.[37] Entering the n-heptane phase cause greater loss in hydrogen 

bonding for DME than DMP (average number of H-bonds 0.965 for DME and 0.478 for 

DMP), indicating a considerable reduction of the system stability. Also, the Coulombic 

energy contributions indicate relatively better solvation of DME in water. These factors 

contribute toward the upheaval of the energy barrier of percolation in the n-heptane 

phase from the water phase, resulting in a lower energy barrier for DMP than that for 
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DME during diffusion through the n-heptane phase.  

Simulation of DME and DMP at the water/n-Heptane Interface: 

Fig. 3.6 shows the density distribution of DME and DMP during a 50 ns unconstrained 

simulation of a single ether molecule at the water/n-heptane interface. From the figure, 

it is evident that DMP has relatively higher affinity to the interface than DME. Also, 

higher density of DME in the water phase indicates its higher affinity toward the water 

phase. Although experimental data for DME/DMP at these interfaces are not available 

for direct comparison, there are experimental studies with Pluronics in air/water or 

air/oil interfaces.[55-58] 

 

Figure 3.6: Average density distribution of DME and DMP during 50 ns unconstrained simulation at 

water/n-heptane interface. The positions of the solvents are shown as dashed line.  

  Since Pluronics are the block copolymers having DME and DMP as their smallest 

oligomers, their properties at interfaces can be qualitatively compared with these 

systems. Neutron scattering and other techniques confirm bottle-brush type of 

arrangement of Pluronics at the air/oil and air/water interfaces.[55-58] It is seen that PPO 
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part of the polymer (of which DMP is the monomer model) accumulates at the interface 

region, and the PEO part (of which DME is the monomer model) flanks in the water 

region. Our unconstrained simulations show similar distribution of DME and DMP 

molecules in proximity of the n-heptane interface. In addition, the US simulations show 

the presence of a negative PMF value at the interface regions (Fig. 3.4) and the depth of 

the well is greater in case of DMP (-2 kJ/mol for DME and -5.5 kJ/mol for DMP). This 

supports better accumulation of DMP in the interface region than DME, as seen in the 

experiments.  

Percolation of DME and DMP through DMPC: 

A snapshot of the simulated system, along with partial density profiles, is shown in Fig. 

3.2. In Fig. 3.7, the relative PMF profiles of DME and DMP are shown. For DME, the 

height for the energy barrier is equal to ~20 kJ/mol but it is only ~12 kJ/mol for DMP. 

The PMF curve of DME starts with a steep rise, and after a small dip, the curve continues 

to rise smoothly until it reaches a plateau near the center of the bilayer. The initial slope 

in the PMF profile is obviously due to the steric effect of the bulky trimethyl amine 

group, which imposes an energy barrier for the process. But as soon as the barrier is 

crossed, the molecule faces a relatively favorable molecular environment flanked by 

hydroxyl groups and ether like oxygen atoms. Also, the density profile (Fig. 3.2) 

indicates less steric hindrance in this part of the bilayer. As a result, a small dip in the 

PMF curve is observed. The subsequent encounter with the hydrophobic aliphatic tail 

region of the DMPC produces a rise in the PMF curve. After reaching the middle of the 

lipid bilayer the curve converge to a plateau. In the same figure, the PMF curve for DMP 

is reported.  
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Figure 3.7: The comparison of PMF profiles of percolation of DME and DMP molecule using umbrella 

sampling. The position of the DMPC bilayer is shown in orange.  

  As for DME, we observe an initial rise in PMF due to the steric effect of the head 

groups of the DMPC upper layer, followed by a minimum due to the attraction from the 

next hydrophobic part of the lipid. DME having less affinity for the hydrophobic part of 

the lipid bilayer does not show such behavior. The relative height of the permeation 

barrier to the water phase is similar to that calculated of the n-heptane/water system. 

Comparing these PMF profiles with selected profiles from the work of MacCallum et 

al.,[32] where they studied percolation of amino acid equivalent molecules (The side 

chains were truncated at β-carbon, and α-carbon was replaced by hydrogen. As a result, 

Leucine, Glutamine, and Asparagine reduces to isobutane, acetamide, and propanamide, 

respectively) through 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) bilayer, similar 

trend in the qualitative and quantitative nature of the PMF profiles is observed. 

Although the molecules they studied are not directly comparable to the DME/DMP 

systems, the PMF curves for hydrophobic branched molecules (e.g., isobutane) and 

hydrophilic polar molecules (e.g., acetamide and propanamide) are qualitatively similar 



Chapter  3 

 

Jacobs University Bremen, 2012 

 

81 

to that of DMP and DME, respectively.  

 

Figure 3.8: Nonbonded energy contributions calculated from all the frames of the umbrella sampling 

simulations: Lennard-Jones (LJ) and Coulombic (CL) energies for percolation of DME (left) and DMP 

(right) through DMPC. 

  In Fig. 3.8 average Lennard-Jones (LJ) and Coulombic energies calculated for each 

frame of the umbrella sampling simulation along the pathway are shown. For a more 

detailed investigation, two sets of six different simulations from the US simulations for 

DME and DMP were considered. These simulations in the two sets are taken from 

distinctively different environments along the US pathways. The LJ contributions for 

DMPC bilayer have a minimum value of –69.86 (±0.97) kJ/mol for DMP and the same for 

DME is -56.24 (±0.48) kJ/mol. This indicates better stabilization of DMP in the DMPC 

layer. Though the Lennard-Jones contribution slightly favors DMP over DME, the 

comparison of Coulombic potentials of both ethers and water indicates a more favorable 

affinity of DME to the water phase. These factors contribute to the higher energy barrier 

for the percolation of DME relative to that of DMP.  
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Figure 3.9: Comparison of population distribution of the three dihedrals of the DME molecule for the six 

selected sets of simulations. The percentage of most populated conformers, TGT, TGG’ and TGG are shown as 

blue, red and green bars, respectively. A-F denotes the selected sets (as shown in Figure 3). 

  The conformational population of DME molecules in the six sets of simulations 

was investigated. In a previous study, we showed that TGG, TGG’ and TGT (where T 

stands for trans and G for gauche) are the three most abundant conformers of  DME in 

aqueous and various non-aqueous (methanol, carbon tetrachloride and n-heptane) 

solvents, and depending on the solvent, the percent populations of different conformers 

vary significantly.[37] In Fig. 3.9, the histogram of the percentage values of these three 

conformers of DME for the six selected simulations is reported. The graph evidences a 

significant fluctuation in the population of the TGG (high dipole moment) and TGT (low 

dipole moment) conformers. The percentage of TGG conformers drops as DME enters 

the aliphatic region. Also, a drop in the percentage of the low dipole TGT conformers at 

the polar region of the bilayer is observed. These observations are also supported by 

our previous study of DME in different polar and nonpolar solvent systems.[37] In 

simulation C corresponding to the DME molecule residing in the middle of the polar 
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region of the bilayer (Fig. 3.3), all the conformers have comparable contribution (Fig. 

3.9). This indicates large conformational variability evidenced also by the high 

fluctuations of the end-to-end distance of the molecule during the umbrella sampling 

simulation run (Table 3.1).  

 
Table 3.1: The distance form bottom heads of the bilayer and fluctuation in end-to-end distances (right) of 

DME for the six selected frames as shown in Figure 3.7. 

 

Frame# 
Distance from 
bottom COM 

(nm) 

Avg. end to 
end distance 

(nm) 

 

A 4.09 0.477 

B 3.83 0.476 

C 2.97 0.474 

D 2.74 0.473 

E 2.26 0.462 

F 1.65 0.458 

 

Table 3.2: The distance form bottom heads of the bilayer and fluctuation in end-to-end distances (right) 

of DMP for the six selected frames as shown in Figure 3.7. 

 

Frame# 
Distance from 
bottom COM 

(nm) 

Avg. end to end 
distance (nm) 

 

A 4.41 0.473 

B 3.74 0.472 

C 3.24 0.473 

D 2.88 0.474 

E 2.30 0.474 

F 1.80 0.473 
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This is also observed for the simulation D where the conformer fluctuates in 

between the high and low dipole conformation resulting in high fluctuation in the end-to-

end distance. Interestingly, the end-to-end fluctuations for the DMP molecule are far less 

than the DME ones (Table 3.2). This indicates a different entropic contribution to the 

overall free energy of percolation of the two molecules. The reduced mobility of DMP 

molecule indicates minor disturbance in the ordered lipid tail region. In addition, it has 

been seen from the unconstrained simulations that the proximity of the polar region of the 

DMPC layer helps to stabilize the DMP molecule inside the bilayer. As a result, DMP tends to 

accumulate near the headgroup region once inside the bilayer (Fig. 3.12). These factors 

result in the formation of a dip in the PMF profile of DMP in this region. 

Considering the hydrogen bonding capability of the two molecules throughout the 

pathway, DME tends to form more hydrogen bonds than DMP with an average number of 

0.505 and 0.187 for DME and DMP, respectively (Fig. 3.10). However, once inside the 

bilayer, there is no chance of H-bonding in the aliphatic region of the bilayer. When 

compared to DMP, DME loses H-bonding to a larger extent which causes greater loss of 

stability, resulting in higher PMF values. 

 

Figure 3.10: Plot for average number of hydrogen bonds for DME (blue) and DMP (green) throughout the 

path of percolation through DMPC bilayer. The position of DMPC bilayer is shown in orange dashed line. 
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Figure 3.11: Comparison of the PMF profile for percolation of charged and non-charged DME (left) and DMP 

(right) in DMPC layer obtained by umbrella sampling method. 

  To better understand the role of the electrostatic interaction on the percolation 

barrier, a set of umbrella sampling simulations of DME and DMP with the partial charges 

on all atoms set to zero were also performed. In Fig. 3.11, the new calculated PMF 

profiles are compared with those of the charged models. For DME, the two PMF curves 

show large differences. On the contrary, that for DMP molecule is similar and 

comparable to the uncharged DME one. These results indicate that partial charges and, 

hence, the associated dipoles of the two molecules play an important role in the 

percolation process of these molecules through the DMPC layer.  

DME and DMP at the water/DMPC Interface: 

The estimated value of the barriers of permeation for DMP is ~6 kJ/mol is ~2.58 kT (k = 

Boltzmann constant, T = 310K), indicating a possible spontaneous insertion of DMP into 

the lipid bilayer. Therefore, unconstrained simulations for 50 ns were performed for 

both DME and DMP molecules for all six configurations shown in Fig. 3.3. Density 
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distributions of DME and DMP during the simulation along the Z-axis of the box for all 

the frames were calculated and they are shown in Fig. 3.12. The distribution indicates 

the affinity of DME toward the water phase. In all the simulations, the DME molecule 

moves away from the interior of the bilayer phase and accumulate close to the water 

interface, as evidenced by the large peaks at 5 nm. For the simulation started with the 

DME molecule in the center of the bilayer (frame F), the molecule resides in the polar 

headgroup region of the bilayer.  

 

Figure 3.12: Average density distribution of DME (left) and DMP (right) during 50 ns unconstrained 

simulation of the selected frames (Figure 3.7). The position of the DMPC bilayer is shown as orange 

dashed line. 

  On the contrary, for DMP, all the simulations clearly show higher tendency of the 

molecule to reside in the aliphatic region of the bilayer (Fig. 3.12). In all of the cases, 

except for simulation A, spontaneous diffusion of the DMP molecule into the bilayer is 

observed. In the case of simulation set A, for which in the starting conformation the DMP 

molecule was in the water phase away from the bilayer boundary, it does not diffuse 

inside the bilayer and tends to stay in the water phase. From the position of the maxima 

in the density distribution of DMP (for B to F simulation sets) in Fig. 3.12, it is 
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interesting to note that once inside the bilayer, the molecules slightly prefer to 

distribute close to the polar headgroup region. However, for simulation A, no specific 

preference of the DMP molecule for the polar headgroup is observed. Three sets of 

simulations for both DME and DMP were considered for a further study. The starting 

positions of DME/DMP in these simulations are as follows:  

 i) in the water phase 1 nm away from the bilayer boundary (Frame A in Fig. 3.3),  

 ii) in the headgroup region of the upper layer (Frame C in Fig. 3.3) and  

 iii) in the aliphatic tail region of the bilayer near to the bilayer center ( Frame F 

 in Fig. 3.3).   

  Simulations of DME and DMP starting from the water phase showed no 

spontaneous diffusion of the molecules into the bilayer for the simulation length (50 ns). 

The calculated diffusion coefficients from the CoM mean square displacement are equal 

to 0.7±0.01 × 10-9 m2/s and 1.4±0.2 × 10-9 m2/s for DME and DMP, respectively. From 

our previous work, the values of diffusion coefficients of DME and DMP models in pure 

water extrapolated at 310 K are 1.7 × 10-9 m2/s and 1.4 × 10-9 m2/s, respectively.[37] 

Therefore, the diffusion coefficients of DME at the DMPC interface is significantly lower 

than that for bulk water. It has been known that at interfaces polyethylethers are 

slightly hydrophobic,[59] and their accumulation on the bilayer surface has been proven 

by X-ray scattering studies.[15, 60] The free simulation indicates affinity of the DME 

molecules to the polar surface of lipid bilayer, resulting in very low diffusion coefficient 

values. DMP, having less affinity to the lipid bilayer surface (see Fig. 3.12), has higher 

diffusion coefficient, which is almost equivalent to that in pure water.  

  In the second set of simulations, the distances and the number of contacts of the 

respective molecules from the DMPC chains were calculated and are shown in Fig. 3.13.  
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Figure 3.13: Distance of DME (blue) and DMP (green) from DMPC during 50 ns simulation are shown in the 

left. Numbers of contacts per ps (cutoff 0.6 nm) between DME (blue) and DMP (green) with DMPC during 50 

ns simulation are shown in the right. 

  The values of distances clearly indicate that during the simulation, the DMP 

molecule tends to stay in the tail region of the bilayer phase, whereas the DME molecule 

tends to move out of the lipid phase and stay in the water phase close to the bilayer (Fig. 

3.14). Calculating the average number of contacts for DME and DMP (within 0.6 nm of 

the DMPC lipid atoms) resulted in 15 and 163, respectively, which further supports this 

observation.  

  Finally, simulation (iii) shows a trend similar to that of the previous one. As 

expected from the calculated PMF profiles, the DMP molecule remains in the aliphatic 

region, whereas the DME molecule diffuses back to the water phase.  

  The calculated values of the diffusion coefficients for DME and DMP molecules in 

the lipid bilayer are 2.1±0.3 × 10-9 m2/s for and 0.6±0.1 × 10-9 m2/s, respectively. These 

values are also significantly lower than those in bulk n-heptane, which are 3.7 × 10-9 

m2/s for DME and 3.6 × 10-9 m2/s for DMP, respectively.[37] The reduced diffusion 

coefficients with respect to the n-heptane is a consequence of the orderliness in the lipid 

tails that restricts free diffusion of the DMP molecule in the hydrophobic region. The 
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larger effect on the DMP is a consequence of both the larger affinity with the 

hydrophobic part of the lipid tail and the larger steric hindrances due to the methyl 

group.  

 

Figure 3.14: Probability distribution of DME (left) and DMP (right) in the system during a 50 ns simulation 

starting from a frame when the molecule is in the head group region (Frame ‘C’ from Figure 3.7). The position 

of the molecules at every 10 ps is shown as grey dot. 

Simulations with Multiple DME and DMP Molecules at the water/DMPC Interface: 

To understand the effect of the concentration of DME/DMP at the DMPC interface, two 

unconstrained simulations of 50 ns each were also run starting with nine DME and nine 

DMP molecules (approximate 0.6 % molar fraction with respect to water), localized in 

the water phase ~1 nm away from the bilayer. The density distributions of DME and 

DMP obtained from the simulations are compared in Fig. 3.15. As for the single 

molecules, a similar trend is observed for DME. No spontaneous diffusion of DME inside 

the DMPC bilayer was observed. The maximum near the polar headgroup indicates the 

affinity of DME and DMP toward the polar headgroup of DMPC. In the case of DMP, 

positive density distribution inside the bilayer region indicates a spontaneous diffusion 

inside the membrane. From the visual inspection of the trajectory, one molecule of DMP 
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was found to penetrate the lipid bilayer.  

 

Figure 3.15: Average density distribution of 9 molecules of DME and DMP during 50 ns unconstrained 

simulation. The position of the DMPC bilayer is shown as orange dashed line. 

CONCLUSIONS.  

In this chapter, structural, dynamic, and thermodynamic properties of DME and DMP in 

1-octanol, water/n-heptane, and water/DMPC bilayer interfaces have been investigated 

with molecular dynamics simulations. The Gibbs free energy of solvation of DME and 

DMP in 1-octanol and the partition coefficient values between water and 1-octanol show 

excellent agreement with available experimental data. This indicates that the models are 

suitable for use in complex environments such as lipid bilayer systems to study 

percolation behaviors.  

  The percolation properties of DME and DMP were first investigated at the 

water/n-heptane interface. The PMF curves for the percolation of both ethers from 

water to n-heptane to water phase were calculated. The calculated percolation barriers 

from water to n-heptane phase were calculated equal to 18.5 and 5 kJ/mol for DME, and 
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DMP respectively. It is shown that the better stabilization of DME in water phase (in 

terms of Lennard-Jones as well as Coulombic potential) and relatively better 

stabilization of DMP (in terms of Lennard-Jones potential) in n-heptane causes the large 

differences in the two values. 

  The diffusion of DME and DMP through DMPC bilayer was investigated. The PMF 

profile of bilayer percolation was obtained using umbrella sampling method. The energy 

barrier to transfer the molecules from water into the DMPC tail region was calculated to 

be 20 and 12 kJ/mol for DME and DMP, respectively. This height of the barrier in the tail 

region of DMPC is consistent and comparable to that of the water/n-heptane system. 

The details of the percolation properties have been discussed based on non-bonded 

energy contributions, dynamic and structural properties of the molecules. This analysis 

showed extra stabilization for DME in correspondence of the head group region. This 

explains the accumulation of polyethers at the interface of lipid bilayer as studied by 

Firestone et al. from X-ray scattering studies.[15, 60] It has also been shown that 

electrostatic interactions play an important role in the energetics of the bilayer 

percolation process for the DME molecule. Finally, the results of long unconstrained 

DME and DMP simulations further support the behavior expected from the PMF curves. 

If the simulations start with the molecules located in the lipid head group region, DMP 

molecules tend to spontaneously diffuse to the center of the lipid bilayer whilst DME 

molecules prefer to remain in the lipid/water interface region. The spontaneous 

diffusion of DMP molecules to the interior of the lipid bilayer can be enhanced by 

increasing the concentration as shown by simulations starting with multiple molecules 

in the water phase. On the contrary, no concentration effect has been observed for DME. 

  In conclusion, the results of this study provide interesting insights on the 

mechanism of percolation of DME and DMP ether molecules into the DMPC lipid bilayer. 

DME and DMP are the building blocks for larger di- and triblock amphiphilic copolymers 

(e.g., Pluronics) which are important and widely used for designing drug carrier 
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micelles. Our results provide, for the first time, an accurate atomistic model on the 

partition behavior of hydrophilic (DME/PEO) and hydrophobic (DMP/PPO) blocks of 

these polymers at a membrane interface. Further computational studies are on the way 

to understand the effect of the polymer length and composition on the percolation 

process.  

REFERENCES. 

[1] S. Forster, T. Plantenberg, Angewandte Chemie-International Edition 2002, 41, 689. 

[2] S. Fusco, A. Borzacchiello, P. A. Netti, Journal of Bioactive and Compatible Polymers 2006, 21, 

149. 

[3] R. Haag, F. Kratz, Angewandte Chemie-International Edition 2006, 45, 1198. 

[4] Y. Kodera, A. Matsushima, M. Hiroto, H. Nishimura, A. Ishii, T. Ueno, Y. Inada, Progress in 

Polymer Science 1998, 23, 1233. 

[5] C. D. H. Alarcon, S. Pennadam, C. Alexander, Chemical Society Reviews 2005, 34, 276. 

[6] R. K. Chowdhary, I. Sharif, N. Chansarkar, D. Dolphin, L. Ratkay, S. Delaney, H. Meadows, 

Journal of Pharmacy and Pharmaceutical Sciences 2003, 6, 198. 

[7] I. R. Schmolka, in Polymers for Controlled Drug Delivery (Ed.: P. J. Tarcha), CRC Press, Boston, 

1991. 

[8] K. T. Oh, T. K. Bronich, A. V. Kabanov, Journal of Controlled Release 2004, 94, 411. 

[9] A. Sahu, U. Bora, N. Kasoju, P. Goswami, Acta Biomaterialia 2008, 4, 1752. 

[10] N. S. Melik-Nubarov, O. O. Pomaz, T. Y. Dorodnych, G. A. Badun, A. L. Ksenofontov, O. B. 

Schemchukova, S. A. Arzhakov, FEBS Letters 1999, 446, 194. 

[11] F. Otis, C. Racine-Berthiaume, N. Voyer, Journal of the American Chemical Society 2011, 133, 

6481. 

[12] E. S. Gil, S. M. Hudson, Progress in Polymer Science 2004, 29, 1173. 

[13] A. Gabizon, H. Shmeeda, Y. Barenholz, Clinical Pharmacokinetics 2003, 42, 419. 

[14] A. Vonarbourg, C. Passirani, P. Saulnier, P. Simard, J. C. Leroux, J. P. Benoit, Journal of 

Biomedical Materials Research Part A 2006, 78A, 620. 

[15] M. A. Firestone, A. C. Wolf, S. Seifert, Biomacromolecules 2003, 4, 1539. 

[16] G. J. A. Sevink, J. G. E. M. Fraaije, H. P. Huinink, Macromolecules 2002, 35, 1848. 



Chapter  3 

 

Jacobs University Bremen, 2012 

 

93 

[17] O. N. Steve, et al., Journal of Physics: Condensed Matter 2004, 16, R481. 

[18] S. Pal, G. Milano, D. Roccatano, Journal of Physical Chemistry B 2006, 110, 26170. 

[19] G. Srinivas, M. L. Klein, Molecular Physics 2004, 102, 883. 

[20] G. Srinivas, J. C. Shelley, S. O. Nielsen, D. E. Discher, M. L. Klein, Journal of Physical Chemistry B 

2004, 108, 8153. 

[21] M. Hatakeyama, R. Faller, AIP Conference Proceedings 2008, 982, 528. 

[22] L. Saiz, M. L. Klein, Accounts of Chemical Research 2002, 35, 482. 

[23] S. O. Nielsen, C. F. Lopez, G. Srinivas, M. L. Klein, Journal of Physics-Condensed Matter 2004, 

16, R481. 

[24] B. Isralewitz, M. Gao, K. Schulten, Current Opinion in Structural Biology 2001, 11, 224. 

[25] S. Park, K. Schulten, Journal of Chemical Physics 2004, 120, 5946. 

[26] S. J. Marrink, O. Berger, P. Tieleman, F. Jähnig, Biophysical Journal 1998, 74, 931. 

[27] S. Stepaniants, S. Izrailev, K. Schulten, Journal of Molecular Modeling 1997, 3, 473. 

[28] C. Jarzynski, Physical Review Letters 1997, 78, 2690. 

[29] S. Park, F. Khalili-Araghi, E. Tajkhorshid, K. Schulten, Journal of Chemical Physics 2003, 119, 

3559. 

[30] G. M. Torrie, J. P. Valleau, Journal of Computational Physics 1977, 23, 187. 

[31] S. Kumar, D. Bouzida, R. H. Swendsen, P. A. Kollman, J. M. Rosenberg, Journal of 

Computational Chemistry 1992, 13, 1011. 

[32] J. L. MacCallum, W. F. D. Bennett, D. P. Tieleman, Biophysical Journal 2008, 94, 3393. 

[33] M. Orsi, W. E. Sanderson, J. W. Essex, The Journal of Physical Chemistry B 2009, 113, 12019. 

[34] C. F. Chew, A. Guy, P. C. Biggin, Biophysical Journal 2008, 95, 5627. 

[35] M. Orsi, J. W. Essex, Soft Matter 2010, 6, 3797. 

[36] A. S. Widge, Y. Matsuoka, M. Kurnikova, Langmuir 2007, 23, 10672. 

[37] S. Hezaveh, S. Samanta, G. Milano, D. Roccatano, Journal of Chemical Physics 2011, 135, 

164501. 

[38] O. Berger, O. Edholm, F. Jahnig, Biophysical Journal 1997, 72, 2002. 

[39] H. J. C. Berendsen, J. P. M. Postma, W. F. van Gunsteren, J. Hermans,  (Ed.: B. Pullman), Reidel: 

Dordrecht, 1981, p. 331. 

[40] W. L. Jorgensen, J. D. Madura, C. J. Swenson, Journal of the American Chemical Society 1984, 



Chapter  3 

 

Jacobs University Bremen, 2012 

 

94 

106, 6638. 

[41] N. M. Garrido, A. J. Queimada, M. Jorge, E. A. Macedo, I. G. Economou, Journal of Chemical 

Theory and Computation 2009, 5, 2436. 

[42] B. Hess, C. Kutzner, D. van der Spoel, E. Lindahl, Journal of Chemical Theory and Computation 

2008, 4, 435. 

[43] W. Humphrey, A. Dalke, K. Schulten, Journal of Molecular Graphics 1996, 14, 33. 

[44] G. Bussi, D. Donadio, M. Parrinello, Journal of Chemical Physics 2007, 126, 14101. 

[45] H. J. C. Berendsen, J. P. M. Postma, W. F. Vangunsteren, A. Dinola, J. R. Haak, Journal of 

Chemical Physics 1984, 81, 3684. 

[46] B. Hess, H. Bekker, H. J. C. Berendsen, J. G. E. M. Fraaije, Journal of Computational Chemistry 

1997, 18, 1463. 

[47] T. Darden, D. York, L. Pedersen, Journal of Chemical Physics 1993, 98, 10089. 

[48] J. Kirkwood, Journal of Chemical Physics 1935, 3, 300. 

[49] A. Villa, A. E. Mark, Journal of Computational Chemistry 2002, 23, 548. 

[50] E. Delgado, G. Jana, International Journal of Molecular Sciences 2009, 10, 1031. 

[51] J. Wang, W. Wang, S. Huo, M. Lee, P. A. Kollman, Journal of Physical Chemistry B 2001, 105, 

5055. 

[52] J. Sangster, Octanol-Water Partition Coefficients: Fundamentals and Physical Chemistry, Wiley, 

Chichester ; New York, 1997. 

[53] www.chemicalland21.com. 

[54] S. J. Marrink, H. J. C. Berendsen, The Journal of Physical Chemistry 1996, 100, 16729. 

[55] B. R. Bomqvistt, T. Warnheim, P. M. Claesson, Langmuir 2005, 21, 6373. 

[56] B. A. Noskov, Colloid Journal 2006, 68, 588. 

[57] R. Sedev, D. Exerowa, G. H. Findenegg, Colloid and Polymer Science 2000, 278, 119. 

[58] R. Sedev, R. Steitz, G. H. Findenegg, Physica B-Condensed Matter 2002, 315, 267. 

[59] J. Israelachvili, Proceedings of the National Academy of Sciences of the United States of 

America 1997, 94, 8378. 

[60] M. A. Firestone, S. Seifert, Biomacromolecules 2005, 6, 2678. 

 

 

http://www.chemicalland21.com/


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Chapter 4 
Interaction of Polyethylene Oxide, Polypropylene Oxide and their Block Co-
Polymer Pluronics with DMPC Lipid Membrane.  
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Interaction of Polyethylene Oxide, Polypropylene Oxide and 

their Block Co-Polymer Pluronics with DMPC Lipid Membrane. 

 

ABSTRACT. 

In this chapter, a theoretical study of the interaction of polyethylene oxide (PEO), 

polypropylene oxide (PPO) and their block co-polymer Pluronics with water/n-heptane and 

1,2-dimyristoyl-sn-glycero-3-phospatidycholine (DMPC) lipid bilayer/water interfaces is 

reported. In the case of heptane/water interface the stronger preference of the PPO block 

for the hydrophobic heptane then water produced bottle-brush type of conformation of 

Pluronics molecules. It was observed that when the PPO chains have similar length as the 

width of the bilayer, they tend to span across the bilayer. This effect was seen for PPO20, 

PPO43 and Pluronic L61 & L64. The energy barriers of percolation of linear polyether were 

calculated and the barrier was found to be smaller for PPO than its PEO counterparts. 
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INTRODUCTION. 

The wide ranged applications of ether based linear and block co-polymers have already 

been discussed in the Introduction section of this thesis.[1-9] It is known that, the chain 

length and composition are important for the steric stabilization.[10] The PEO block of 

these polymers has peculiar properties being hydrophilic in high and hydrophobic in 

low degree of hydration.[9] This behavior influences the permeability of bio-membranes. 

In fact, PEO dehydrates in a hydrophobic medium and can be transported on or through 

bio-membranes. The percolation and accumulation of PEO-PPO-PEO block copolymers 

have already been proven by small and wide angle X-ray scattering studies and 

differential scanning calorimetric studies.[6, 7] Though a good number of studies have 

already been done on the structural characteristics and interactions of Pluronics with 

bio-membranes and lipid bilayers [6, 7, 11-13], the details of permeation of polymer 

systems across lipid membrane itself are not known at the level of molecular 

interactions. Experimental techniques are restricted from being precise to  probe 

processes on the length and time-scale of a lipid membrane. Recently we have published 

a study on the interaction of the shortest oligomer model of PEO, the 1,2-

dimethoxyethane (DME), and PPO, the 1,2-dimethoxypropane (DMP) with water/n-

heptane and 1,2-dimyristoyl-sn-glycero-3-phospatidycholine  (DMPC) lipid 

bilayer/water interfaces.[14] The percolation free energy barrier of one DME and DMP 

molecule from water to the DMPC lipid bilayer the barriers, estimated using umbrella 

sampling, provided the approximate values of 20 kJ/mol and 6 kJ/mol, respectively.  The 

results of these simulations indicated a stronger preference of DME than DMP for the 

aqueous phase. In this study, we extend the previous investigations by investigating the 

interaction of polymers and co-polymers based on PEO and PPO units with a DMPC lipid 

bilayer. In particular, we have analyzed the effect of the polymer chain length and 

composition on interaction with hydrophobic interface (n-heptane/water) and with 

DMPC lipid bilayer. For this purpose, PEO and PPO chain of different length and three 
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different triblock co-polymers have been considered. The study was conducted using 

classical MD simulation for the study of the polymer at the interface and steered 

molecular dynamics simulations and umbrella sampling methods for qualitative 

estimation of the percolation barriers.  

  This chapter is organized as follows: The Methods section describes the systems 

simulated and details of the forcefield and methods used. The results are shown and 

explained in the Results and Discussion section. We have first analyzed the behavior of 

the polymers at the simple binary interface of water/n-heptane. This study is used to 

quantify the behavior of the polymers in the presence of pure hydrophobic surfaces and, 

in part, to dissect the contribution of the interior of the lipid bilayer (mimicked by the n-

heptane interface) from the polar lipid head groups. In the second part, the interactions 

of the polymers with a DMPC lipid bilayer are analyzed. In this study, steered molecular 

dynamics simulations and umbrella sampling methods were used to make a qualitative 

estimation of the percolation barrier. The results are compared with our DME and DMP 

simulations and other published simulations on similar systems. The outcome of this 

study has been summarized in the Conclusions. 

METHODS. 

Force-field.  

For the DMPC bilayer, the united atom model of Berger et al.[15] was used. This lipid 

model is a combination of GROMOS and OPLS parameters, optimized to reproduce the 

experimental physical properties of lipid bilayer. For PEO, PPO and Pluronics, the recent 

models proposed by us[16] were used. For water, the simple point charge (SPC) [17] model 

and for n-heptane, the OPLS united atom (OPLS-UA) model[18, 19] was used. 

Simulation Setup.  

All the simulations were performed using GROMACS (version 4.0.7)[20]  software 

package. The program VMD[21] was used for the graphical representation of the 
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molecular systems. The bilayer simulations were performed at 310 K, above the 

crystalline fluid/liquid phase transition temperature, using the V-rescale thermostat[22] 

with a coupling constant of 0.1 ps. For comparison, the water/n-heptane systems were 

simulated at the same temperature. The pressure was kept constant at 1 bar using 

Berendsen barostat[23] with a coupling constant of 0.5 ps. For lipid bilayer simulations, a 

semi-isotropic barostat was used to take in account the difference in compressibility of 

the system along the x, y and z directions. The bond lengths were constrained using 

LINCS[24] algorithm. An integration time-step of 2 fs was used for all the simulations. 

Electrostatic interactions were evaluated using particle mesh Ewald method [25] with a 

cutoff of 1.0 nm, grid spacing of 0.12 nm and a fourth order spline interpolation. 

Lennard-Jones interactions were truncated at 1.0 nm. 

  In the first set of simulations, the water n-heptane interface was prepared using 

same width of solvents (5.5 nm along the z-axis) consisting of 10705 water and 1186 n-

heptane molecules. Initially, the polymer molecules were put at the interface of water 

and n-heptane and simulated for 50 ns. The list of polymers simulated is shown in Table 

A2.1a in Appendix II.  

  For the simulations with DMPC bilayer, each layer consisted of 64 DMPC chains 

making a total of 128 DMPC chains. The bilayer was put in a box of dimension 

6.4×6.4×9.5 nm3 along with ~8000 water molecules and equilibrated for 20 ns. The 

details of the simulated systems are shown in Table A2.1b in Appendix II. Two sets of 

simulations were run for DMPC interface. In the first set, the polymer molecule was put 

in the interface 1-2 nm away from the bilayer surface and simulated for 50 ns. In the 

second set, the simulation was started from a configuration where the polymer molecule 

was inside the DMPC lipid bilayer. It should be mentioned that spontaneous diffusion of 

polymers inside the DMPC bilayer cannot be observed within the timescale of atomistic 

simulations. Recently Lin et. al studied the percolation of water and dimethyl sulfoxide 

(DMSO) through DMPC bilayer and their study shows that the mean first passage time 
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for DMSO is 16.2 µs and that for water is 1.01 µs. [26] Hence, steered molecular dynamics 

(SMD) simulation method was used to pull the polymer molecules inside the bilayer.   

Table 4.1 List of polymers simulated for this study. 

At water/n-heptane interface With DMPC bilayer For PMF calculations 

1) PEO 7 

2) PEO 20 

3) PEO 43 

4) PPO 7 

5) PPO 20 

6) PPO 43 

7) L61 (PEO2-PPO30-PEO2) 

8) L64 (PEO13-PPO30-PEO13) 

9) P85 (PEO25-PPO40-PEO25) 

1) PEO 7 

2) PEO 20 

3) PEO 43 

4) PPO 7 

5) PPO 20 

6) PPO 43 

7) L61 (PEO2-PPO30-PEO2) 

8) L64 (PEO13-PPO30-PEO13) 

9) P85 (PEO25-PPO40-PEO25) 

1) PEO 2 

2) PEO 3 

3) PEO 7 (SMD) 

4) PEO 20 (SMD) 

5) PEO 43 (SMD) 

6) PPO 2 

7) PPO 3 

8) PPO 7 (SMD) 

9) PPO 20 (SMD) 

10) PPO 43 (SMD) 

11) PL1 (PEO1-PPO1-PEO1) 

SMD simulations. SMD method was used to speed up the diffusion of polymers through 

the DMPC bilayer and to calculate potential of mean force (PMF) for the percolation 

process and to obtain the frames for umbrella sampling simulations. Details of the 

method have been described in the Methods section in the Introduction (Page 10). The 

SMD simulations were performed using a slow pulling regime to ensure operation in 

near-equilibrium conditions.[27] The pulling parameters adopted by Pal et al.[28] to study 

the percolation of a PEO chain through a DMPC lipid bilayer were used. The simulation 

was started with the polymer molecule in the water phase 1-2 nm away from the upper 

boundary of the bilayer. The center of mass (CoM) of the polymer molecule was 

harmonically restrained to a spring of force constant k = 200 kJ/mol. The spring tip was 

pulled with a constant velocity v = 5 × 10-4 nm/ps for 10 ns.  

Umbrella sampling simulations. Umbrella sampling (US) method was used to calculate 
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the free energy profiles for the percolation of the relatively smaller polymer molecules  

(PEO 2, PEO 3, PPO 2, PPO 3, and PL1 as shown in Table 4.1) through DMPC layer. This 

method has been described in the Methods section in the Introduction (Page 11). In the 

present work, we have adopted similar parameters as described in the previous chapter. 

A harmonic restraint with a force constant 3000 kJ/mol nm2 was applied to the distance 

between the center of mass (CoM) of the polymer molecule and the head groups of the 

bottom DMPC layer, in the direction normal to the bilayer. Up to forty starting US 

configurations were taken from the path of one of the SMD trajectory. The first 

configurations were taken at least 3 nm away from the bilayer center and the last one in 

the bilayer center. The difference of distances between the CoM of the DME/DMP 

molecules and reference group for two consecutive conformations was always less than 

0.1 nm to ensure the correct calculation of PMF profile. Each frame was simulated for 5 

ns. The distance was sampled at every 100 fs. The weighted histogram analysis method 

(WHAM)[29] was used to calculate the PMF profile. The free energy profiles obtained 

from the calculations were rescaled to assign a zero reference value to the profiles in the 

bulk water.  

   

Figure 4.1: Density distributions of the PEO & PPO chains (left) and the PEO & PPO parts of the Pluronic 

molecules (right) during 50 ns unconstrained simulation in water/n-heptane interface. Water is along the 

negative and n-heptane is along the positive coordinate of the x-axis. 
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RESULTS AND DISCUSSION. 

Polymers at water/n-heptane interface. 

The polymer molecules were simulated at water/n-heptane interface with the aim to 

understand the behavior of the polymers at a hydrophobic interface that mimic the 

interior of a lipid bilayer. Though simple n-heptane systems lack the orderly nature of 

bilayer tails, they can still provide us with helpful insights on the matter.  

  Fig. 4.1 shows the density distributions of the polymer molecules during the 

courses of the simulations. Though the molecules were initially placed at the interface, 

PEO tends to diffuse to the water phase and stays in the water phase for throughout the 

course of the simulation. Quite different trend is observed for PPO chains. The PPO 

chains tend to stay in the interface resulting in a sharp peak in the density profile. The 

trend is consistent in the case of the Pluronic molecules. During the course of 

simulation, all the Pluronics follow similar structural and positional pattern. The PPO 

parts of the polymers remain in the interface while the PEO part goes in the water 

region forming a bottle-brush configuration. In such configuration, polymers consist of a 

long flexible main chain, at which flexible side chains are densely grafted resulting in an 

overall shape of a wormlike cylindrical brush. The final snapshots of the systems are 

shown in Fig. 4.2.  

 

Figure 4.2: Snapshot of Pluronics L61 (left), L64 (middle) and P85 (right) at the end of 50 ns 

unconstrained simulation in water/n-heptane interface. Water is shown in red, heptane in cyan. PEO part 

of the polymers are shown in blue and PPO part in green.  
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  The radius of gyration (Rg) and the end-to-end distances (Ree) of the polymers 

were calculated for last 30 ns of the simulations and they are reported in Table 4.2. 

Previously, we have studied the same properties of these polymers in different  solvent 

conditions[16] and that provides us with an opportunity to compare them. For PEO the 

values of both Rg and Ree are similar to their respective values in water. But for PPO, the 

values of Rg and Ree for the longest chain, PPO43, show an elongation of the chain. The Rg 

value at the interface, 1.69 ± 0.22 nm, is higher than the value in bulk water (1.40 ± 0.08 

nm)[16] and much higher than the value in bulk n-heptane (1.10 ± 0.05 nm)[16]. This 

indicates that the elongation of the PPO chain is favored by the two dimensional 

interface between water and heptane.  

  Similar observations have been reported by other groups that have 

experimentally studied Pluronics at similar water/oil interfaces.[30-34] For example, 

recently Ramirez et al. studied three Pluronics F68, L64, and P9400 at water/hexane 

interface.[30] Using ellipsometric measurements they have shown that at low polymer 

concentration, the Pluronics assume a two-dimensional conformation with both the PEO 

and PPO units at the interface. With a higher polymer concentration at the interface, 

PEO parts tend to protrude into the water phase forming a coil structure. Finally, if the 

concentration s further increased, a polymeric mushroom-like conformation is observed 

in which  PEO units reside in the water phase and the PPO unit coils up at the interface 

with part of it in both the solvents.[30] We observe exactly the same trend in our 

simulations. For the smallest Pluronic, L61, it assumes a linear structure and stays in the 

interface. With the increase of the PEO and PPO block-lengths in L64 and P85, 

protrusion of PEO chains in the water phase is observed.   

  PEO is more hydrophilic than PPO and it tends to stay in water phase rather than 

the hydrophobic n-heptane phase. Our previous study with the monomer of PEO, 1,2-

dimethoxyethane (DME) and the monomer of PPO, 1,2-dimethoxypropane (DMP) shows 

that DMP favors the hydrophobic region more than DME does.[14] The potential of mean 
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force (PMF) of percolation of DMP to n-heptane phase from water has a value ~12 

kJ/mol less than that of DME.[14] Also, we observed that the minima lie exactly at the 

interface. Pluronics are linear block copolymers, and hence properties of their 

individual blocks are supposed to be similar to that of the monomer molecules. Here, we 

observe similar behavior.  

Table 4.2 Radius of gyration and end-to-end distances of the polymers at water/n-heptane 

interface. 

Polymer Rg (nm) End to end distance (nm) 

n-heptane PEO 7 0.51 ± 0.05 1.37 ± 0.32 

PEO 20 1.01 ± 0.14 2.59 ± 0.80 

PEO 43 1.52 ± 0.23 3.52 ± 1.06 

PPO 7 0.47 ± 0.05 1.23 ± 0.32 

PPO 20 0.88 ± 0.12 2.42 ± 0.73 

PPO 43 1.69 ± 0.22 3.55 ± 0.41 

L61 1.32 ± 0.20 3.44 ± 0.84 

L64 1.68 ± 0.21 3.29 ± 0.92 

P85 2.34 ± 0.28 3.49 ± 1.07 

  From the simulations at water/n-heptane interface, it is evident that the PEO 

units of the Pluronics prefer being in water rather than in n-heptane. This tendency was 

also evidenced in our previous study of PEO and PPO chains in various solvent 

systems.[16, 35] From these observations, we can expect that when these polymer 

molecules will come in contact with phospholipid bilayers (for example, DMPC in this 

study), the PPO part may favor the aliphatic region of the bilayer but PEO would try to 

be in the water phase or in the polar headgroup region of the bilayer.  

PEO and PPO chains at water/DMPC bilayer interface. 

To have a better insight on the effect of individual polymer chains on the behavior of the 

DMPC lipid bilayer, PEO and PPO chains of different length (having 7, 20, 43 monomers) 
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were simulated at the interface and inside the lipid bilayer. For the simulations of 

polymers at the interface, the polymers tend to stay in the bulk water phase and show 

no specific interaction with the lipid bilayer within 50 ns. For the simulation starting 

from a configuration where PEO was inside the bilayer, for all the three chains, PEO 

diffuses out of the bilayer and stays in the water phase. 

 

Figure 4.3: Average area per lipid for the systems staring with PEO and PPO at the a) interface, and b) 

inside the bilayer. 

   Fig. 4.3 shows the area per lipid (APL) values for the homopolymer chains. For 

the cases of the polymers outside the bilayer and PEO inside the bilayer, there is no 

major difference in the APL values. But when the simulation was started with the PPO 

molecules inside the bilayer, the APL values have higher values and the values increase 

with the increasing number of monomers in the PPO chains. The distance between the 

headgroup phosphorus atoms were calculated to investigate on thinning effect, if any 

(The figure with density distribution of the P-atoms is shown in Fig. A2.5 in Appendix 

II). No significant change in the membrane thickness was observed for the systems 

simulated. 
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PEO at the interface and inside the bilayer. 

For the systems with PEO outside and inside the bilayer, the results are similar. When 

the simulations were started with the PEO inside the bilayer, the polymer promptly goes 

to the interface and goes out to the water phase. Hence, excluding first few nanoseconds, 

the behavior of the polymers and the bilayer is similar in both the cases. The Rg values 

were calculated in all the cases (shown in Table A2.2 in Appendix II). As the polymer 

chains stay mostly in the water phase, the values for each chain inside and outside the 

lipid bilayer have similar values and those values are comparable with the values of R g 

of PEO chains in water as reported in our previous work. [16]  

PPO at the interface and inside the bilayer. 

Similarly as PEO, PPO does not show any preference to interact with the DMPC lipid 

bilayer and stays in the water phase outside the lipid bilayer. A set of simulations were 

run with the PPO chains inside the lipid bilayer. For the whole time length of 

simulations, the PPO chains are observed to stay inside the lipid bilayer, mainly in the 

aliphatic tail group region of the bilayer. The density distributions of the PPO chains are 

shown in Figure 4.4. From the density distribution, it can be seen that the smallest PPO 

chain (with seven monomers) has a localized distribution near the bottom headgroup 

region of the lipid bilayer. In the case of PPO20, the distribution is more flat and well 

distributed. PPO43 stays more localized near the headgroup region but has a 

distribution ranging throughout the aliphatic region of the lipid bilayer.  

  From the APL plot shown in Figure 4.3, the APL values for PPO inside lipid bilayer 

are seen to be higher than all three other cases. For PPO7 and PPO20, it has comparable 

value with slightly higher value for PPO20. APL value is highest for PPO43 inside the 

lipid bilayer. Larger the number of monomers in the polymer, it takes more space to 

accommodate it. This results in higher APL value for larger polymers.   
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Figure 4.4: Density distributions of PPO chains inside the DMPC lipid bilayer. The position of the DMPC 

bilayer is shown in orange. 

  Also in this case Rg values of the PPO chains were calculated and they are 

reported in the Table A2.2 in the Appendix II. For PPO chains outside lipid bilayer the Rg 

values are similar to that of in bulk water.[16] But for PPO chains inside the lipid bilayer, 

the Rg have smaller values for respective chains. The Rg values inside the bilayer has 

comparable values as for that in bulk n-heptane as reported in our previous study.[16]  

Pluronics at water/DMPC bilayer interface and inside DMPC bilayer. 

In this part, the results of simulations of polymers at water/DMPC interface and inside 

the lipid bilayer are reported. The polymer molecules were put in the water phase ~1 

nm away from the boundary of the bilayer and simulated for 50 ns. In the previous 

chapter we have shown that spontaneous diffusion of the DME and DMP molecule inside 

the bilayer does not occur within 50 ns.[36] Hence, to study at a qualitative level the 

permeation process and the conformational behavior of the polymer inside the bilayer, 

steered molecular dynamics simulations were used for this purpose. 
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   To see the effect of Pluronics on the structure of the bilayer, the average area-

per-lipid (APL) and the distance between the phosphorus atoms in the top and bottom 

bilayer were calculated for L61, L64 and P85 when outside and inside the bilayer 

(Average area per lipid values are shown in Fig. 4.5). 

 

Figure 4.5: Average area per lipid for the polymers simulated. 

  With the polymers at the interface of the bilayer, the range of variation is quite 

small. When the simulations were started with the polymers inside the bilayer, the APL 

value drops slightly below the normal value for pure DMPC bilayer and they have more 

or less similar value for all the Pluronics molecules. The distance between the 

phosphorus atoms of the top and bottom layer of DMPC bilayer was calculated to 

investigate change in the width of the bilayer, if any. Fig. 4.6 shows the density 

distribution of the P atoms in both the layers. The dotted lines represent the density 

profile of the P-atoms when the polymers were outside the bilayer at the water phase. 

No significant change in the width of the membrane is observed in this scenario. But 

when the simulation was started with the polymer molecules inside the bilayer, we 

don’t see much difference in the case of P85, but there are significant increase in the 

distance between the P-atoms for L61 and L64. This means, though P85 does not have 

any effect on the width of the bilayer within this timescale but L61 and L64 elongate the 
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bilayer to some extent. 

 

Figure 4.6: P-P density profiles for systems B during the last 25 ns of simulation.  

  Fig. 4.7 shows the final conformation of the systems for the systems when the 

simulation was started with the polymers inside the lipid bilayer. For L61 and L64, PPO 

part extends along the width of the bilayer and the PEO part resides in the lipid 

headgroup region. For P85, the PPO part remains coiled and the PEO part in the 

headgroup region of the upper layer and the water just outside. The density distribution 

of the polymers along with its components are shown in Fig. 4.8 and that also shows that 

it the case of L61 and L64, the PPO chain remains extended to form a bridge and the PEO 

part stays in the headgroup region of the bilayer or in the water phase. The length of the 

PPO chain of L61 and L64 is shorter than P85 and the length is comparable to the width 

of the bilayer. Hence for L61, the hydrophobic PPO chain can extend throughout the 

width of the aliphatic region of bilayer keeping the PEO parts in the polar and more 

favorable headgroup region.  On the contrary, the PEO chains of the L64, being longer, 

extend into the water phase as well. In both these case, the PPO block adopts a flat 

orientation with respect the interface. This might help to increase the structural 

stability of the membrane by sealing defects. In the case of P85, the length of the PPO 
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chain is longer than the width of the bilayer and cannot extend along the width of the 

bilayer.   

 

Figure 4.7: Final conformation of Pluronics a) L61, b) L64 and c) P85 at the end of 50 ns unconstrained 

simulations inside the DMPC lipid bilayer. PEO part of the polymers are shown in blue and PPO part is 

shown in green. For the sake of clarity water is not shown. 

 

 

Figure 4.8: Density distribution of Pluronics a) L61, b) L64 and c) P85 during 50 ns unconstrained 

simulations inside the DMPC lipid bilayer. Density distribution of the PEO part of the polymers are shown 

in blue and PPO part is shown in green. The density of the polymer in whole is shown in dashed black and 

the position of the DMPC bilayer is shown in dashed orange. 

  Fig. 4.9 shows the evolution of the radius of gyration (Rg) and end-to-end 

distance (<h>) of the polymers during the course of the simulation. In comparison, L61 

has the lowest Rg value and the other two polymers have similar Rg values post 10 ns of 

the simulation. The trend of <h> values is order of the length of the polymer for L61 and 

L64 but P85, although being the longest of them all, has relatively small <h> value.   
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Figure 4.9: Distribution of radius of gyration (left) and end-to-end distance (right) of the Pluronics a) 

L61, b) L64 and c) P85 during 50 ns unconstrained simulation inside a DMPC bilayer.  

Percolations of polymers in lipid bilayer. 

In the previous chapter, we have reported the properties of percolation of DME and 

DMP through DMPC lipid bilayer. To check the effect of the length of the polymers, the 

potential of mean force for the percolation of small polymers through DMPC lipid bilayer 

was calculated using umbrella sampling method. The frames for umbrella sampling 

simulations were generated from a single SMD simulation (details in the Methods 

section). The simulated polymers were the di- and trimers of PEO and PPO (i.e., PEO2, 

PEO3, PPO2, and PPO3) and the smallest Pluronic molecule PEO-PPO-PEO (denoted as 

PLU1). The differences in heights of the PMF barriers for percolation from the reference 

water phase to the aliphatic tail region of the bilayer for these polymers are shown in 

Fig. 4.10.  

  From the plot, we see a gradual increase of the height of the energy barrier for 

percolation with the increase of the chain length of the polymers of same type. Though 

bulkier, the PPO chains have less high-energy barriers than their corresponding PEO 

counterparts. For PLU1, the height of PMF of percolation is quite low. The relative 

difference between PEO and PPO can be attributed to the non-bonded and electrostatic 
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energy contributions as explained in the previous chapter. Also, the loss of stability due 

to the loss of hydrogen bonds is much more extensive for DME/PEO. These effects result 

in a higher PMF barrier for PEO chains compared to their PPO counterparts. But for 

PLU1, the low barrier is a result of the hydrophilic-lipophilic balance of the polymer. 

This indicates that the Pluronic molecules have better permeability in lipid bilayer than 

a PEO or PPO chain of similar length. 

 

Figure 4.10: The height of PMF profiles for percolation of small polymer chains inside DMPC lipid 

bilayer. The data for DME and DMP is put for comparison. [14] Individual plots are shown in Appendix III. 

Steered molecular dynamics simulations: Percolation of PEO and PPO inside lipid 

bilayer. 

In the previous chapter, it was shown that umbrella-sampling method is more accurate 

than SMD simulation method to calculate PMF profile for the percolation of small 

molecules through lipid bilayer. However, it was also shown that if multiple PMF 

profiles (obtained by starting the simulations from different starting configurations) are 

averaged, the barrier for percolation could be quantitatively reproduced. The PMF of 

percolation of PEO and PPO polymers of chain length 7, 20 and 43, thorough DMPC were 

calculated using multiple SMD simulations. Fig. 4.11 shows the average PMF plots of ten 
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SMD simulations for each polymer.  

 

Figure 4.11: PMF profiles for percolation of PEO and PPO chains inside DMPC lipid bilayer. Each 

individual plot is average of ten SMD simulations. The position of the DMPC bilayer is shown in orange.  

  In agreement with the results for small polymers, the height of the PMF barrier is 

lower for PPO in comparison to their PEO counterparts. This must be noted that being a 

non-equilibrium process, the PMF profiles from SMD simulations are often 

overestimated. So, the profiles do not quantitatively represent the height of the barrier. 

But from the point of view of qualitative behavior, we can expect easier percolation of 

PPO inside the lipid bilayer.   

CONCLUSIONS. 

In this chapter, structural properties of ether based linear and block polymers in 

water/n-heptane, and water/DMPC bilayer interfaces have been investigated with 

molecular dynamics simulation. The properties of PEO, PPO and Pluronics were first 

investigated at the water/n-heptane interface. Our study shows that while PPO prefers 

to stay in the water/n-heptane interface, PEO tends to diffuse to the water phase. This 
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produces the bottle-brush type of structure for Pluronics molecules at water/n-heptane 

interface. This observation is in agreement with available experimental results.   

  The polymers at the water/DMPC interface did not render significant effects 

within 50 ns.  Spontaneous diffusion of polymers inside lipid membrane is out of reach of 

atomistic simulations as the time-scale for that may extend to microseconds.[36, 37] Hence 

the properties of polymers inside lipid bilayer were studied by pulling them inside the 

bilayer using SMD simulations. PEO chains did not show any preference for the interior 

of the bilayer and diffused out of the bilayer. The PPO chains preferred to stay inside the 

bilayer. Relatively longer PPO20 and PPO43 tend to span across the width of the bilayer 

while short PPO7 chain stayed in the tail region of the bilayer near the polar 

headgroups. Pluronic L61 and L64 have PPO blocks with a length comparable to the 

width of the tail region of the bilayer. They spanned across the bilayer with the 

hydrophilic PEO blocks in the polar headgroup region and water in both sides. The PPO 

block length of P85 is longer than the width of the bilayer and it assumed a 

conformation where the PPO block stays in the aliphatic tailgroup region of the bilayer 

and the PEO blocks stayed in the headgroup region and water phase in the same side of 

the bilayer. 

  The PMF profile of bilayer percolation was obtained using umbrella sampling 

method for small polymers. For the larger linear polyethers the percolation barriers 

were evaluated using SMD simulations. The energy barrier to transfer the polymers 

from water into the DMPC tail region was found to be smaller for PPO chains of all 

lengths (2, 3, 7, 20 and 43 monomer long) than their PEO counterparts. This explains the 

accumulation of PEO blocks of a Pluronic at the interface, and extension of PPO block of 

a Pluronic along the width of the lipid bilayer as studied by Firestone et al. from X-ray 

scattering studies.[6, 7] 

  In conclusion, the results of this study provide interesting insights on the 

mechanism of percolation of polyethers (PEO, PPO and Pluronics) into the DMPC lipid 
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bilayer. Pluronics are important and widely used for designing drug carrier micelles. 

Our results provide an accurate atomistic model on the partition behavior of hydrophilic 

PEO and hydrophobic PPO blocks of these polymers at a membrane interface. 
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Interaction of Curcumin with PEO-PPO-PEO Block Copolymers. 

 

ABSTRACT. 

Curcumin, a naturally occurring drug molecule, has been extensively investigated for its 

various potential usages in medicine. Its water insolubility and high metabolism rate 

require the use of drug delivery systems to make it effective in the human body. Among 

various types of nanocarriers, block copolymers based ones are the most effective. These 

polymers are broadly used as drug-delivery systems but the nature of this process is poorly 

understood. In this paper, we propose a molecular dynamics simulation study of the 

interaction of Curcumin with block copolymer based on polyethylene oxide (PEO) and 

polypropylene oxide (PPO). The study has been conducted considering the smallest PEO 

and PPO oligomers and multiple chains of the block copolymer Pluronics P85. Our study 

shows that the more hydrophobic DMP molecules and PPO block preferentially coat the 

Curcumin molecule. In the case of the Pluronics P85, simulation shows formation of a drug-

polymer aggregate within 50 ns.  This process leave exposed the PEO part of the polymers 

resulting in better solvation and stability of the drug in water.  
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INTRODUCTION. 

Curcumin, a polyphenol derived from the root of turmeric (Curcuma longa) is widely 

used as a dietary spice and natural food coloring agent throughout the world. [1, 2] It also 

finds its place in traditional Indian medicine system, Ayurveda for its wide ranged 

therapeutic applications as an anti-biotic, anti-inflammatory, anti-rheumatic, anti-

arthritic, antioxidant agent and as a cure for several other diseases. [3] [4] Recent studies 

reveal that Curcumin has potent anticancer effects both alone or with other anticancer 

drugs.[5, 6] This has been tested in vivo and in vitro with melanoma, mantle cell 

lymphoma, hepatic, prostatic, ovarian and pancreatic carcinomas. [7] Curcumin has been 

reported to have diverse effects on signaling molecules down-regulation of the 

expression of angiogenesis-associated genes, activation of the apoptotic mechanisms 

and induction of the cell cycle arrest.[8] It also enhances chemotherapeutic responses of 

cancer cells to several anticancer drugs.[5, 9] Curcumin is a potential inhibitor of nuclear 

factor kappaB (NF-кB) signaling pathway.[10] NF-кB promotes carcinogens in liver, 

colon, lung and leukemia and prostate cancer and NF-кB excess is a main reason for the 

failure of chemotherapy with many drugs as well. [11] Curcumin also prevents 

accumulation of amyloid-β (Aβ) aggregates as soluble oligomers, and hence preventing 

Alzheimer’s disease.[12-14] 

  In spite of aforementioned therapeutic potentials, low solubility in water and 

high degradation rate hinders the clinical development of Curcumin. It is not soluble in 

water at neutral or acidic pH and dissociates in alkaline condition. [15, 16] Clinical study on 

rats revealed disappearance of Curcumin from blood in 1 hour after a dose of 40mg/kg 

scale and confirms only 10 ng/mL serum concentration upon 2g of oral dose. [17, 18] For 

these reasons, there is a need to associate the drug with a delivering carrier to prevent 

these problems.  

  Amphiphilic block co-polymers that can assemble to form a micelle can be used 

as a carrier of poorly soluble drug molecules to cells. [19-21] Different studies of Curcumin 
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with different amphiphilic block copolymers based carrier have been reported in the 

literature.[22-27] They increase solubility, improve stability and control release profile. In 

particular, polyethylene oxide (PEO) and polypropylene oxide (PPO) based triblock 

copolymers, Pluronics are among the most effective carriers for Curcumin.[27] Pluronics 

are non-toxic, inexpensive, and easily customizable, polymers. [21] Moreover, Pluronics 

having tendency to accumulate in tumor cells, enhance the efficiency of 

chemotherapeutics and decrease chances of side effects on the immune system. [28, 29] 

However, the molecular mechanics of interaction of the polymers with drugs and their 

delivery at molecular level are not yet clearly understood. So far, experimental studies 

on these topics for Curcumin are very limited and there are no theoretical investigations 

present in literature. 

 

Figure 5.1: Optimized structure of Curcumin. The carbon atoms are shown in dark grey, oxygen atoms in 

red and hydrogen atoms in white. The green plane helps to understand the planarity of the molecules. 

  In this work, using molecular dynamics simulations, we aim to understand the 

interaction of Curcumin with polymer surfactants based on PEO/PPO units. In 

particular, we have studied the interaction of the drug molecule with the Pluronic P85 

(PEO25-PPO40-PEO25). P85 is a variant of Pluronic with good hydrophilic-lipophilic 
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balance and has a molar ratio of 1.03 for PEO/PPO units. The ‘hydrophilic lipophilic 

balance’ (HLB) ratio for P85 is 17. This value is comparable to the Pluronics F68 (HLB 

ratio = 17.8) and F127 (HLB ratio = 24) which were used by Sahu et.  al to 

experimentally study the encapsulation of Curcumin in Pluronics.27 Furthermore, this 

model has previously been extensively tested in different solvent conditions and 

performed satisfactorily.[30]   

  In addition, interactions of the drug molecule with 1,2-dimethoxyethane (DME) 

and 1,2-dimethoxypropane (DMP), which are the smallest oligomers of PEO and PPO, 

have been studied. The Curcumin model has been tested by conducting simulations in 

water, methanol and 1-octanol. 

  In this chapter, the details of the force fields and methodologies used are 

described in the ‘Methods’ section. The results of the simulations of Curcumin in water, 

methanol, 1-octanol, DME/DMP/water mixture, and in the presence of Pluronic P85 are 

explained in the ‘Results and Discussions’ section. Finally in the ‘Conclusions’ section, 

the findings of this work have been summarized. 

METHODS. 

Force Field. 

Fig. 5.1 shows the chemical structure of Curcumin ((1E,6E)-1,7-bis (4-hydroxy-3-

methoxyphenyl) -1,6-heptadiene-3,5-dione). It exhibits keto-enol tautomerisation and, 

depending upon the solvent, the enol form can constitute up to 95% of the 

conformations.[31] Quantum mechanical calculations were performed on the enol form of 

the molecule to obtain the optimized structure and the partial charges of the atoms. 

Geometry optimization was done using the restricted B3LYP method with the 6-31G** 

basis set, and the atomic charges were calculated using the ChelpG procedure. [32] The 

optimized structure of Curcumin is shown in Fig. 5.1. The coordinates of the atoms of 

the optimized structure and their corresponding partial charges are reported in Table 
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A3.1 and A3.2 of the Appendix III. For the Curcumin model, parameters for partial 

charges, bond lengths, bond angles, and dihedral angles were based upon the QM 

calculations (Table A3.3, A3.4 and A3.5 in the Appendix III). The force constants for the 

bond angles and the torsional interactions and the Lennard-Jones parameters were 

adapted from the GROMOS96 parameters. The quality of the model was tested by 

calculating its partition coefficient in water/1-octanol system (log Poctanol/water) following 

the method explained in our previous publication.[33] For DME, DMP and P85 polymer, 

the recent models by Hezaveh et al.[30, 34] were used. The simple point charge (SPC)[35] 

model for water and OPLS united atom (OPLS-UA) model for methanol[36] and 1-

octanol[37] was used. 

Table 5.1: Description of the systems simulated. 

System 
Components  

(number of molecules in parenthesis) 

Box size 

(x × y × z)/ nm3 

Number  

of atoms 

A 
(1) Curcumin + (4124) water 

 
5×5×5 12408 

B (1) Curcumin + (1866) methanol 
5×5×5 

 
5634 

C 
 

(1) Curcumin + (413) 1-octanol 5×5×5 4166 

D (1) Curcumin + (23) DME + (24) DMP + (2695) water 4.5×4.5×4.5 8427 

E (1) Curcumin + (1) P85 + (6917) water 
6×6×6 

 
21106 

F (1) Curcumin + (8) P85 + (22393) water 9×9×9 69767 

G (8) P85 + (22393) water 9×9×9 69731 

      Systems A-E were simulated for 50 ns; systems F and G were simulated for 100 ns. 
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Simulation Setup: 

The quantum mechanical calculations were performed using Gaussian 03 program. [38] 

All the molecular dynamics simulations were performed using GROMACS (version 

4.5.5)[39]  software package and VMD[40] was used for visualization purpose. Details of 

the simulated systems are shown in Table 5.1. For all the simulations, the temperature 

was kept constant at 298 K using the V-rescale thermostat[41] with a coupling constant 

of 0.1 ps. The pressure was maintained constant at 1 bar using Berendsen barostat [42] 

with a coupling constant of 0.5 ps. The bond-lengths were constrained using LINCS[43] 

algorithm. An integration time step of 2 fs was used for all the simulations. Electrostatic 

interactions were evaluated using particle mesh Ewald method[44] with a cutoff of 1.0 

nm, grid spacing of 0.12 nm and a fourth order spline interpolation. Lennard-Jones 

interactions were truncated at 1.0 nm.   

Calculation of the spatial density distribution:  

The spatial density distribution of the solvent molecules around the Curcumin molecule 

was calculated using g_spatial program of the GROMACS package. A cubic grid with 0.1 

nm grid spacing was used for all the calculations. The solvent molecules were centered 

around the Curcumin molecule in each trajectory frame using a translational-rotational 

fit to the first configuration of the MD trajectory and removing the periodic boundary 

conditions. Finally, the atomic positions of the selected atoms of solvent molecules were 

mapped on a cubic grid centered on the geometric center of the Curcumin molecule and 

averaged with respect to the number of frames analyzed. The averaged volumetric 

density data obtained was analyzed using the program VMD. 

Calculation of free energy of solvation (∆G) and partition coefficient (log 

Poctanol/water): 

The final frames of the simulation of Curcumin in water, methanol, and 1-octanol (for 50 

ns) were taken as the starting structures for the calculation of free energy of solvation. 
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Gibbs free energy of solvation in water (ΔGhyd), in methanol (ΔGmet), and in 1-octanol 

(ΔGoct) at 298 K was calculated using the thermodynamic integration (TI) method. [45] 

The TI integration was performed on 21 λ points: 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 

0.4, 0.45, 0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95, and 1.00. The soft -core 

parameters α and σ were assigned the values of 1.5 and 0.30 respectively. For each λ-

point, the equilibrated system was run for 2 ns. From ΔGhyd and ΔGoct at the temperature 

T, the corresponding partition coefficient is calculated according to the following 

formula[37], 

RT

GG
P

octhyd

wateroloc 303.2
log /tan




 
(Eqn. 5.1) 

where R is the universal gas constant. 

 

RESULTS AND DISCUSSIONS. 

Simulation of Curcumin in water, methanol and 1-octanol.  

The values of free energies resulted in ΔGhyd = 4.6 ± 1.1 kJ/mol, ΔGmet = -5.3 ± 0.9 kJ/mol, 

and ΔGoct = -2.1 ± 0.6 kJ/mol. The free energy of solvation value indicates insolubility of 

Curcumin in water and better solubility in methanol than in 1-octanol. This is in 

agreement with the available chemical information. 

   The value of log Poctanol/water resulted in 1.17. Unfortunately, there are no 

experimental chemical data that can be used to verify the results of our MD simulations. 

However, theoretically calculated values of log Poctanol/water result in 3.07±0.4[46] or 2.517 

(using CONFLEX/PM3 method)[47]. Qualitatively, the values are in agreement and 

indicate Curcumin’s higher affinity towards 1-octanol than water. 



Chapter  5 

 

Jacobs University Bremen, 2012 

 

125 

 

Figure 5.2: Spatial distribution of solvent atoms around Curcumin molecule in water ( top-left), methanol 

(top-right) and 1-octanol (bottom). Hydrogen atoms are shown in blue, oxygen atoms in red and carbon 

atoms in green. Contour values of the iso-surfaces are 20 for both hydrogen and oxygen of water and 35 

for all three types of atoms in methanol. Isovalue for 1-octanol carbon is 20 and that for 1-octanol oxygen 

and hydrogen are 200. 

  To understand the behavior of Curcumin in simple solutions, it was simulated in 

water, in methanol and in 1-octanol. Fig. 5.2 shows the spatial distribution of solvent 

atoms around the Curcumin molecule during a 50 ns free simulation. As expected, the 

solvent molecules tend to gather around the hydrophilic and polar region of Curcumin. 

High density of solvent hydrogen atoms around the oxygen atoms of Curcumin indicates 

a good extent of hydrogen bonding with the solvent molecules. 

  Fig. 5.3 shows the root mean square fluctuation (RMSF) per atom plot of the 

Curcumin molecule during a 50 ns free simulation in different solvent conditions – in 

water, in methanol, in 1-octanol, and in water with DME and DMP. As expected, five 

major fluctuations are seen in the molecule and they correspond to the three –OH 

groups and two –OCH3 groups. In the case of methanol and 1-octanol, only four major 

fluctuations are seen – all in the –OH and –OCH3 groups attached to the phenyl rings. The 

enol hydroxyl group remains stable resulting in low RMSF per residue. This implies that 

the rotation along the O-H bond is restricted in methanol and 1-octanol. 
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Figure 5.3: Root mean square fluctuation (RMSF of the atoms of Curcumin in water (blue), methanol 

(red), 1-octanol (maroon) and in presence of DME and DMP in water (green). The atom numbers are 

shown in inset. 

    

To further evaluate the scenario, average distance between the enol hydrogen and keto 

oxygen was calculated. Fig. 5.4 shows the distribution of average distance of the enol 

hydrogen and the keto oxygen of Curcumin during a 50 ns free simulation in water, 

methanol and 1-octanol. In methanol and 1-octanol, we observe a single peak at 0.16 nm 

but in water, we observe a bimodal distribution having a large peak at the same position 

as of methanol and a shorter second peak at 0.35 nm. In methanol and 1-octanol, the 

enol hydrogen tends to point towards the keto oxygen (as seen in Fig. 5.2) but in water, 

though mostly its conformation is the same, but there is a significant contribution of the 

conformer where the hydrogen points away from the keto oxygen atom (as seen in Fig. 

5.2). 
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Figure 5.4: Distribution of average distance between the enol hydrogen (atom number 18) and the keto 

oxygen (atom number 21) in water, methanol and 1-octanol. 

  Fig. 5.5 shows the hydrogen bonding between Curcumin and solvent molecules. 

From the figure, we can observe that the oxygen of water tends to form a hydrogen bond 

with the enolic hydrogen of Curcumin. As a result, the O–C bond is rotated and the 

hydrogen atom faces away from the keto oxygen atom. Methanol and 1-octanol oxygen 

being less electronegative cannot form this type of hydrogen bond and hence, the enolic 

hydrogen always keeps facing the keto oxygen of the Curcumin molecule. 

  The radial distribution function (RDF) of the oxygen atoms of the solvent 

molecules with respect to the two types of rings present in the Curcumin molecule is 

shown in Fig. 5.6. RDF was calculated with respect to the ring formed by six central 

atoms (as shown in Fig. 5.6) and one of the phenyl rings.  The positions of the first peaks 

in all the cases have lower value for methanol and 1-octanol than that of water indicting 

the hydrophobic nature of the molecule. High value of RDF for 1-octanol indicates high 

attractive interaction between 1-octanol and Curcumin. From the RDF curves, it’s clear 

that water has the least attractive interaction with Curcumin between the three solvents 

used for simulation. 



Chapter  5 

 

Jacobs University Bremen, 2012 

 

128 

 

Figure 5.5: Hydrogen bonding of Curcumin in water (top), in methanol (middle) and in 1-octanol 

(bottom). 

  For all the solvents, the first peak for the nonpolar phenyl rings is shifted to 

longer distance than that of the polar middle ring indicating more interaction with the 

middle ring. The same was observed from the spatial distribution of solvent atoms 

around the drug molecule (Fig. 5.2). The average number of contacts (Ncont) between the 

Curcumin molecule and the solvent molecules was found to be 82 (±3) for water, 40 

(±2) for methanol and 26 (±3) for 1-octanol. 

  Diffusion coefficient value in water, methanol and 1-octanol was found to be 2.61 

(± 0.24) × 10-9 m2/s, 1.17 (± 0.07) × 10-9 m2/s, and 0.53 (± 0.01) × 10-9 m2/s, 

respectively. Restricted mobility of the Curcumin molecule indicates stronger 

interactions with methanol and 1-octanol. Low diffusion coefficient value for 1-octanol 
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is in agreement with the RDF data. Diffusion coefficient of the solvents are 4.19 (± 0.01) 

× 10-9 m2/s, 2.820 (± 0.002) × 10-9 m2/s and 0.12 (± 0.01) × 10-9 m2/s for water, 

methanol and 1-octanol, respectively. These values are similar to the diffusion 

coefficient values for pure solvents at 298 K. [34, 48, 49] This indicates that Curcumin has no 

significant effect on the bulk properties of the solvents at infinite dilution condition.  

 

Figure 5.6: Radial distribution function of the oxygen atoms of the solvent molecules with res pect to the 

two different types of rings in the Curcumin molecule. 

   

Simulation of Curcumin in DME/DMP mixture in water.  

50 ns simulation of Curcumin in a box of water with 23 of DME and 24 DMP molecules 

was performed. Fig. 5.7 shows the spatial distribution of DME and DMP molecules 

throughout the simulation. The distribution indicates preference of DMP towards the 

hydrophobic part of the Curcumin molecule. DME does not contribute much to the 

spatial distribution apart from the keto-enol part in the molecule.  

  During the same simulation, the minimum distance of the center of mass (CoM) of 

the Curcumin molecule from the CoM of the DME and DMP molecules are shown in the 

Fig. 5.8. As seen in the spatial distribution, the distance distribution also shows that the 
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DMP molecules always tend to stay closer to the Curcumin molecule.  

 

Figure 5.7: Spatial distribution of DME and DMP molecules around Curcumin molecule. DME is shown in 

blue, DMP in green. The density surfaces have isovalue of 45 for both DME and DMP. For the sake of 

clarity, water is not shown. 

   

 

Figure 5.8: Minimum distance of the DME and DMP molecules from the center of mass of the Curcumin 

molecule during a 50 ns simulation. A distance cutoff of 0.6 nm was used. 
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  The average number of contacts (Ncont) between the Curcumin molecule and the 

solvent molecules was found to be 2 (±1) for DME, 3 (±2) for DMP and 70 (±6) for water. 

As DMP stays closer to Curcumin, the Ncont value is significantly high for DMP than that 

of DME. Also, the Ncont value for Curcumin with water is lower than that of Ncont value in 

bulk water. This indicates Curcumin’s favor towards relatively more hydrophobic 

molecules when put in a hydrophilic environment. To further support the observation, 

the RDF for the oxygen atoms of the DME, DMP and water molecules with respect to the 

rings of the Curcumin molecule (as shown in Fig. 5.6) was calculated and it is shown in 

the Fig. A3.2 in the Appendix III. The interactions with the solvents are significantly 

different at chemically dissimilar parts of the Curcumin molecule. The peak position for 

the RDF value of DME has the lowest value for the more polar keto-enol ring of the 

molecule, followed by water and DMP. The trend is quite different for the phenyl rings 

where the peak position for RDF has lowest value for DMP, followed by DME and water. 

The phenyl rings being more hydrophobic than the middle part of the Curcumin 

molecule, favors less hydrophilic DMP molecules than DME or water. The keto-enol part 

is more polar and favors DME and water over DMP. 

  Diffusion coefficient value of the Curcumin molecule in DME/DMP/water mixture 

was found to be 0.32 (± 0.07) × 10-9 m2/s and this value is significantly lower than the 

values of diffusion coefficient in water and in methanol. This significant depression in 

diffusion coefficient value supports formation of an aggregation with the ether 

molecules resulting in better solubility and stability in water. Fig. 5.9 shows the trend of 

diffusion coefficient values of the Curcumin molecule in all the systems simulated. 

 

Simulation of Curcumin in the presence single Pluronic (P85) chain. 

Fig. 5.10 shows the initial and final conformations of Curcumin and one P85 chain from 

a 50 ns simulation in water. In the initial conformation of the P85 chain, the polymer 
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was taken as a coiled structure and after 50 ns simulation, the PPO part is seen to be still 

in the coiled conformation close to the Curcumin molecule, whereas the PEO parts 

stretch in the water. 

 

Figure 5.9: Diffusion coefficient of the Curcumin molecule in different systems simulated. The line is put 

to help as a visual guide. 

 

  The radius of gyration (Rg) value of the P85 chain was 2.13 ± 0.40 nm, which is 

very close to 2.25 ± 0.04 nm, the Rg value for single P85 chain in water at 298 K.[30] The 

hydrophobic PPO part of the P85 chain, when put in water, is supposed to form a core 

and the hydrophilic PEO parts remain extended in the solvent. In this scenario, we 

observe a similar behavior. The Curcumin molecule being hydrophobic prefers to stay 

close to the hydrophobic core of the P85 chain and as a result, the mobility of the drug 

molecule is suppressed to a great extent. The diffusion coefficient of the Curcumin 

molecule was calculated to be 0.12 (± 0.04) × 10-9 m2/s, which is much less than that of 

free Curcumin in water (Fig. 5.9). 
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Figure 5.10: Snapshot of the P85 and the Curcumin molecule at the beginning and at the end of a 50 ns 

simulation. The PEO part of P85 is shown in blue and the PPO part is shown in green . 

  Fig. 5.11 shows the number of contacts (within 0.6 nm) between the Curcumin 

molecule with PEO (blue) and PPO (green). The plot shows significantly higher number 

of contacts for PPO than that for PEO. In the same figure, distribution of minimum 

distance of the PEO and PPO parts of P85 from the center of mass of Curcumin during 

the simulation of a Curcumin molecule in the presence of one P85 chain in water is 

shown. Throughout the simulation, the PPO part is seen to be closer to Curcumin 

molecule than the PEO parts. This observation goes hand in hand with the findings from 

the simulation of Curcumin in the presence of DME and DMP. In that case as well, we 

have observed that the hydrophobic DMP molecules tend to stay close to the Curcumin 

molecule.  
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Figure 5.11: Average number of contacts between the PEO and PPO with P85 chain is  shown in the top. A 

distance cutoff of 0.6 nm was used. Minimum distance of the PEO part and PPO part of the Pluronic P85 

molecule from the center of mass of the Curcumin molecule during a 50 ns simulation is shown in the 

bottom panel. 

Simulation of Curcumin in the presence multiple Pluronics (P85) chains.  

Simulation of a single P85 chain with Curcumin shows potential to form a drug-polymer 

aggregate. Sahu et al.[27] have experimentally studied encapsulation of Curcumin in 

Pluronics micelles. They have found that in the presence of Curcumin, spherical micelles 

with sizes in a range of 20-80 nm are formed. Also, fluorescence emission spectra 

indicated that Curcumin molecules are encapsulated in the hydrophobic core of the 

micelle and form a stable aggregate. But no specific information about the composition 

and formation of the aggregate/micelle is available. To investigate the properties of the 

aggregation, one Curcumin molecule was simulated in a box of water with eight P85 

chains. Fig. 5.12 shows the final conformation of the system. The snapshot shows 

hydrophobic core formed with the hydrophobic PPO part of four P85 chains that wrap 

the Curcumin molecule while the hydrophilic PEO parts flank in water. Moreover, it is 

seen that only four P85 chains take part in formation of an aggregation with the 

Curcumin molecule. The radius of gyration of the drug-polymer aggregation was found 
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to be 5.0 ± 1.2 nm. Using these results, we can roughly estimate that the aggregation 

numbers for micelles of the same size observed by Sahu et al. [27] for F68 and F127 are in 

the range from 30 to 2000. As seen for the simulations of Curcumin in DME/DMP/water 

mixture and with one P85 chain in water, hydrophobic interaction between Curcumin 

and PPO is the main driving force for the formation of the aggregate.  

    Eight P85 chains were also simulated in water in the absence of the Curcumin 

molecule to check if Curcumin affects the aggregation tendency of the Pluronic chains. 

Within the same simulation time, aggregation of the polymer chains, monitored as 

number of contacts along the simulation time, was observed with no major changes in 

the aggregation tendency. 

 

Figure 5.12: Snapshot of the final conformation of P85 chains around the Curcumin molecule after a 50 

ns simulation. The hydrophilic PEO chains are shown in blue and the hydrophobic PPO chains are shown 

in green. 

  The spatial distribution of PEO and PPO chains around the drug molecule is 

shown in Fig. 5.13. At the level of the same isovalue, the hydrophobic PPO is seen to 

form a pocket on one side of the Curcumin molecule and the PEO chains have a 
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relatively smaller contribution towards the spatial distribution. Similar distribution is 

seen for the spatial distribution of DME and DMP around Curcumin in aqueous solution. 

The number of hydrogen bonds and the number of pairs within 0.35 nm between water 

and Curcumin decreases in the presence of P85 chains in comparison to that of in bulk 

water (Figure A3.3 in Appendix III). The number of contacts (within 0.6 nm) between 

water and Curcumin is 2442 in bulk water but it reduces to 1108 in the presence of P85 

chains. These indicate that the stability of the Curcumin molecule in the aggregate is 

enhanced by reducing its interaction with water in the presence of Pluronic P85. 

 

Figure 5.13: Spatial distribution of PEO and PPO chains around Curcumin molecule. PEO is shown in blue, 

PPO in red. The density surfaces have isovalue of 250 for both PEO and PPO. 

Also, the diffusion coefficient of Curcumin molecule in this system is the lowest of all the 

systems simulated (Figure 9). It has a value of only 0.06 (± 0.01) × 10-9 m2/s. The 

aggregation of multiple Pluronics chains around the drug molecule makes mobilization 
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even harder. Strong interaction with hydrophobic PPO part of the Pluronic P85 and reduced 

mobility result in slow and sustained release of the drug in physiological condition. This is 

particularly advantageous as chemotherapy requires a controlled concentration of drug in 

blood for a relatively longer period. 

CONCLUSIONS.  

The aim of the present work was the better understanding of interaction of Curcumin 

with one of its potential carriers, i.e., PEO-PPO-PEO block copolymers (Pluronics). 

Molecular dynamics simulations have been used to analyze these interactions at the 

molecular level. A novel model of Curcumin based on GROMOS96 force field has been 

proposed. Firstly, the model was used to study the properties of the molecule in water, 

methanol and 1-octanol. Subsequently, on DME and DMP in water solution and in the 

presence of the Pluronics P85 chains was analyzed.  

  The Curcumin model reproduces in fair agreement the trend of theoretical data of 

water/1-octanol partition coefficient. It shows relatively better solvation tendency in 

methanol than that of in 1-octanol, and indicates insolubility in water. The trend of free 

energy of solvation was observed to be ΔGhyd > ΔGoct > ΔGmet and it is consistent with the 

existing knowledge of the chemical nature of Curcumin.  

  In the presence of DME and DMP molecules, the more hydrophobic DMP molecules 

preferentially coat the Curcumin. The same behavior was observed in the presence of single 

and multiple P85 chains in water. In the case of P85, the hydrophobic PPO chains wrap 

around the Curcumin molecule leaving the PEO parts exposed and thus resulting in better 

solvation and stability of the drug molecule in water. This also affects the mobility of the 

drug molecule by decreasing its diffusion coefficient. The formation of drug-polymer 

aggregation is observed within 50 ns of simulation. This observed condensing nuclei could be 

the first step to form the larger micelle observed in the experimental study reported in 

literature. Further study at coarse-grained level will provide a complete picture of the process. 
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Summary. 

The aim of this thesis was to model the interactions of amphiphilic block co-polymers 

with biological interfaces and small molecules using computer simulation based on 

Molecular Dynamics techniques.  

  For this purpose, a novel force field for MD simulations of PEO, PPO and 

Pluronics® polymers was developed. The force field models for DME and DMP was 

tested in methanol, carbon tetrachloride, and n-heptane solutions. The models 

reproduced the behavior of both of the oligomers in non-aqueous solvents consistently 

with their expected physical and thermodynamic properties.  The results of the study 

showed that the ΔGsol of DME shows a decreasing trend going from methanol, carbon 

tetrachloride, and n-heptane, which is in agreement with the dielectric constant of the 

solvents. In contrary DMP was found to be more soluble in non-polar solvents as n-

heptane.  

The optimization was further extended to investigate the effect of non-aqueous 

solvents (methanol, chloroform, carbon tetrachloride and n-heptane) on the conformation 

and dynamics of PEO and PPO chains and Pluronic P85. The dihedral distributions in 

methanol and chloroform were found in very good agreement with NMR data. The C-C bond 

dihedrals in both PEO and PPO showed preference for gauche conformation. The solvents 

enhanced the contents of gauche conformations of both PEO and PPO polymers in the 

following order: methanol>chloroform>carbon tetrachloride~n-heptane. On contrary, the 

population of trans conformations increased in the order: carbon tetrachloride~n-

heptane>chloroform >methanol. In addition, the hydrogen bonding with polar solvent 

molecules was studied and, in the case of PEO, different types of hydrogen bonding were 

observed. In particular, the simulations in chloroform showed the occurrence of bifurcated 

hydrogen bonds between the hydrogen of a chloroform molecule and two oxygen atoms of 

a polymer chain in agreement with experimental observations. In the case of PPO, no strong 
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hydrogen bonding was observed. The calculated radius of gyrations and end-to-end 

distances with their relaxation time also showed good agreement with the available 

experimental data. In case of non-polar solvents, PEO polymer chains became more 

compact than in polar solvent. PPO chains showed a less compact structure than PEO ones 

in carbon tetrachloride and n-heptane, and more compact in water, methanol and 

chloroform, for chains longer than 18 units due to its more hydrophobicity.  

  Structural, dynamic, and thermodynamic properties of DME and DMP in water/n-

heptane, and water/DMPC bilayer interfaces were also investigated. The models of DME 

and DMP were farther tested in 1-octanol and the partition coefficient values between 

water and 1-octanol showed excellent agreement with available experimental data. The 

calculated percolation barrier from water to n-heptane phase was found to be higher for 

DME than that of DMP. Solvation free energy calculations of the DME and DMP in water 

and heptane phase clearly indicate the preference of DMP for more hydrophobic 

environment than DME. The calculated PMF profiles resulted in a higher percolation 

barrier for DME than DMP as well. This height of the barrier in the tail region of DMPC 

was found to be consistent and comparable to that of the water/n-heptane system. In 

this case as well, analysis showed extra stabilization for DME in correspondence of the 

head group region. It was proved that electrostatic interactions play an important role 

in the energetics of the bilayer percolation process for the DME molecule. The results of 

long unconstrained simulations of DME and DMP further supported the behavior 

expected from the PMF curves. For the simulations with the molecules located in the 

lipid head group region, DMP molecules spontaneously diffused to the center of the lipid 

bilayer whilst DME molecules remained in the lipid/water interface region. The 

spontaneous diffusion of DMP molecules to the interior of the lipid bilayer can be 

enhanced by increasing the concentration but no concentration effect was observed for 

DME. 

  The investigation was then extended to study structural properties of ether 
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based linear and block polymers in water/n-heptane and water/DMPC bilayer interfaces. 

Our study with the polymers at water/n-heptane interface showed that PPO chains stay at 

the water/n-heptane interface but PEO diffuse to the water phase. In agreement with 

available experimental results, simulations produced the bottle brush chain configurations 

at water/n-heptane interface. The polymers at the water/DMPC interface did not showed a 

significant percolation within 50 ns. Therefore, properties of polymers into lipid bilayer 

were studied by pulling them inside the bilayer using SMD simulations. PEO chains did not 

show any preference for the interior of the bilayer and quickly diffused out in the water 

phase. On the contrary, the PPO chains remained inside the bilayer for all the simulation. 

Relatively longer PPO20 and PPO43 span across the width of the bilayer while short PPO7 

chain stayed in the tail region of the bilayer near the polar head-groups. Pluronic L61 and 

L64 spanned across the bilayer with the hydrophilic PEO blocks in the polar headgroup 

region and water in both sides. Pluronic P85 assumed a conformation where the PPO block 

stays in the aliphatic tail-group region of the bilayer and the PEO blocks stayed in the 

headgroup region and water phase in the same side of the bilayer. The PMF profiles of 

bilayer percolation were obtained for the polymers and the energy barrier to transfer the 

polymers from water into the DMPC tail region was found to be smaller for PPO chains of all 

lengths (2, 3, 7, 20 and 43 monomer long) than their PEO counterparts. 

  Finally, the focus was directed towards better understanding of interaction of 

hydrophobic drug Curcumin with one of its potential carriers, i.e., PEO-PPO-PEO block 

co-polymer Pluronics. A novel model of Curcumin (based on GROMOS96 force field) was 

proposed and tested in water, methanol and 1-octanol. The Curcumin model reproduces 

in fair agreement the trend of theoretical data of water/1-octanol partition coefficient. It 

showed relatively better solvation tendency in methanol than in 1-octanol, and 

indicated insolubility in water. The trend of free energy of solvation was observed to be 

ΔGhyd > ΔGoct > ΔGmet and it is consistent with the existing knowledge of the chemical 

nature of Curcumin. In the presence of DME and DMP molecules, the more hydrophobic 
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DMP molecules preferentially coated the Curcumin molecule. The same behavior was 

observed in the presence of single and multiple P85 chains in water. In the case of P85, 

the hydrophobic PPO chains wrapped around the Curcumin molecule leaving the PEO 

parts exposed and thus resulting in better solvation and stability of the drug molecule in 

water. The formation of drug-polymer aggregation was observed within 50 ns of 

simulation.  

 

Outlook. 

This thesis addresses the interaction of ether based polymers with interfaces and with 

hydrophobic drug molecules. Having accomplished the goal of understanding the nature of 

the interactions at molecular level, this study opens several possibilities for future 

investigations.  

 The understanding of the interaction of Pluronics with lipid bilayer interfaces are 

somehow restricted by high computational cost of long atomistic simulations. A set of 

coarse-grained model for these polymers has already been proposed and validated by our 

group (Hezaveh et. al J. Phys. Chem. B 2012 doi: 10.1021/jp306565e). These simulations at 

coarse-grained level range to microseconds in timescale against the cost of loss in details of 

interactions. There is a possibility to utilize the advantages of both the methods by reverse 

mapping of atomistic configurations from different timescales from the long coarse-grained 

simulations and simulate them to obtain the details of interactions at atomic level.   

In the case of Curcumin, the possibilities of further research are numerous. The 

atomistic simulations of Curcumin can be extended to other polymers with different 

PEO/PPO chain-length to study the effect of composition of the polymer on the formation of 

drug-polymer aggregation. As the formation of polymer micelles is out of reach of the 

atomistic simulations, simulations at coarse-grained level will definitely help to shade lights 
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on the procedure of encapsulation of Curcumin in Pluronic micelles.  

 From atomistic point of view, molecular details of the anti-disease properties of 

Curcumin are not yet understood. For example, very little work has been done to 

understand how Curcumin prevents the aggregation of Amyloid-β to prevent Alzheimer’s 

disease or how Curcumin inhibits nuclear factor kappaB (NF-кB) signaling pathway. This 

study can be extended to address these problems in details. 

 One possible line of future investigations is to address the interaction of ether based 

linear and block polymers with peptide and protein molecules. It is experimentally known 

that Pluronics have the potential to thermally stabilize several protein molecules (e.g., 

Lysozyme). A possible line of work may address how these polymers affect the 

conformation and structure of simple helical or beta-sheet peptides and then use the 

information to understand the interaction of large protein molecules with polymers.    
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Table A1.1: Dipole moment values of DME/DMP in different solvents at 318 K and 298 K.  

Dipole moment values (in Debye) at 318K and 298K (in parenthesis) for DME in 
different solvents. 

Solvents TGT TGG’  TGG 

Methanol 2.6 (2.7) 1.9 (2.3) 3.3 (3.2) 

Carbon tetrachloride 1.8 (1.7) 1.5 (1.4) 3.2 (2.7) 

n-heptane 1.8 (1.7) 1.5 (1.4) 3.2 (2.8) 

Dipole moment values at 318K and 298K (in parenthesis) for DMP in different 
solvents. 

Solvents TGT (1.3)* TG’T (1.8)* GGT (2.8)* GTT (2.1)* 

Methanol 2.1 (3.0) 2.3 (5.0) 3.0 (3.1) 2.5 (3.3) 

Carbon tetrachloride 1.6 (2.0) 1.9 (2.0) 2.8 (2.7) 2.3 (2.4) 

n-heptane 1.6 (2.0) 1.9 (1.5) 2.8 (2.7) 2.3 (2.4) 

* Values are the ones from ab-initio molecular orbital calculation in water as solvent at 318 K.[1] 

 
Table A1.2: The solvent coordination numbers of DME in the different solvents and for the first 

two solvation shells are reported.  

Solvent coordination number for one DME in different solvents at 
318K and 298K (in parenthesis) for the first two minima 
(distances in nm). 

Methanol 
1st min=0.30 0.94(0.86) 

2nd min=0.60 11.26(11.00) 

Carbon tetrachloride 
1st min=0.80 11.75(11.94) 

2nd min=1.32 55.40(56.20) 

n-heptane 
1st min=0.83 9.17(9.29) 

2nd min=1.15 25.49(25.77) 

 

Table A1.3: Solvent coordination number of DMP is reported for different solvents. First and 

second minima are almost in the same points but the solvent coordination number reduces going 

from DME to DMP as the effect of methyl group. 

Solvent coordination number for one DMP in different solvents at 
318K and 298K (in parenthesis) for the first two minima 
(distances in nm). 

Methanol 
1st min=0.32 0.56(0.41) 

2nd min=0.58 8.52(6.26) 

Carbon tetrachloride 
1st min=0.84 13.50(13.72) 

2nd min=1.33 56.59(57.42) 

n-heptane 
1st min=0.83 9.10(9.20) 

2nd min=1.15 25.38(25.68) 
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Table A1.4: Summary of the simulations with sizes and compositions (number of molecules) of 

cubic simulation boxes. 

PEOn 
Box size 
(nm/side) Water # Methanol # CHCl3 # CCl4 # n-heptane # 

2 3 882 1719 767 664 427 
3 3 882 1719 767 664 427 
4 3 878 1719 767 664 427 
5 3 874 1719 767 664 427 
6 3 870 1719 767 664 427 
7 4 871 1719 767 664 427 
9 5 4116 1715 765 658 423 

18 6 7110 3037 1371 1173 737 
27 6 7093 3030 1365 1164 734 
36 7 11328 4815 2211 1901 1235 
43 7 11307 4799 2203 1893 1229 

PPOn       
2 3 882 999 768 600 429 
3 3 882 999 768 600 429 
4 3 878 999 768 600 429 
5 3 874 999 768 600 429 
6 3 870 999 768 600 429 
7 4 871 999 768 600 429 
9 5 4104 1677 764 608 432 

18 6 7098 2709 1371 1080 757 
27 6 7072 2702 1599 1075 750 
36 7 11305 4826 2199 1826 1198 

 

 
Reference. 

 
[1] Y. Sasanuma, Macromolecules 1995, 28, 8629. 
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Figure A2.1: Comparison of the potential of mean force profile for percolation of DME in DMPC 

layer obtained by averaging large number of SMD simulation (black) and the umbrella sampling 

simulation (green). Average of ten SMD simulations quantitatively reproduces the PMF profile but 

the details are missing. 

 
 

 

Figure A2.2: PMF profiles obtained by SMD runs with different starting positions for DME. The 

average is shown in the previous figure. 
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Figure A2.2: Comparison of PMF profiles obtained for percolation of DME in DMPC layer obtained 
by umbrella sampling simulation where each frame was simulated for varied timescale. The 
similarity of PMF profiles for time scale 5 ns and 7 ns indicates that for the systems in concern, 5 
ns simulation per US window is enough.  

 

 
 
Figure A2.4: Comparison of PMF profiles DME and DMP (both atomistic and coarse-grained 

models) calculated using umbrella sampling method. The adopted coarse-grained model did not 

reproduce the atomistic PMF.  If the parameters are changed to improve the agreement, the 

interaction with the membrane show destabilization effects and the results loose the qualitative 

agreement with the experimental data. The trend for the DME is similar to the atomistic one but 

for the DMP the difference is larger.  We thought that this problem is due to the lack of 

stereochemistry in the DMP coarse-grained model. This affects the entropy part of the permeation 

free energy. The adjustment of the enthalpy term does not help to recover the profile atomistic 

behavior. However, the difference between the coarse-grained PMF energy and atomistic are of 

the same order observed between the coarse-grained lipid and atomistic model of the lipids 

bilayer. 
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Table A2.1a: Description of all the systems simulated for water/n-heptane interface. In all the 

cases, the polymers were put at the interface and then simulated for 50 ns.  

System 
Polymer 

used 

Number of 
water 

molecules 

Number of n-
heptane 

molecules 

Total 
number of 

atoms 

Dimension of the 
box 

(nm×nm×nm) 

A1 L61 10705 1186 40550 8 × 8 × 11 

A2 L64 10705 1186 40616 8 × 8 × 11 

A3 P85 10705 1186 40736 8 × 8 × 11 

A4 PEO 7 10705 1186 40441 8 × 8 × 11 

A5 PEO 20 10705 1186 40480 8 × 8 × 11 

A6 PEO 43 10705 1186 40549 8 × 8 × 11 

A7 PPO 7 10705 1186 40448 8 × 8 × 11 

A8 PPO 20 10705 1186 40500 8 × 8 × 11 

A9 PPO 43 10705 1186 40592 8 × 8 × 11 

 

Table A2.1b: Description of all the systems simulated for water/DMPC interface. In all the 

cases, the systems were simulated for 50 ns. 

System 
Polymer 

used 
Number of DMPC 

molecules 

Number of 
water 

molecules 

Total number of 
atoms 

B1 (a,b) L61 128 7856 29589 

B2 (a,b) L64 128 7821 29550 

B3 (a,b) P85 128 8167 30708 

C1 (a-e) PEO 7 128 8002 29918 

C2 (a-e) PEO 20 128 7967 29852 

C3 (a-e) PEO 43 128 7941 29843 

D1 (a-e) PPO 7 128 7992 29859 

D2 (a-e) PPO 20 128 8141 30394 

D3 (a-e) PPO 43 128 8141 30486 

i. Simulation system details: a) polymer at the interface of DMPC/water, b) polymer 
inside the aliphatic region of DMPC, c-e) SMD simulations starting from a configuration 
where the polymer was in water region outside the DMPC bilayer. 

ii. All the boxes have initial dimension of ~ 6.4 nm × 6.4 nm × 9.5 nm. 

iii. All the free simulations (a, b) were run for 50ns. 

iv. All the SMD simulations (c, d, e) were run for 10 ns. 

 

Figure A2.5: P-P density profiles for PEO and PPO polymers of different chain-lengths during 
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the last 25 ns of simulation. 

 

 
 
Table A2.2: Radius of gyration values of PEO and PPO chains inside and outside DMPC lipid 

bilayer. 

 PEO PPO 

 PEO7 PEO20 PEO43 PPO7 PPO20 PPO43 

inside 
0.512 

(±0.05) 
0.992 

(±0.14) 
1.609 

(±0.25) 
0.449 

(±0.04) 
0.773 

(±0.07) 
1.00 

(±0.08) 

outside 
0.514 

(±0.05) 
0.998 

(±0.14) 
1.596 

(±0.44) 
0.477 

(±0.04) 
0.899 

(±0.12) 
1.619 

(±0.23) 

 
 
Figure A2.6: Density distribution of Pluronics a) L61, b) L64 and c) P85 (left to right) during 50 

ns unconstrained simulation on the top of a DMPC lipid bilayer. The position of the DMPC bilayer 

is shown in orange dashed line. 
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Figure A2.7: Distribution of radius of gyration (left) and end-to-end distance (right) of the 

Pluronics a) L61, b) L64 and c) P85 during 50 ns unconstrained simulation inside a DMPC bilayer. 

 

 
 
Figure A2.8: Comparison of PMF profiles of percolation of small polymers using umbrella 

sampling method. The position of the DMPC bilayer is shown in orange dashed line. 
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Table A3.1: Co-ordinates of the atoms in the optimized structure of Curcumin. The figure 

shows the optimized structure and numbering of the atoms in the Curcumin molecule .  

 

 
Atom X Y Z 

1 C       14.286619 0.709999   -0.440229 

2 C    12.167077    2.291662   -0.458722 

3 C     9.790827    1.262130   -0.271393 

4 C     9.421750   -1.347906   -0.059033 

5 C    11.545652   -2.882102   -0.023011 

6 C    13.954282   -1.868006   -0.214125 

7 H     8.222728    2.549432   -0.308774 

8 H    11.333065   -4.896543    0.145619 

9 H    15.578088   -3.095223   -0.194479 

10 C     6.912265   -2.525743    0.130943 

11 C     4.678589   -1.387849   -0.033790 

12 C     2.288115   -2.760694    0.187684 

13 C     0.029686   -1.566088    0.002559 

14 C    -2.342972   -2.924686    0.220365 

15 C    -4.694289   -1.423087   -0.014065 

16 C    -6.939418   -2.536329    0.147828 

17 C    -9.447987   -1.359522   -0.037883 

18 C   -11.574513   -2.886425    0.070999 

19 C    -9.811597    1.245041   -0.318249 

20 C   -13.983038   -1.870236   -0.109394 

21 H   -11.363021   -4.895932    0.290842 

22 C   -12.187068    2.276937   -0.495993 

23 H    -8.237868    2.521831   -0.421044 

24 C   -14.310293    0.702234   -0.399828 
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25 H   -15.610354   -3.090414   -0.031288 

26 O   -12.452273    4.802464   -0.853130 

27 O    12.432536    4.825551   -0.747857 

28 O    16.578625    1.802336   -0.639200 

29 H    17.865646    0.570688   -0.680164 

30 O   -16.601506    1.796017   -0.592435 

31 H   -17.892595    0.567989   -0.578145 

32 C   -13.210527    6.212854    1.274464 

33 H   -13.279841    8.166949 0.683879    

34 H   -15.061817    5.634439    1.926467 

35 H   -11.852352    6.012868    2.800669 

36 C    13.236564    6.173038    1.403867 

37 H    15.099080    5.572885    2.001661 

38 H    13.298413    8.143061    0.868050 

39 H    11.908492    5.931689    2.950426 

40 O    -2.419538   -5.204768    0.581448 

41 H    -6.930599   -4.548905    0.446986 

42 H    -4.492944    0.574210   -0.324697 

43 H     0.005121    0.434594   -0.317914 

44 H     4.510587    0.610180   -0.349305 

45 H     6.918490   -4.536672    0.427738 

46 O     2.498687   -5.211365    0.575881 

47 H     0.831113   -5.920310    0.687834 

 
 
 
Figure A3.1: Numbering of the atoms as used in the topology of the Curcumin molecule. 
 

 
 
 
 



Appendix III 
 

A-xi 
 

Table A3.2: Atomtype, mass and charges on the atoms of Curcumin. Numbers indicate atoms as 
shown in Figure A4.1. 
 

# Atomtype Mass Charge  # Atomtype Mass Charge 

1 CH3 15.035 0.477834  19 CH1 13.019 -1.297194 

2 OS 15.999 -0.853475  20 C 12.011 1.759552 

3 CR6 12.011 0.312169  21 O 15.999 -0.956858 

4 CR6 12.011 0.040850  22 CH1 13.019 -0.728733 

5 HCR 1.008 0.000000  23 CH1 13.019 0.632797 

6 CR6 12.011 0.709119  24 CR6 12.011 -0.263750 

7 OA 15.999 -0.650377  25 CR6 12.011 0.047839 

8 HO 1.008 0.000000  26 HCR 1.008 0.000000 

9 CR6 12.011 -0.151799  27 CR6 12.011 0.313782 

10 HCR 1.008 0.000000  28 OS 15.999 -0.852854 

11 CR6 12.011 0.124751  29 CH3 15.035 0.475933 

12 HCR 1.008 0.000000  30 CR6 12.011 0.703991 

13 CR6 12.011 -0.238451  31 OA 15.999 -0.639671 

14 CH1 13.019 0.569946  32 HO 1.008 0.000000 

15 CH1 13.019 -0.546862  33 CR6 12.011 -0.158053 

16 C 12.011 1.429210  34 HCR 1.008 0.000000 

17 OA 15.999 -0.390917  35 CR6 12.011 0.131222 

18 HO 1.008 0.000000  36 HCR 1.008 0.000000 
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Table A3.3: Parameters for bonds. The bonds were constrained using LINCS algorithm. Numbers 
indicate atoms as shown in Figure A4.1. 
 

Bond between 
atoms 

Bondlength  
Bond between 

atoms 
Bondlength 

1-2 0.143  19-20 0.144 

2-3 0.137  20-21 0.127 

3-4 0.139  20-22 0.147 

3-6 0.141  22-23 0.135 

4-5 0.108  23-24 0.146 

4-13 0.141  24-25 0.141 

6-7 0.136  24-35 0.140 

6-9 0.139  25-26 0.108 

7-8 0.097  25-27 0.138 

9-10 0.109  27-28 0.137 

9-11 0.139  27-30 0.141 

11-12 0.108  28-29 0.143 

11-13 0.140  30-31 0.136 

13-14 0.146  30-33 0.139 

14-15 0.135  31-32 0.097 

15-16 0.145  33-34 0.109 

16-17 0.132  33-35 0.139 

16-19 0.138  35-36 0.108 

17-18 0.102    
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Table A3.4: Parameters for angles. Numbers indicate atoms as shown in Figure A4.1. 
 

Atoms involved Angle (deg.)  Atoms involved Angle (deg.) 

1-2-3 116.1  16-19-20 120.0 

2-3-4 118.8  19-20-21 121.1 

2-3-6 121.6  19-20-22 118.3 

4-3-6 119.5  21-20-22 120.6 

3-4-5 116.9  20-22-23 120.0 

3-4-13 121.9  22-23-24 120.0 

5-4-13 121.2  23-24-25 123.3 

3-6-7 117.7  23-24-35 119.0 

3-6-9 119.3  25-24-35 117.7 

7-6-9 123.0  24-25-26 121.1 

6-7-8 108.9  24-25-27 121.8 

6-9-10 119.4  26-25-27 117.0 

6-9-11 120.5  25-27-28 118.9 

10-9-11 120.1  25-27-30 119.5 

9-11-12 119.5  28-27-30 121.6 

9-11-13 121.1  27-28-29 116.5 

12-11-13 119.4  27-30-31 117.7 

4-13-11 117.6  27-30-33 119.3 

4-13-14 120.0  31-30-33 123.0 

11-13-14 120.0  30-31-32 109.0 

13-14-15 120.0  30-33-34 119.3 

14-15-16 120.0  30-33-35 120.5 

15-16-17 117.0  34-33-35 120.1 

15-16-19 122.1  24-35-33 121.1 

17-16-19 120.1  34-35-36 119.4 

16-17-18 107.7  33-35-36 119.5 
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Table A3.5: List of proper dihedrals with values. Numbers indicate atoms as shown in Figure 
A4.1. 
 

Atoms involved Value (deg.)  Atoms involved Value (deg.) 

6-3-2-1 -60  16-19-20-22 180 

3-6-7-8 -180  19-20-22-23 180 

11-13-14-15 180  20-22-23-24 180 

13-14-15-16 180  35-24-23-22 180 

14-15-16-19 -180  25-27-28-29 -120 

15-16-17-18 180  27-30-31-32 180 

15-16-19-20 180    

 
 

Figure A3.2: RDF plots of the oxygen atoms of DME, DMP and water with respect to the two types 
of rings in the Curcumin molecule. 

 

 
 

Figure A3.3: Distribution of the number of hydrogen bonds and pairs within 0.35 nm within 
Curcumin and the water molecules in bulk water (left) and in water with 8 P85 chains (right). 
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