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Abstract 

A molecular dynamics simulation study is presented for mixture systems containing either di-, 

tetra-, or pentaethylene glycol and 20,000 parts per million (ppm) of water in the determination 

of whether water clusters or bridging hydrogen bonds form in such systems. An analysis of the 

validity of the all-atom Optimized Potential for Liquid Simulations (OPLS/AA) force field 

utilized for the polyethylene glycols (PEGs) is also presented. Results from densities, self-

diffusion coefficients, hydrogen bonding numbers, radial distribution functions, and simulation 

trajectory snapshots revealed that water formed bridging hydrogen bonds rather than clustered 

aggregates, thereby acting as a glue between the PEG molecules and causing extensive 

structuring and a slowdown in the system dynamics. The role of PEG-PEG cross-links and 

hydrogen bonding between hydroxyl groups and water in reducing water movement was 

proposed to be the basis for the formation of water bridges rather than clusters. Densities were 

reproduced well by the OPLS/AA force field, although self-diffusion coefficients and shear 

viscosities were severely underestimated and overestimated, respectively. Despite the poor 

reproduction of PEG dynamical properties by the force field, simulations were found to follow 

Stokes-Einstein behavior, suggesting that a significant reparameterization of the OPLS/AA force 

field for PEGs is needed.  
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1 Introduction 

1.1 Why Focus on Polyethylene Glycol? 

Polyethylene glycol (PEG) is a polymer with chemical formula HO-[CH2-CH2-O]n-H 

(Scheme 1) that is used in a variety of fields ranging from medicine to chemical industry. For 

instance, PEG is used in the development of drug delivery systems1,2 and is also used to increase 

the penetration ability of anticancer drugs into tumor cells.3 The characteristics of this polymer, 

including a negligible vapor pressure, low toxicity, low flammability, low harm to the 

environment, and biodegradability, makes PEG a good alternative to traditional solvents for 

chemical syntheses.4 In fact, using PEG as a solvent satisfies two of the twelve principles of 

green chemistry, namely the categories involving “safer solvents and auxiliaries” and “design for 

degradation” and is therefore an important area of interest for future research.5 For example, an 

overview of the variety of organic synthesis reactions that have been carried out in a PEG solvent 

can be found in review articles6,7 which includes, but is not limited to, an epoxide ring opening 

reaction6 and palladium-catalyzed Suzuki carbon-carbon coupling reactions.8,9 However, to 

further support the use of PEG as a green solvent in place of traditional solvents, a better 

physicochemical understanding of PEG in its solvent role is desirable. 

 

OH

O

H
n

 

Scheme 1: Structure of Polyethylene Glycol (PEG), where n Represents the Number of Ethylene 

Oxide Repeat Units 

 

From existing knowledge on PEGs, bulk PEG is known to be hygroscopic and tends to always 

have some water presence/impurity as a result. Commercial PEGs, which are synthesized with 

the intent of minimizing the amount of water impurity present, usually have a water content of 

about 0.25 percentage by weight (wt%) or less.10 Although such water content is found when the 

PEG is placed in inert nitrogen or argon atmospheres as those found in gloveboxes, PEGs can be 
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placed in open-air environments (such as being left out in an uncovered beaker on a bench top) 

as well. In such open-air environments for which moisture is present, the PEG water content is 

dependent upon various factors such as the number of repeat units n in the PEG, temperature, 

and the relative humidity of the air. For example, PEG-200, which has an average molar mass of 

200 g∙mol-1, that was exposed to air having a relative humidity of 65% and a temperature of 294 

K was determined to have an equilibrium water content of 15 wt% (or a 0.20 mole fraction of 

PEG-200).10 Although it is difficult to identify the exact water content of an open-air PEG 

without the usage of instrumentation due to the factors listed prior causing the water content to 

widely vary, estimations can be made based on the value of 15 wt% reported above for the water 

content of PEG-200. Using this value, a low-molecular weight commercial PEG (< 300 g∙mol-1) 

left out in an open-air environment at room temperature with a low relative humidity such as 5 or 

10% is estimated to absorb/dissolve enough water to generate an equilibrium water content of 

approximately less than 2 wt% (or a 0.75 mole fraction of PEG-300). Since such a “PEG/water 

mixture” has at least 75% of its molecules in the form of PEG and water can still considered to 

be an impurity at this water content,11,12 such a mixture is reasonably PEG-dominated and is 

therefore argued to have a “low” water content or a “small amount of water.” For these reasons, 

we use the convention that a “low” water content refers to any PEG with an average molar mass 

of less than 300 g∙mol-1 with a water content of 2 wt% or less throughout this thesis work.  

In any case, the “low” water content which exists due to this hygroscopic process is important to 

consider as water can affect the chemical and structural characteristics of the PEG that it 

interacts with. For instance, Brillouin scattering experiments of concentrated solutions of PEGs 

in water showed that hydrogen bonding interactions between water and PEG ether/hydroxyl 

groups caused PEG to undergo local structural rearrangements via relaxation processes.13 

Furthermore, molecular dynamics simulations of 50/50 mixtures of water and mono-, di-, and 

triethylene glycols further showed that modifications to these dielectric relaxation processes in 

PEG were mainly governed by hydrogen bonding between PEG hydroxyl groups and water 

oxygens.14 Although there is literature on PEG affecting water structural characteristics, such as 

restricting water rotation, when a significant amount of water is present (i.e., 0.88 mole fraction 

of water),15 to the best of our knowledge there are no reports in the literature on how PEG affects 

water structure in solutions of small amounts of water dissolved in PEG. Thus, this is a new 

avenue of study for further understanding the structure and interactions occurring in open-air 

PEG, which is always expected to have water present, thereby assisting in the goal of 

understanding the physicochemical properties of PEG for its usage as a replacement for 

traditional solvents. 

1.2 Basis of Current Work  

A prior study by Hoffmann et al. determined the densities and shear viscosities (both 

thermophysical properties), and self-diffusion coefficients (a dynamical property) of PEG 

oligomers from di- (n = 2) up until nonaethylene glycol (n = 9) via experimental means as very 
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little data on these measurements for pentaethylene glycol (n = 5) and longer oligomers existed 

in the literature.11 They determined the densities, shear viscosities, and self-diffusion coefficients 

of mixtures of PEG oligomers with varying water content using a U-tube densitometer, a rolling-

ball viscometer, and diffusion-ordered spectroscopy (DOSY) NMR, respectively, with the goal 

of determining the neat PEG oligomer measurement values via extrapolation of the water content 

to zero.11 Upon closer inspection of their DOSY data, additional interesting observations were 

made that have not been published yet. A mixture of pentaethylene glycol and 1800 parts per 

million (ppm) of water (a low water content) at a temperature of 303 K was found to have water 

molecules diffuse slower than the surrounding PEG medium as Figure 1 shows. To explain these 

unpublished results, it was hypothesized that water either (1) aggregates into clusters, or (2) 

forms hydrogen bond bridges with ether oxygens. The goal of this thesis research was to test if 

either of these two hypotheses was correct. Unfortunately, analyzing why the water would 

diffuse slower than the surrounding PEG is difficult to accomplish via experimental means. 

Thus, it was necessary to turn to computational techniques. 

 

Figure 1: 2D-DOSY spectrum for a mixture of pentaethylene glycol (n = 5) and 1800 ppm of 

water at a temperature of 303 K obtained using a Bruker Biospin 300 MHz NMR instrument. 

Proton chemical shifts in ppm (relative to tetramethyl silane) are on the horizontal axis, while the 

self-diffusion coefficients of the mixture components are on the vertical axis in a logarithmic 

base-10 scale. The labeled peaks correspond to the proton as specified via the red text. 

 

PEG 

-OH -CH2CH2O- 

H2O 
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To test these hypotheses, we used molecular dynamics (MD) simulations to provide 3D-movies 

of the movement and relative positions of the water molecules in the PEG solvent. Because it is 

possible to record the position, velocity, and force for each atom in a system in MD, MD 

simulations were effective in analyzing the structures and dynamics present in each system. For 

example, the extent of hydrogen bonding was quantified, and structural information that would 

normally only be achievable from small-angle neutron scattering (SANS) or x-ray scattering 

experiments was obtained from radial distribution functions instead. Moreover, densities, self-

diffusion coefficients, and shear viscosities of the systems were evaluated and compared to 

experimental results11 to determine whether the model used to describe the intra- and 

intermolecular interactions present in the system was valid. Thus, MD simulations provided a 

means for answering questions that would otherwise be difficult to answer via experimental 

means if the model used was valid. For this reason, a variety of different models (e.g., SPC/E 

water versus TIP4P/2005 water) was tested to see that different models yield similar results. 

It should be noted that although the PEG and water system is a mixture, we defined the PEG to 

be the solvent due to it being the most abundant molecule present. To the best of our knowledge, 

these MD simulations represent a new research direction because the few MD simulations of 

PEG/water mixtures reported in the literature have focused thus far on PEG as a solute (in water) 

and not as a solvent. Furthermore, as will be discussed in the following section, while there is a 

wide variety of MD simulations on methyl-terminated PEGs, this is not the case for hydroxyl-

terminated PEGs.  

1.3 Current Status of MD Simulations on PEG in the Literature 

The number of quantum chemistry and empirical force fields published in the literature regarding 

methyl-capped PEGs (referred to as “polyethylene glycol dimethyl ether” or “PEGDME”, 

CH3-O-[CH2-CH2-O]n-CH3 furthermore) is enormous. Of the more notable papers are the set of 

“Smith papers”16–22 published in the late-1990s and early-2000s which developed and tested a 

quantum chemistry force field16 for PEGDME. This quantum chemistry force field was used to 

analyze PEGDME conformations and chain dimensions,17 polymer dynamics,18 dielectric 

relaxation,20 temperature dependence of water dynamics,21 and effects of hydrogen bonding and 

polar interactions on hydration22 in aqueous solutions of PEGDME with most of these 

studies17,18,20,22 testing a variety of different PEGDME concentrations. PEGDME/water mixture 

structure, dynamic, and thermodynamic properties were also tested with a variety of different 

quantum chemistry force fields,23 and a polarizable empirical force field for PEGDME was 

developed more recently in 2011.24 Note that although the molecules tested in these papers are 

PEGDME, many papers, including those of the “Smith paper” set, refer to PEGDME as 

“polyethylene oxide” or “PEO” despite the fact that “PEO” conventionally refers to PEGs with 

an average molar mass of greater than 20,000 g·mol-1. 
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Of greatest interest here is a study as part of the “Smith paper” set on the dependence of water 

dynamics on the concentration of PEGDME in PEGDME/water mixtures.19 What was observed 

was that water clusters developed in mixtures for which the weight fraction of PEGDME 

(n = 11) exceeded 0.5 and removal of water-water electrostatic interactions at a PEGDME 

weight fraction of 0.9 caused the water clusters to be eliminated.19 However, as Dormidontova,25 

who used a statistical mean-field model in their work, pointed out, whether a PEG is terminated 

by hydroxyl groups or methyl groups has a significant effect on the hydration of the polymer, 

especially for short chain oligomers (10 or less ethylene oxide repeat units), as methyl-

terminated PEGs (i.e., PEGDMEs) behave quite similarly to how an infinitely long hydroxy-

terminated PEG would behave (hence why authors refer to short-chained PEGDMEs as 

“PEOs”). In addition, the degree to which the hydration of an entire PEG molecule is influenced 

by the type of end group becomes much more pronounced at high PEG concentration and 

temperature.25 Thus, although there are extensive simulation results on PEGDME/water mixtures 

in the literature, many of the results obtained from those studies for high PEGDME concentrated 

mixtures with short-chained PEGDME may not apply to our systems, which involve short-

chained PEGs and high PEG concentration, as the behaviors of PEGDMEs and PEGs with water 

are distinctly different due to differences in the end groups. This means that although water could 

form clusters in PEGDME/water mixtures at high PEGDME concentration,19 water may or may 

not form clusters in PEG/water mixtures at high PEG concentration, and so MD simulations of 

these PEG/water mixtures are still of relevance in understanding these systems better. 

Unfortunately, despite the significant number of MD simulation papers covering PEGDME and 

PEGDME/water mixtures, to the best of our knowledge, there are few reports in the literature 

that discuss MD simulations of PEG dominated PEG/water mixtures or force fields specifically 

made for PEG. For instance, a force field developed by Cordeiro et al.26 and a GROMOS-

compatible force field27 developed for PEG were parameterized in dilute aqueous solution, 

namely a single long PEG molecule solvated in water. For this reason, the developed PEG 

parameterization may fail to accurately reproduce the behavior of PEG in neat or highly 

concentrated PEG/water systems. Because of the lack of specific PEG force fields, many authors 

have turned to more generalized empirical force fields for their simulation work. For example, 

Tomé et al.28 simulated neat tetraethylene glycol at 298.15 K and determined the density to be 

1124.17 kg∙m-3 using the OPLS/AA force field. Ferrando et al.29 simulated densities, vapor 

pressures, and heats of vaporization for neat diethylene glycol over temperatures in the range 

525-650 K using the AUA4 force field. A more recent paper in 2017 by Olsen et al.14 simulated 

aqueous solutions of hydroxyl-capped mono-, di-, and triethylene glycols in 50% mole fractions 

using the OPLS force field, but only focused on the hydrogen bonding numbers, energy 

distributions, and lifetimes for these systems. Although this last paper simulated systems like 

what were conducted in this work, the concentration of PEG was not high enough in the 

simulations done by Olsen et al. to be comparable to the simulation results here.14 Thus, the MD 

simulations conducted here on highly concentrated PEG/water mixtures were a unique direction 

which no one had done before. 
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1.4 Basic Theory and Practical Considerations for MD Simulations 

1.4.1 Newton’s Equations of Motion 

MD simulations numerically integrate Newton’s equations of motion and apply various 

algorithms to account for certain properties of the system such as temperature, pressure, and 

energy. The two equations most relevant in this numerical integration process (vectors are 

bolded) are: 

𝑭𝑖 = 𝑚𝑖

𝑑2𝐫i

𝑑𝑡2
, 𝑖 = 1,2, … , 𝑁 

 

 (1) 

𝑭𝑖 = −
𝜕𝑈

𝜕𝒓𝑖
  (2) 

where 𝑁 is the number of interacting particles in the system, 𝑭𝑖 is the force on the ith particle, 

𝒓𝑖 is the position of the ith particle in 3D-Cartesian space, and 𝑈 is the interatomic/pair potential 

energy function 𝑈(𝒓1, 𝒓2, … , 𝒓𝑁) defined by a “force field.” Numerical integration of Newton’s 

equations of motions always begins with first determining the gradient of the user-defined 

potential energy function 𝑈(𝒓1, 𝒓2, … , 𝒓𝑁) to obtain the force on each particle via Equation 2. 

Integration of the force in Equation 1 over a timestep Δ𝑡 (usually a value from 0.5 to 2.0 fs) then 

provides the change in velocity (integral of acceleration is velocity) which then allows for the 

determination of the change in position of the particle by a second integration step. At this point, 

the particle’s positions and velocities are then updated accordingly over the timestep Δ𝑡, and the 

process is repeated until the simulation has gone through the desired number of steps. The basis 

of MD is that this iterative process allows the positions and velocities of all particles to be 

updated every step to bring about continuous motion, and this resulting set of positions and 

velocities is known as the trajectory. The general scheme for an MD simulation is therefore as 

follows: 

1. Determining the initial positions and velocities of all 𝑁 particles. 

a. If no initial velocities are present, velocities are generated at the desired 

temperature according to a Maxwell-Boltzmann distribution. 

2. Calculation step: 

a. Calculating the interatomic potentials for the particles according to the potential 

energy function 𝑈(𝒓1, 𝒓2, … , 𝒓𝑁) which takes in particle coordinates and is 

defined according to the chosen “force field.”  

b. Calculating the force on each particle according to Equation 2 based on the just 

calculated potential. 

c. Calculating the change in velocity for each particle by integrating Equation 1 

based on the force found in the previous calculation. Integrate a second time to 

determine the particle’s change in position. 
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d. By knowing the initial positions and velocities and the changes in these 

quantities, new positions and velocities are generated. 

3. Updating the particles’ positions and velocities. 

4. Writing the particle positions (and if desired, velocities and forces) to a trajectory file 

and system energies, temperature, pressure, volume, etc. to an energy file at the new 

time step. 

5. Repeating steps 2-4 until the simulation has run through all time steps. 

Although this is the general scheme, many algorithms make modifications to the underlying form 

of Equation 1 or modify how the integration of Equation 1 is carried out. For example, the leap-

frog algorithm30 numerically integrates Equation 1 by using kinematic equations where the 

positions are evaluated at full steps (times 𝑡, 𝑡 + Δ𝑡, 𝑡 + 2Δ𝑡, etc.) while the velocities are 

evaluated at half steps (times 𝑡 −
1

2
Δ𝑡, 𝑡 +

1

2
Δ𝑡, 𝑡 +

3

2
Δ𝑡, etc.) instead. This is distinctly different 

than the numerical integration procedure laid out in steps 2c and 2d above associated with a 

Velocity-Verlet algorithm31 which relies on the positions and velocities coming from the same 

full timestep 𝑡, showing that different algorithms carry out the numerical integration procedure in 

different ways. In either case, the integrators conserve the energy of the system since the 

equation for the Hamiltonian (i.e., the sum of the potential and kinetic energies) is unchanged 

when using these numerical integration algorithms. 

However, some temperature and pressure coupling algorithms such as the Nosé-Hoover 

thermostat32,33 and the Parrinello-Rahman barostat34,35 violate this energy conservation by adding 

terms to the underlying form of Equation 1 to control the system temperature and pressure, 

respectively. These terms include those that account for friction and coupling to thermal or 

pressure baths. The reason why energy conservation is violated when using these algorithms is 

that the conserved quantity is not the equation for the Hamiltonian but is instead an equation for 

an expanded Hamiltonian that contains a friction term.36 Other thermostat and barostat 

algorithms also violate energy conservation by modifying the equation for the Hamiltonian rather 

than modifying Equation 1 directly. In summary, the numerical integration procedure conserves 

energy as long as Equation 1 or the Hamiltonian are not modified. 

1.4.2 Nonbonding Potential Functions and Periodic Boundary Conditions 

The potential function is necessary for the determination of the forces on each individual particle 

as specified by Equation 2. A potential function can be broken up into both non-bonding and 

bonding potentials of which we describe the former first. 

The non-bonding potential can be broken up into both a Coulombic (or electrostatic) potential 

and a Lennard-Jones potential. The Coulombic potential between two atoms 𝑖 and 𝑗 is defined as: 

𝑈𝑐 =
1

4𝜋𝜖0

𝑞𝑖𝑞𝑗

𝑟𝑖𝑗
 (3) 
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where 𝜖0 = 8.85 𝑥 10−12 𝐶2/(𝑁 ⋅ 𝑚2) is the permittivity of free space, 𝑞𝑖 and 𝑞𝑗 are the charges 

of atoms 𝑖 and 𝑗 respectively, and 𝑟𝑖𝑗 is the distance between the two atoms. The other non-

bonding potential is the Lennard-Jones (LJ) potential which between two atoms 𝑖 and 𝑗 is 

represented by: 

𝑈𝐿𝐽 = 4𝜖𝑖𝑗 [(
𝜎𝑖𝑗

𝑟𝑖𝑗
)

12

− (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

6

]  (4) 

where 𝑟𝑖𝑗 is the distance between the two atoms 𝑖 and 𝑗, 𝜎𝑖𝑗 is the contact distance between the 

two atoms (the distance between the two atoms at which the potential energy is 0), and 𝜖𝑖𝑗 is the 

well-depth (the value of minimal potential energy which occurs at equilibrium). The LJ potential 

includes a Pauli repulsion (𝜎𝑖𝑗/𝑟𝑖𝑗)
12

 term that drops off very quickly with increasing 𝑟𝑖𝑗 and an 

attractive (𝜎𝑖𝑗/𝑟𝑖𝑗)
6
 dispersion term that drops off slower with increasing 𝑟𝑖𝑗, which means that 

the LJ potential is generally repulsive at short distances and always attractive at longer ones. 

However, it is important to notice that 𝜎𝑖𝑗 and 𝜖𝑖𝑗 in Equation 4 are LJ cross-terms in that they 

are a mix of LJ parameters from atoms 𝑖 and 𝑗 which each have their own LJ self-terms (𝜎𝑖𝑖 and 

𝜖𝑖𝑖 for atom 𝑖 and 𝜎𝑗𝑗  and 𝜖𝑗𝑗 for atom 𝑗). Another way to put it is that atoms 𝑖 and 𝑗 have their 

own “pure” (self) parameters that can be mixed together with one another to form “mixed” 

(cross) parameters. This mixing is done through what is known as the combination rules and is 

different for each individual model. 

Although in theory it would be expected to calculate the non-bonding potential between any 

atoms 𝑖 and 𝑗 that are very large distances away from one another, this is not practical in 

simulation work due to the number of calculations that would need to be conducted. To deal with 

this problem, the potential function contributions from other atoms 𝑗 are many times only 

directly calculated up to a certain distance away from atom 𝑖 known as the “cutoff distance,” 

which is customarily around 0.8-1.4 nm. However, as Equations 3 and 4 show, the Coulombic 

potential only drops off at a rate of 1/𝑟 while the LJ potential drops off at a rate of 1/𝑟6 at large 

distances. Although the LJ potential may be negligible beyond the cutoff distance, the 

Coulombic potential is certainly not and failing to include it will lead to simulations that are very 

unphysical. Thus, algorithms such as Particle-Mesh-Ewald37,38 or Reaction-Field39 electrostatics 

are employed to calculate this long-range Coulombic potential. Despite the LJ potential possibly 

being negligible beyond the cutoff distance, it is nevertheless many times preferable to include 

the long-range LJ potential anyways via algorithms such as Lennard-Jones Particle-Mesh-

Ewald40 or Dispersion Correction41 for the sake of improved accuracy albeit a longer 

computation time. However, despite the fact that inclusion of the long-range LJ potential may be 

more realistic, sometimes the algorithms that account for it are not used in simulations because 

the original force field was not parameterized with accounting for the long-range LJ potential in 

mind. In such a situation, being able to consistently compare current results with previous studies 

is of more importance than using more up-to-date and reliable algorithms.  
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Nevertheless, it is important to be aware that most of the algorithms listed above can only be 

used when the simulated system is employed with periodic boundary conditions (PBC), which is 

a process by which the simulated box is copied and translated copies of that box are placed 

around itself, thereby creating an infinite, but periodic, system. Although this may introduce 

artifacts of periodicity, these periodic artifacts are much more favorable than the artifacts caused 

by just having a vacuum for a boundary. In addition, many of the long-range Coulombic and LJ 

potential algorithms rely on PBC to calculate the long-range potential, showing the importance 

of employing PBC in simulations despite the possibly of having periodicity artifacts. Note that to 

avoid infinite forces from being produced at the cutoff distance (i.e., if the potential immediately 

changes from a finite non-zero value to 0 at the cutoff distance, then the force, which is the 

derivative of the potential, will be infinite), the potential functions are shifted by a constant such 

that the potential is 0 at the cutoff distance. This, however, does not change the sampling of the 

forces as the potential just becomes the integral of the force.  

1.4.3 Bonding Potential Functions  

The intramolecular bonding potential functions are also part of the total potential energy of the 

system and involve atoms that are connected to one another via one or more bonds. It is common 

to see bonding potentials for 1-2 pairs (bonds), 1-3 pairs (angles), 1-4 pairs (proper dihedrals), 

and in cases where planarity or stereochemistry needs to be enforced (improper dihedrals). Note 

that although each of these bonding potentials have a different form depending on the force field 

model employed, some common forms of the bonding potentials are: 

𝑈𝑏𝑜𝑛𝑑𝑠 =
1

2
𝑘𝑏(𝑏 − 𝑏𝑜)2    (5) 

𝑈𝑎𝑛𝑔𝑙𝑒𝑠 =
1

2
𝑘𝑎(𝜃 − 𝜃𝑜)2 (6) 

𝑈𝑡𝑜𝑟𝑠𝑖𝑜𝑛𝑠 = 𝑘𝜙[1 + cos(𝑛𝜙 − 𝜙𝑠)] (7) 

𝑈𝑖𝑚𝑝𝑟𝑜𝑝𝑒𝑟 = 𝑘𝜉[1 + cos(𝑛𝜉 − 𝜉𝑠)] (8) 

where Equations 5 and 6 are harmonic potentials for bond lengths (𝑏) and angles (𝜃) which rely 

on spring constants 𝑘𝑏 and 𝑘𝑎, and equilibrium bond lengths/angles 𝑏0 and 𝜃0, respectively, 

while Equations 7 and 8 are periodic harmonic cosine functions for proper (𝜙) and improper (𝜉) 

torsional angles which rely on phase shifts 𝜙𝑠 and 𝜉𝑠, potential energy curve amplitudes 𝑘𝜙 and 

𝑘𝜉 , and cosine function multiplicity/periodicity 𝑛. These bonding potentials are added to the 

Coulombic and LJ potential functions to form the total potential (i.e., the force field) which can 

then be used for the numerical integration of Newton’s equations of motion via an integrator as 

laid out in Section 1.4.1. 
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1.4.4 Comment on MD Simulation Theory 

The topic of MD theory is extensive, and any further discussion is outside of the scope of this 

thesis. For instance, we have not discussed bond constraint algorithms, nor have we gone into 

significant depth regarding the underlying physics including thermodynamics and statistical 

mechanics. For persons interested in learning MD simulation theory for the first time or learning 

how to conduct simulations with the GROMACS software, good beginner references exist for 

that.42–45 For those readers who already have knowledge on MD, Allen and Tildesley’s book, 

Computer Simulation of Liquids, is recommended.41 
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2 Methods 

All simulations of either neat PEG oligomers or mixtures of PEG oligomers with 20,000 ppm of 

water were carried out using GROMACS 2020.446–51 compiled with mixed precision. A 

discussion of the “moving parts” involved in conducting a simulation in GROMACS, including 

all required files, can be found in Appendix A. All simulations were also carried out at 

temperature 328 K since this temperature was in the middle of the temperature range 298-358 K 

used in experiments11 for which results were compared and was also a temperature, in 

unpublished prior work, for which the water peak in 1H NMR did not overlap with the methylene 

proton resonances in tetraethylene glycol and larger oligomer samples. In addition, this 

temperature was high enough to allow molecules to move around sufficiently fast and therefore 

permit dynamics to be sampled in a reasonable amount of time. Simulated PEG oligomers 

included di- (DEG, n = 2), tetra- (TeEG, n = 4), and penta- (PeEG, n = 5) ethylene glycols. 

2.1 Force Field Model 

The potential function for the All-Atom Optimized Potential for Liquid Simulations (OPLS/AA) 

force field52 developed by the Jorgensen group and implemented in GROMACS is represented 

as: 

𝑈𝑡𝑜𝑡𝑎𝑙 = ∑
1

2
𝑘𝑏(𝑏 − 𝑏𝑜)2

𝑏𝑜𝑛𝑑𝑠

+ ∑
1

2
𝑘𝜃(𝜃 − 𝜃𝑜)2

𝑎𝑛𝑔𝑙𝑒𝑠

+ ∑ ∑ 𝐶𝑛 cosn(𝜙 − 180°)

5

𝑛=0 𝑝𝑟𝑜𝑝𝑒𝑟
𝑡𝑜𝑟𝑠𝑖𝑜𝑛𝑠

 

+ ∑ 𝑘𝜉[1 + cos(𝑛𝜉 − 𝜉𝑠)]

𝑖𝑚𝑝𝑟𝑜𝑝𝑒𝑟
𝑡𝑜𝑟𝑠𝑖𝑜𝑛𝑠

+ ∑ 4𝜖𝑖𝑗 [(
𝜎𝑖𝑗

𝑟𝑖𝑗
)

12

− (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

6

]

𝑖<𝑗

+ ∑
1

4𝜋𝜖𝑜

𝑞𝑖𝑞𝑗

𝑟𝑖𝑗
𝑖<𝑗

 

(9) 

where the Lennard-Jones (LJ) interaction parameters (i.e., contact distance 𝜎 and well-depth 𝜖) 

between two atoms are calculated according to geometric mean combination rules 𝜎𝑖𝑗 = √𝜎𝑖𝑖𝜎𝑗𝑗  

and 𝜖𝑖𝑗 = √𝜖𝑖𝑖𝜖𝑗𝑗. Nonbonding interactions between atoms are only calculated if they are located 

more than 3 covalent bonds apart or are present on different molecules except for 1-4 pairs which 

have both the LJ and electrostatic nonbonding interactions scaled by a factor of ½ according to 

the specified combination rules. Bonds and angles are represented by simple harmonic oscillators 

with spring constants 𝑘𝑏 and 𝑘𝜃 and equilibrium bond lengths/angles 𝑏0 and 𝜃0, while proper 

dihedrals are represented by a Ryckaert-Bellemans potential with torsional energy barrier 
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coefficients 𝐶𝑛 for 𝑛 = 0, 1, 2, 3, 4, 5 and torsional angle 𝜙. Although improper dihedrals are 

represented by a periodic harmonic cosine potential where 𝜉 is the improper torsional angle at 

any point in time, 𝜉𝑠 is the phase shift, 𝑘𝜉  is the amplitude of the potential energy curve, and 𝑛 

represents the multiplicity/periodicity of the cosine function, no improper torsions are present in 

all systems tested and so the improper torsion term in Equation 9 can be set to zero. 

PEG oligomers using the OPLS/AA force field were generated using the LigParGen53–55 web-

server which assigns LJ and bonding potential parameters according to the OPLS/AA force field 

and calculates atomic charges using the 1.14*CM1A-LBCC charge model.55 The OPLS/AA 

force field was used because it gave the best results for the density of tetraethylene glycol at 

temperature 328 K compared to other force fields during preliminary testing. Specifically, the 

OPLS/AA force field performed 1% better than the CHARMM56–60 force field, 5% better than 

the AMBER61–63 and GROMOS64 force fields, and 20% better than the force field reported by 

Cordeiro et al.26 when comparing the simulated densities with that from experiments. Water was 

represented by either the 3-point SPC/E65 or the 4-point TIP4P/200566 water model to see 

whether the chosen model for water significantly affected results. Parameters for the LJ 

interaction, and bonds, angles, and proper dihedrals are listed in Tables 1, 2, 3, and 4, 

respectively. Charges for each atom in the water models are listed in Table 1. Note that the 

charges for each atom in the PEG oligomers differ because of their calculation with the 

1.14*CM1A-LBCC charge model. The charges for di-, tetra-, and pentaethylene glycol are listed 

in Table 5. 

Include topology files generated for all the PEG oligomers by LigParGen in GROMACS format 

are listed in Appendix B as Files B.1-B.3 for di-, tetra-, and pentaethylene glycol, respectively. 

The include topology file for the SPC/E water model is listed as File B.4 and the files for the 

TIP4P/2005 water model are listed in Appendix B as Files B.5 and B.6. Structure/coordinate 

files in GROMACS format generated by LigParGen for single molecules of di-, tetra-, and 

pentaethylene glycols are listed in Appendix C as Files C.1, C.2, and C.3, respectively, while 

those for single molecules of SPC/E and TIP4P/2005 water are listed as Files C.4 and C.5, 

respectively. 
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Table 1: Lennard-Jones parameters for the different types of atoms in PEG and SPC/E or 

TIP4P/2005 water. Exact electrostatic charges for water atoms are included.  

Atom Type 𝜎 [nm] 𝜖 [kJ/mol] 𝑞 [e] Description 

PEG  

C 0.350 0.276144 Varies Methylene carbon 

OA 0.312 0.711280 Varies Hydroxyl oxygen 

OE 0.290 0.585760 Varies Ether oxygen 

HC 0.250 0.125520 Varies Methylene hydrogen 

HA - - Varies Hydroxyl hydrogen 

     

SPC/E  

OW 0.316557 0.650194 -0.8476 Water oxygen 

HW - - 0.4238 Water hydrogen 

     

TIP4P/2005  

OW 0.31589 0.7749 - Water oxygen 

HW - - 0.5564 Water hydrogen 

MWa - - -1.1128 Dummy atom 
a TIP4P/2005 is a 4-point model that uses a dummy atom for which the oxygen charge is placed 

Table 2: Bond stretching parameters for the different types of bonds in PEG and SPC/E or 

TIP4P/2005 water 

Bond Type 𝑏0 [nm] 𝑘𝑏 [kJ/(mol∙nm2)] 

PEG 

HA-OA 0.0945 462750.4 

C-OA 0.1410 267776.0 

C-OE 0.1410 267776.0 

C-C 0.1529 224262.4 

C-HC 0.1090 284512.0 

   

SPC/E 

OW-HW 0.100 345000a 

   

TIP4P/2005 

OW-HW 0.09572 502416a 

OW-MW 0.15460 - 
a Only used during energy minimization for which water is made flexible. Otherwise, this 

constant is not used when constraining bonds using the SETTLE algorithm67 during simulations. 



19 

 

Table 3: Bond stretching parameters for the different types of angles in PEG and SPC/E or 

TIP4P/2005 water 

Angle Type 𝜃0 [deg] 𝑘𝜃 [kJ/(mol∙rad2)] 

PEG 

HA-OA-C 108.5 460.240 

OA-C-C 109.5 418.400 

OE-C-C 109.5 418.400 

OA-C-HC 109.5 292.880 

OE-C-HC 109.5 292.880 

C-OE-C 109.5 502.080 

C-C-HC 110.7 313.800 

HC-C-HC 107.8 276.144 

   

SPC/E 

HW-OW-HW 109.47 383.0a 

   

TIP4P/2005 

HW-OW-HW 104.52 628.02a 
a Only used during energy minimization for which water is made flexible. Otherwise, this 

constant is not used when constraining angles using the SETTLE algorithm67 during simulations. 

 

Table 4: Dihedral torsional parameters for the different types of Ryckaert-Bellemans proper 

dihedrals in PEGa 

Dihedral Type 𝐶0 [kJ/mol] 𝐶1 [kJ/mol] 𝐶2 [kJ/mol] 𝐶3 [kJ/mol] 

HA-OA-C-C -0.444 3.833 0.728 -4.117 

OA-C-C-OE 9.035 -9.035 - - 

OE-C-C-OE -1.151 1.151 - - 

C-C-OE-C 1.715 2.845 1.046 -5.607 

HC-C-OA-HA 0.736 2.209 - -2.946 

HC-C-OE-C 1.590 4.770 - -6.360 

HC-C-C-OA 0.979 2.937 - -3.916 

HC-C-C-OE 0.979 2.937 - -3.916 

HC-C-C-HC 0.628 1.883 - -2.510 
a Constants 𝐶4 and 𝐶5 are all 0 kJ/mol in this force field parameterization 
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Table 5: Charges for each atom in di-, tetra-, and pentaethylene glycol 

DEG  TeEG  PeEG 

Atom 𝑞 [e]  Atom 𝑞 [e]  Atom 𝑞 [e] 

HA1 0.4182  HA1 0.4178  HA1 0.4171 

OA1 -0.6888  OA1 -0.6888  OA1 -0.6886 

C1 0.1083  C1 0.1085  C1 0.1080 

HC11 0.0820  HC11 0.0821  HC11 0.0817 

HC12 0.0820  HC12 0.0821  HC12 0.0817 

C2 0.0070  C2 0.0084  C2 0.0082 

HC21 0.0928  HC21 0.0926  HC21 0.0925 

HC22 0.0928  HC22 0.0926  HC22 0.0925 

OE1 -0.4006  OE1 -0.3854  OE1 -0.3867 

C3 -0.0412  C3 0.0086  C3 0.0082 

HC31 0.0946  HC31 0.0916  HC31 0.0926 

HC32 0.0946  HC32 0.0916  HC32 0.0926 

C4 0.1079  C4 0.0089  C4 0.0055 

HC41 0.1067  HC41 0.0917  HC41 0.0877 

HC42 0.1067  HC42 0.0917  HC42 0.0877 

OA2 -0.6863  OE2 -0.3849  OE2 -0.3768 

HA2 0.4233  C5 0.0089  C5 0.0113 

   HC51 0.0913  HC51 0.0927 

   HC52 0.0913  HC52 0.0927 

   C6 0.0067  C6 0.0113 

   HC61 0.0920  HC61 0.0929 

   HC62 0.0920  HC62 0.0929 

   OE3 -0.3989  OE3 -0.3768 

   C7 -0.0409  C7 0.0053 

   HC71 0.0946  HC71 0.0876 

   HC72 0.0946  HC72 0.0876 

   C8 0.1079  C8 0.0070 

   HC81 0.1069  HC81 0.0931 

   HC82 0.1069  HC82 0.0931 

   OA2 -0.6858  OE4 -0.4004 

   HA2 0.4234  C9 -0.0410 

      HC91 0.0945 

      HC92 0.0945 

      CA 0.1082 

      HCA1 0.1061 

      HCA2 0.1061 

      OA2 -0.6862 

      HA2 0.4236 
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2.2 D-Based Method 

The D-based method, developed by Jamali et al., uses finite-size self-diffusivities from systems 

of at least two different sizes to calculate the shear viscosity by usage of an analytic equation.68 

The analytic equation is: 

𝐷𝑠𝑒𝑙𝑓
𝑀𝐷 = (

1

𝜂
) (

−𝜉𝑘𝐵𝑇

6𝜋𝐿
) + 𝐷𝑠𝑒𝑙𝑓

∞  (10) 

where 𝐷𝑠𝑒𝑙𝑓
𝑀𝐷  is the finite-size self-diffusion coefficient for systems of different sizes, 𝜂 is the 

shear viscosity, 𝜉 is a constant with value 2.837297 for a cubic box employing periodic boundary 

conditions, 𝑘𝐵 is the Boltzmann constant, 𝑇 is the temperature (in K), 𝐿 is the box side length for 

systems of different sizes, and 𝐷𝑠𝑒𝑙𝑓
∞  is the self-diffusion coefficient in the 

thermodynamic/macroscopic limit. To utilize Equation 10, finite-size self-diffusion coefficients 

from at least two different system sizes (e.g., 250 molecules and 1000 molecules) for which the 

side lengths of the periodic cubic boxes are known must be found; multiple repetitions for each 

system size are further done to improve the precision of the results in using Equation 10. A least-

squares linear regression is then fit to dependent variable 𝐷𝑠𝑒𝑙𝑓
𝑀𝐷  and independent variable 

−𝜉𝑘𝐵𝑇/6𝜋𝐿 where 𝐿 is determined by knowledge of the simulated density of the system. Since 

the shear viscosity 𝜂 is the inverse of the regression slope, while the self-diffusion coefficient in 

the thermodynamic/macroscopic limit 𝐷𝑠𝑒𝑙𝑓
∞  is the regression’s vertical axis intercept, the D-

based method serves as one way to obtain both quantities for a molecular system of interest. 

According to the guidelines set by the authors, the optimal setup for usage of the D-based 

method includes using two systems of different simulation box sizes, allocating 50-70% of total 

computational resources to the larger system, using at least 250 molecules for the smaller system, 

and having the larger system be at least 4x the size of the smaller system. Accounting for these 

criteria in addition to the fact that larger PEG oligomers require longer simulation times to get 

accurate results, and multiple repetitions are needed to obtain reasonable statistical accuracy, the 

smaller system was chosen to contain a total of 250 molecules while the larger system was 

chosen to contain a total of 1000 molecules. The number of repeat simulations for each of the 

250 and 1000 total molecule systems over all combinations of PEG oligomers with either a neat 

or mixture (with water) setup are listed in Table 6 in Section 2.3. 

2.3 Simulation Run Protocol 

All simulations were carried out with the same protocol as specified according to Sections 2.3.1-

2.3.4 except for differing lengths of the simulation because simulation length was dependent 

upon the size of the PEG oligomer and the type of system simulated. Differences in simulation 

length were accounted for by proper modification of the molecular dynamics parameter files in 

Appendix D. The overall composition of each type of system alongside simulation times at 

temperature 328 K for each of the protocol steps are listed in Table 6.  
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Table 6: Number of molecules of PEG oligomer/water, number of repeat simulations, and 

simulation times for each PEG oligomer and neat/water mixture setup for the larger (1000 total 

molecules) and smaller (250 total molecules) sized systems at temperature 328 Ka 

 

PEG 

Oligomer 

  

 

Neat 

PEG + 20,000 ppm 

SPC/E water 

mixture 

PEG + 20,000 ppm 

TIP4P/2005 water 

mixture 

n Prefix Ntotal 1000 250 1000 250 1000 250 

  NPEG 1000 250 893 223 893 223 

  Nwater   107 27 107 27 

2 di- Repeat sim. 6 18 15 40 10 30 

  NPT time/ns 1 1 1 1 1 1 

  NVT time/ns 100 100 100 100 100 100 

         

  NPEG 1000 250 820 205 820 205 

  Nwater   180 45 180 45 

4 tetra- Repeat sim. 3 8 4 10 4 10 

  NPT time/ns 10 10 10 10 10 10 

  NVT time/ns 400 400 300 300 300 300 

         

  NPEG 1000 250 787 197 787 197 

  Nwater   213 53 213 53 

5 penta- Repeat sim. 2 6 3 8 3 8 

  NPT time/ns 12 12 12 12 12 12 

  NVT time/ns 600 600 500 500 500 500 
a Ntotal, NPEG, and Nwater refer to the number of total, PEG, and water molecules present in the 

system, respectively. “Repeat sim.” refers to the number of repeated simulations conducted of 

the specified system.  
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2.3.1 System Preparation 

Systems of neat PEG oligomers or mixtures of PEG oligomers with either 20,000 ppm of SPC/E 

or TIP4P/2005 water were prepared by randomly inserting either 250 or 1000 molecules of di-, 

tetra-, or pentaethylene glycol or SPC/E or TIP4P/2005 water into a cubic box with a density 

approximately half that of the experimental density11 using the GROMACS insert-molecules 

module. The exact number of each type of molecule inserted is dependent upon the system 

simulated as listed in Table 6. The main topology files for di-, tetra-, and pentaethylene glycol 

neat systems are listed as Files B.7, B.8, and B.9, respectively, and for di-, tetra-, and 

pentaethylene glycol/water mixture systems are listed as Files B.10, B.11, and B.12, 

respectively. Bash script File E.1 in Appendix E automates the simulation steps described in 

Sections 2.3.1-2.3.4 for a single simulation and modifies the respective main topology files 

depending on the parameters passed to the command line, which are dependent upon Table 6. 

2.3.2 Energy Minimization 

Once prepared, systems were set through energy minimization using the steepest descent 

algorithm.36 An initial maximum displacement of 0.01 nm for each atom was used to remove 

high energy contacts generated during system preparation and was conducted until the system 

reached a local energy minimum or a maximum of 100,000 steps elapsed. Periodic boundary 

conditions in all 3 dimensions – x, y, and z – were used in conjunction with the atom-based 

Verlet cutoff scheme69 (see Figure 2) which utilized a buffer region with a buffer tolerance of 

0.005 kJ mol-1 ps-1. All nonbonding interactions, including electrostatics and LJ interactions, 

were cut-off at a distance of 1.4 nm. Smooth Particle-Mesh Ewald (PME)37,38 with cubic 

interpolation and a grid spacing of 0.168 nm was used for the treatment of long-range 

electrostatic interactions. No long-range analytic tail dispersion correction for energy and 

pressure41 nor any constraining of bonds was utilized during energy minimization.  

The molecular dynamics parameter file for running energy minimization is listed in Appendix D 

as File D.1. Note that the line containing the keyword “define” in File D.1 should be excluded 

during simulations of neat PEG oligomer systems as no water is present in these systems and 

inclusion of this line will crash the simulations. 
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Figure 2: The Verlet atom-based cutoff scheme. The gray is the buffer region. Pairs via 

neighborhood search are determined for all particles within rlist as represented by the blue 

particles. Only the particles that are within or partially within the white circle (rcutoff = 1.4 nm) 

have their energies and potentials calculated. Particles with distances further than rlist are not 

included within the pairs list.  
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2.3.3 NPT Simulation 

After energy minimization, each system was simulated in the isothermal-isobaric NPT ensemble 

(constant number of particles N, pressure P, and temperature T) at 328 K and 1 bar to bring the 

system to its converged density. Initial velocities of each atom were generated according to a 

Maxwell-Boltzmann distribution at 328 K, and simulations were run for a total amount of time as 

specified by Table 6 with a 2 fs timestep. All bonds involving hydrogen in PEG oligomer 

molecules were constrained in every step using the LINCS algorithm with a fourth-order matrix 

expansion,70 while bonds and angles in water were constrained using the SETTLE algorithm.67 

Newton’s equations of motion were numerically integrated using the leap-frog algorithm,30 and 

the center of mass of the system was removed every 20 fs. Similar to that for energy 

minimization, the Verlet cutoff scheme69 (with the same buffer tolerance) with periodic 

boundary conditions was employed. Nonbonding interactions including the 1.4 nm cutoff 

distances and the long-range treatment of electrostatic interactions are identical to that for energy 

minimization except for the implementation of an analytic tail correction for energy and pressure 

for the long-range LJ potential.41 System temperature was controlled using the Bussi-Donadio-

Parrinello velocity-rescaling thermostat,71 a modified Berendsen thermostat72 containing an 

additional stochastic term that allows for the correct sampling of the kinetic energy distribution, 

with a time constant of 1.0 ps, while system pressure was controlled isotropically at 1 bar using 

the Parrinello-Rahman barostat34,35 set with an isothermal compressibility of 4.5 x 10-5 bar-1 and 

a time constant of 5.0 ps. (We are aware that 4.5 x 10-5 bar-1 is the isothermal compressibility of 

water at 300 K and 1 bar, as opposed to 328 K and 1 bar, but note that this factor only affects the 

strength of pressure coupling and does not need to be set precisely.) A minimum of 1000 

position frames were recorded for the trajectory and a minimum of 10,000 frames were recorded 

for the energies. Density was determined from averaging later portions of the NPT simulation 

once convergence was achieved. The time at which the simulation reached convergence was 

different for each system.  

The molecular dynamics parameter file for running the NPT simulation is listed in Appendix D 

as File D.2. Note that the number of steps and output frequency are dependent upon the timings 

of the NPT simulation for each system as specified in Table 6. Lines involving parameters that 

need to be modified are highlighted in File D.2. 

2.3.4 NVT Simulation 

After the NPT simulation, a position frame of average density from the converged region was 

taken from the trajectory and used as the starting configuration for a simulation in the canonical 

NVT ensemble (constant number of particles N, volume V, and temperature T) set at 328 K. All 

parameters from the previous NPT simulation were used here except for pressure coupling which 

was turned off. Although velocities were regenerated again to provide an average temperature of 

328 K according to a Maxwell-Boltzmann distribution, we note that analysis of results would not 

be affected if an initial 1-2% of the trajectory was skipped, which is what was done here. The 
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length of each simulation was set according to Table 6, which was made at least 100 times the 

structural relaxation times of the simulated PEGs73 to allow for the system to be ergodic. A 

minimum of 1000 position frames were recorded, and energy frames were recorded every 20 fs 

to accurately obtain shear viscosities via the Green-Kubo integral time decomposition method as 

will be discussed more in-depth in Section 2.4.6. 

The molecular dynamics parameter file for running the NVT simulation is listed in Appendix D 

as File D.3. Note that the number of steps and output frequency are dependent upon the timings 

of the NPT simulation for each system as specified in Table 6. Lines involving parameters that 

need to be modified are highlighted in File D.3. In addition, the Bash and Python scripts for 

extracting the frame of average density from the NPT simulation for input into the NVT 

simulation can be found in Appendix E as Files E.2 and E.3, respectively. 

2.3.5 Repetitions 

Simulations of each type of system were repeated according to Table 6. A script in Bash 

programming language allowing for the generation of repeated simulations can be found in 

Appendix E and is listed as File E.4. 

2.4 Analysis 

All analyses were conducted either using modules available in the GROMACS package or by 

self-made generated scripts in either Bash or Python programming language. Density was 

obtained from the NPT simulation, while self-diffusion coefficients, shear viscosities, hydrogen 

bonding numbers, and radial distribution functions were obtained from the NVT simulation. 

Dynamical properties such as self-diffusion coefficients and shear viscosities were obtained from 

the NVT simulation because the barostats in NPT have been observed to influence dynamics to a 

moderate degree while using a thermostat and no barostat provides satisfactory results.45 

2.4.1 Density 

Instantaneous densities were found from the NPT simulation over the entire trajectory using the 

GROMACS energy module which calculates the instantaneous density according to: 

𝜌 =
𝑀

𝑉
 (11) 

where 𝑀 is the total mass of the system and 𝑉 is the instantaneous volume of the simulation box 

at some point in the trajectory. The average density of a system 〈𝜌〉 is then found by averaging 

the instantaneous densities over the trajectory region for which the density has reached 

equilibrium. This is done using the GROMACS analyze module.  
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2.4.2 Self-Diffusion Coefficients 

Self-diffusion coefficients were found from the NVT simulation using the Einstein-relation41 

𝐷 =
1

2𝑑
lim
𝑡→∞

𝑑

𝑑𝑡
𝑀𝑆𝐷(𝑡) =

1

2𝑑
lim
𝑡→∞

𝑑

𝑑𝑡
⟨

1

𝑁
∑|𝑟𝑖(𝑡) − 𝑟𝑖(0)|2

𝑁

𝑖=1

⟩

𝑡0

  (12) 

where 〈⋯ 〉𝑡0
 refers to averaging over multiple time origins 𝑡0 which were increased in 

increments of 10 ps, 𝑑 = 3 for a tridimensional system, and 𝑀𝑆𝐷(𝑡) is the average mean 

squared displacement at time 𝑡 over all atoms 𝑁 which was obtained using the GROMACS msd 

module. Because the calculation of 𝑀𝑆𝐷(𝑡) relied on knowing the center of mass of each atom 𝑖 

at time 𝑡, 𝑟𝑖(𝑡), a reasonable number of trajectory frames were necessary for analysis. A 

minimum of 1000 coordinate frames were sufficient for that purpose.45 

In practice, a weighted least-squares non-linear regression with equation 𝑀𝑆𝐷(𝑡) = 6𝐷𝑡𝜃 and 

weight 1/(𝑀𝑆𝐷(𝑡))
2
 (i.e., points at later time, which have less statistical accuracy, contribute 

less to the fit) was fit to the points for which the mean squared displacement was greater than 5 

nm2. This value was chosen because it led to the analysis of points for which the mean squared 

displacement was greater than the square of the radius of gyration of the PEG oligomers tested 

(absolute minimum criterion for considering molecules to be in the diffusive regime),45 which 

was known to be no greater than 1 nm2 in the systems of interest. However, because molecules 

that properly sample the diffusive regime should provide a value near 𝜃 = 1, we adopted the 

stricter criterion that if 𝜃 ≥ 0.96, then the molecules in question were considered to have 

diffused sufficiently enough to obtain reasonable results for the self-diffusion coefficient.  

Upon meeting this criterion, a weighted least-squares non-linear regression with equation 

𝑀𝑆𝐷(𝑡) = 6𝐷𝑡 and weight 1/(𝑀𝑆𝐷(𝑡))
2
 was then fit instead to the points for which the mean 

squared displacement was greater than 5 nm2. The value for the self-diffusion coefficient 𝐷 was 

then recorded as the result of this last fitting procedure. 

For neat PEG oligomer systems, only the system self-diffusion coefficient, which is equivalent to 

the self-diffusion coefficient for the PEG oligomer, was determined. For PEG oligomer/water 

mixture systems, three self-diffusion coefficients were found - system, PEG oligomer, and water 

- where the system self-diffusion coefficient is a weighted average of the PEG oligomer and 

water self-diffusion coefficients. Although statistics for the self-diffusion coefficients for water 

may be poor due to the small number of water molecules in mixture simulations, results should 

likely be satisfactory if the number of molecules is at least 30 or more, which is the minimum 

criterion for application of the Central Limit Theorem. 

The Python script implementing this procedure including the weighted least-squares non-linear 

regression can be found in Appendix F listed as File F.1. 
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2.4.3 Radial Distribution Functions 

The radial distribution function (RDF) or pair correlation function between particles 𝐴 and 𝐵 

with particle 𝐴 as the central reference atom is calculated from the NVT simulation by: 

𝑔𝐴𝐵(𝑟) =
〈𝜌𝐵(𝑟)〉

〈𝜌𝐵〉𝑙𝑜𝑐𝑎𝑙
 (13) 

where 〈𝜌𝐵(𝑟)〉 is the average particle density of 𝐵 at a distance 𝑟 away from particle 𝐴, and 

〈𝜌𝐵〉𝑙𝑜𝑐𝑎𝑙 is the particle density of 𝐵 averaged over all spheres centered upon particle 𝐴 with a 

radius of half the box length. RDFs between two types of particles 𝐴 and 𝐵 were calculated using 

the GROMACS rdf module. 

2.4.4 Hydrogen Bonding Numbers 

Hydrogen bond numbers at instantaneous points in time were determined from the NVT 

simulation using the GROMACS hbond module. To determine the number of hydrogen bonds 

between a donor atom (𝐷) and an acceptor atom (𝐴) at any point in time, a list of donor-

hydrogen atom pairs (e.g., OA-HA) and acceptor atoms (e.g., OE) were tabulated. A hydrogen 

bond was then deemed to be present between a donor and acceptor atom if the following 

geometric criteria were met: 

1. The acceptor-donor-hydrogen triplet angle was less than or equal to 30, i.e., ∠𝐴𝐷𝐻 ≤

30°. 

2. The acceptor-donor distance was less than or equal to the distance for which the first 

local minima of the RDF between 𝐴 and 𝐷 occurs. In mathematical terms, this means that 

𝑟𝐴𝐷 ≤ min{𝑟| 𝑔𝐴𝐷
′ (𝑟) = 0 𝑎𝑛𝑑 𝑔𝐴𝐷

′′ (𝑟) > 0}. 

The number of hydrogen bonds at an instantaneous point in time was then defined to be the 

number of donor-acceptor pairs that satisfied the criteria above. The average number of hydrogen 

bonds was then calculated by averaging all the instantaneous hydrogen bond numbers over all 

trajectory frames using the GROMACS analyze module. The average hydrogen bond number 

was then divided by the number of PEG or water molecules present in the system to provide the 

average number of hydrogen bonds associated with an individual PEG or water molecule, 

respectively. 

All hydrogen bond number determinations were made using criterion 2 exactly as stated above, 

but it should be noted that the GROMACS hbond module uses 𝑟𝐴𝐷 ≤ 0.35 nm as the default 

distance for criterion 2 instead. Testing revealed that the differences in hydrogen bond numbers 

from using criterion 2 exactly as above versus the GROMACS default distance produces 

negligible differences in results (i.e., less than 0.1% difference). For that reason, a breakdown of 

the exact distances of min{𝑟| 𝑔𝐴𝐷
′ (𝑟) = 0 𝑎𝑛𝑑 𝑔𝐴𝐷

′′ (𝑟) > 0} for each system (which are 

generally close to 0.35 nm) is not provided, and results should be approximately reproducible 

when using the GROMACS default 𝑟𝐴𝐷 ≤ 0.35 nm instead.  
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2.4.5 Shear Viscosity - D-Based Method 

As discussed in Section 2.2, the D-based method is used to find the shear viscosity from repeated 

simulations by fitting a simple least-squares linear regression according to Equation 10 to finite-

size self-diffusion coefficients, 𝐷𝑠𝑒𝑙𝑓
𝑀𝐷 , and variable −𝜉𝑘𝐵𝑇/6𝜋𝐿. For each neat/mixture system, 

𝐷𝑠𝑒𝑙𝑓
𝑀𝐷  is the average of the finite-size system self-diffusion coefficients (obtained via methods as 

described in Section 2.4.2) and 𝐿 is the average box side length from repeated NVT simulations 

for either the 250 or 1000 molecule system. The shear viscosity and self-diffusion coefficient in 

the thermodynamic limit for each system are reported as described in Section 2.2, which is listed 

as the inverse of the regression slope, and the regression intercept, respectively. 

2.4.6 Shear Viscosity - Time Decomposition Method 

The shear viscosity in MD simulations can also be found using the Green-Kubo (GK) integral 

formalism which relies on integration of the pressure autocorrelation function (PACF):41  

𝜂 =
𝑉

𝑘𝐵𝑇
∫ 〈𝑃𝛼𝛽(𝑡) ∙ 𝑃𝛼𝛽(0)〉

∞

0

𝑑𝑡 (14) 

where 𝑉 is the volume of the box, 𝑘𝐵 is the Boltzmann constant, 𝑇 is the temperature (in K), 𝑡 is 

the autocorrelation time, 〈… 〉 represents an ensemble average, and 𝑃𝛼𝛽 is an off-diagonal 

element of the pressure tensor. In Equation 14, 𝑃𝛼𝛽 is represented by: 

𝑃𝛼𝛽(𝑡) =
1

𝑉
∑ (

𝑝𝑖𝛼(𝑡)𝑝𝑖𝛽(𝑡)

𝑚𝑖
+ 𝑟𝑖𝛼(𝑡)𝑓𝑖𝛽(𝑡)) , 𝛼 ≠ 𝛽

𝑁

𝑖=1

 (15) 

where 𝛼, 𝛽 = 𝑥, 𝑦, or 𝑧 Cartesian coordinates, 𝑁 is the total number of particles in the system, 

𝑝𝑖𝛼 (or 𝑝𝑖𝛽) is the momentum of particle 𝑖 in the 𝛼 (or 𝛽) direction, 𝑚𝑖 is the mass of particle 𝑖, 

𝑟𝑖𝛼 is the position of particle 𝑖 in the 𝛼 direction, and 𝑓𝑖𝛽 is the total force on particle 𝑖 in the 𝛽 

direction. (Note that 𝛼 ≠ 𝛽 in Equation 15 is required to make sure that 𝑃𝛼𝛽(𝑡) is an off-diagonal 

element of the pressure tensor.) Because the PACF decays fairly rapidly (i.e., 1-10 ps decay time 

for most systems), energies need to be recorded frequently, which is why energies were recorded 

every 20 fs in all NVT simulations.45 

In practice, because it is impossible to simulate in infinite time, the shear viscosity 𝜂 in Equation 

14 is commonly calculated as a function of autocorrelation time: 

𝜂(𝑡) =
𝑉

𝑘𝐵𝑇
∫ 〈𝑃𝛼𝛽(𝑡′) ∙ 𝑃𝛼𝛽(0)〉

𝑡

0

𝑑𝑡′ (16) 

and the long-term behavior of 𝜂(𝑡), which should converge in the limit of infinite autocorrelation 

time, is then taken to be the value for 𝜂. However, due to the long and noisy tail of the PACF, it 

has been frequently observed by others74–76 and ourselves that Equation 16 does not actually 

converge as it should but instead shows large fluctuations at long autocorrelation time. These 



30 

 

fluctuations make it difficult to determine the shear viscosity in a consistent manner from just 

single GK integrals.  

However, one way to improve the reliability of obtaining the shear viscosity from Equation 16 is 

to average over the three off-diagonal elements of the pressure tensor - 𝑃𝑥𝑦, 𝑃𝑥𝑧, and 𝑃𝑦𝑧. The 

GROMACS software does this implicitly using the energy module, but significant fluctuations 

remain at long autocorrelation time. The alternative solution for improving the result is to 

improve statistical accuracy by increasing the number of simulations done, applying Equation 16 

each time, and then averaging the resulting 𝜂(𝑡)’s over all simulations. This latter method is the 

time decomposition method proposed by Zhang et al.76  

The time decomposition method provides a reliable means of finding the shear viscosity. The 

steps in the method can be summarized as follows: 

1. Run multiple independent simulations 𝑁 of sufficient length. 

2. Calculate the running integral 𝜂(𝑡) according to Equation 16 using the GROMACS 

energy module for each independent simulation where 𝜂(𝑡)𝑖 is the running integral from 

the 𝑖th simulation with 𝑖 = 1,2, … 𝑁. 

3. Calculate the following: 

a. 〈𝜂(𝑡)〉 =
1

𝑁
∑ 𝜂(𝑡)𝑖

𝑁
𝑖=1  

b. 𝜎(𝑡) = √
1

𝑁−1
∑ (𝜂(𝑡)𝑖 − 〈𝜂(𝑡)〉)2𝑁

𝑖=1  

4. Fit 𝜎(𝑡) to a power law function, i.e., 𝜎(𝑡)𝑓𝑖𝑡 = 𝐴𝑡𝑏.  

5. Identify a region of 〈𝜂(𝑡)〉 for which the running integral converges. The shear viscosity 

in this region is 〈𝜂(𝑡)〉𝑓𝑙𝑎𝑡. 

6. Choose a cutoff time 𝑡𝑐𝑢𝑡𝑜𝑓𝑓 for analysis such that 𝜎(𝑡𝑐𝑢𝑡𝑜𝑓𝑓) = 0.4〈𝜂(𝑡)〉𝑓𝑙𝑎𝑡. 

7. Fit 〈𝜂(𝑡)〉 to the function 𝜂(𝑡)𝑓𝑖𝑡 = 𝐴𝛼𝜏1 (1 − 𝑒
−

𝑡

𝜏1) + 𝐴(1 − 𝛼)𝜏2 (1 − 𝑒
−

𝑡

𝜏2) using the 

method of least-squares with the following constraints: 

a. Weight the fit by 1/𝑡𝑏 (i.e., points at longer times, where the fluctuations are 

greater, are weighted less). 

b. Ignore the first 2 ps from the fit due to large fluctuations in short time. 

c. Fit up to an autocorrelation time of 𝑡𝑐𝑢𝑡𝑜𝑓𝑓. 

8. Report 𝜂 = lim
𝑡→∞

𝜂(𝑡)𝑓𝑖𝑡. 

Although the above method requires multiple simulations for good results, this is not practical 

for the systems tested due to the significant amount of time required to conduct even a single 

simulation. For this reason, we adopted a modification to the above method by instead breaking 

up a single NVT simulation with a “full trajectory” into multiple blocks with each block 

containing an individual “short trajectory” that should be relatively independent from one 

another. These individual blocks then serve as a replacement for the independent simulations 
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mentioned in steps 1 and 2 of the above method. Although breaking up the “full trajectory” into 

blocks may lead to poor convergence of the running integrals even after averaging due to the 

“short trajectories” being too short in time length, the averaging procedure still provides better 

results than a “full trajectory” ran with Equation 16 since the random fluctuations in the long 

time autocorrelation are canceled out during the averaging process. An example of this canceling 

out of fluctuations can be seen in Figure 3. 

 

 

Figure 3: Green-Kubo running integrals (Equation 16) for 50 blocks, with each block containing 

a simulation time length of 2 ns, for a 1000 molecule neat diethylene glycol system at 

temperature 328 K. The bolded red line is the average of the 50 running integrals and shows 

reduced fluctuations at longer autocorrelation times; this corresponds to step 3a in the method 

above. Note that although each block is 2 ns in simulation time length, the PACF and therefore 

the running integrals are only calculated up until 1 ns of autocorrelation time, which is half the 

simulation time length of a single block in this type of system. 
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For each PEG oligomer and neat/mixture combination as listed in Table 6, only one of the 1000 

total molecule systems were used for analysis for the sake of comparing with shear viscosities 

obtained using the D-based method. For all di- and tetraethylene glycol containing systems, a 

total of 50 blocks evenly split over the full trajectory of the NVT simulation were used, while a 

total of 25 blocks were used for pentaethylene glycol containing systems. The number of blocks 

to use was chosen based on a compromise between having more blocks, which would increase 

statistical accuracy and reduce fluctuation behavior, versus having larger sized blocks, which 

would lead to improved convergence behavior. In the case of diethylene glycol containing 

systems, the usage of 50 blocks appeared to lead to graphs with well-behaved convergence as 

Figure 3 shows. Similar results are obtained for tetraethylene glycol containing systems when 

using 50 blocks. However, the usage of 50 blocks for pentaethylene glycol containing systems 

led to poor convergence of the running integrals and an inability to extract the shear viscosity 

reliably. Further testing revealed that the usage of 25 blocks instead (which increases the time 

length of each block by a factor of two) improved convergence behavior significantly. Thus, 25 

blocks were utilized when analyzing pentaethylene glycol containing systems with the time 

decomposition method.  

For all systems, the time length of each block is dependent upon the length of the NVT 

simulation as specified in Table 6. This can be found by dividing the total time by the number of 

blocks employed in the time decomposition method’s analysis.  

The code for implementing the time decomposition method described in this Section consists of 

two separate scripts, both of which are listed in Appendix F. The Bash script for running 

repeated usages of the GROMACS energy module is listed as File F.2 which cover steps 1 and 2 

of the time decomposition method. File F.3 contains the Python script which conducts the 

remaining steps of the method.  
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3 Results and Discussion 

3.1 Density 

Density is a thermophysical property readily obtainable from MD simulations that serves to 

check the quality of the force field by comparison with experimental density. Density also 

provides insights into the structural characteristics of a system. Average densities and 

corresponding standard deviations for all the di-, tetra-, and pentaethylene glycol neat/mixture 

systems tested with either 250 or 1000 total molecules can be found in Table G.1 alongside 

results from neat experimental11 systems in Appendix G. 

As Figure 4 shows, in the case of the 1000 total molecule systems, simulated and experimental 

densities increase with increasing chain length which can be explained by the increasing 

intermolecular forces that exist between PEGs of greater chain length. However, neat simulations 

were found to significantly underestimate the density of DEG while overestimating the density 

of TeEG and PeEG relative to that of neat experimental systems. The severity of this 

overestimation appears to be worse for PeEG than it is for TeEG signifying that the ethylene 

oxide repeat units in the force field contribute much more strongly to the density and over-

structure the PEG systems more than expected. This over-structuring can possibly be attributed 

to increased hydrogen bonding or electrostatic interactions that occur with more ethylene oxide 

repeat units, which comes about from the increase in the number of ether oxygens present. The 

exact reasoning for this over-structuring cannot be determined by looking at the density alone, 

although it suggests that the force field needs some improvement with regards to improving the 

simulated density relative to that of the experimental density even though it performs relatively 

well. 
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Figure 4: Densities (in kg·m-3) for simulated neat/mixture systems containing a total of 1000 

molecules and neat experimental11 systems of di-, tetra-, and pentaethylene glycol. Error bars 

range from one standard deviation below and above the mean. Standard deviations for 

simulations are calculated using densities from simulation repeats, while standard deviations for 

experimental values are based on regression analysis (see Ref. 11). 

 

It is also interesting to note that PeEG/water mixture simulations produce denser systems than 

neat PeEG simulations do (even though water is significantly less dense than PeEG at 328 K), 

while this behavior is not observed for DEG simulations. Once again, this possibly suggests that 

water contributes to system structuring when added to neat PeEG while it has no (or a negligible) 

effect when added to neat DEG. One possible explanation for this behavior is that the longer 

length of PeEG allows it to undergo more extensive coiling compared to DEG, thereby leaving 

more “gaps” in a neat system of the former. When water is added to form a mixture, the water 

may induce PEG coiling itself or may “fit into the gaps” resulting from the spontaneous coiling 

of PEG. In either case, the density for PeEG/water mixtures should be affected more than that for 

DEG/water mixtures as these “gaps” are more efficiently filled in the former. The other possible 

explanation is that water acts like a glue that helps bring PEG molecules together, and the greater 

number of ethylene oxide repeats in PeEG rather than DEG allows for a more significant 

“gluing” or “bridging” effect that influences the density of PeEG/water mixtures much more 

significantly than that for DEG/water mixtures. In all cases, there is no significant difference 

between using either SPC/E or TIP4P/2005 water in simulations with regards to density. 
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3.2 Self-Diffusion Coefficients 

Table G.2 contains average simulation box lengths and finite-size self-diffusion coefficients 

(with standard deviations) for the systems tested with either 250 or 1000 molecules; these values 

were used in Equation 10 for determining shear viscosities and self-diffusion coefficients in the 

thermodynamic limit using the D-based method. The calculated self-diffusion coefficients in the 

thermodynamic limit are listed in Table G.3 where no standard deviations are reported because 

the linear regression used in the calculation was dependent upon only two points. Note that for 

neat systems, only the system self-diffusion coefficient is reported because the system self-

diffusion coefficient is equivalent to the PEG self-diffusion coefficient. For mixture systems, 

system, PEG, and water self-diffusion coefficients are reported where the system self-diffusion 

coefficients are based on a weighted average of the self-diffusion coefficients of PEG and water. 

Because the self-diffusion coefficients in Table G.3 correct for finite-size effects and are 

therefore more representative of bulk behavior, these values are used for the basis of comparison 

with experimental data. 

With the densities being too low for all the DEG simulations as described in Section 3.1, it was 

expected that the PEG self-diffusion coefficient for DEG would be greater than the experimental 

value to compensate. Figure 5 shows that this is not the case, with the simulated DEG self-

diffusion coefficient for the neat system ending up smaller than the experimental one. In fact, the 

PEG self-diffusion coefficients for all simulations of neat oligomers underestimate their 

corresponding experimental values, although to differing degrees. For DEG, TeEG, and PeEG, 

this underestimation is approximately too small by factors of 1.3x, 6.6x, and 10-12x, 

respectively, signifying that simulations using the OPLS/AA force field have difficulties 

capturing the proper PEG dynamics as chain length is increased. Despite this, the simulations do 

accurately capture the fact that the PEG self-diffusion coefficients should decrease with 

increasing chain length due to the increased molecular weight, although it does overestimate the 

rate of this decrease as the chain length increases. 
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Figure 5: PEG self-diffusion coefficients in the thermodynamic limit (in 10-11 m2·s-1) for 

simulated neat/mixture systems containing a total of 1000 molecules and neat experimental11 

systems of di-, tetra-, and pentaethylene glycol. Simulation values for D∞ are determined using 

the D-based method. Note that for neat simulations, the value for PEG D∞ is the same as for 

system D∞ since the system consists of PEG molecules only.  

 

Interestingly, the PEG self-diffusion coefficients appear to be relatively similar between the neat 

and mixture simulations for all the PEGs tested, suggesting that water plays a minimal role in 

limiting the self-diffusion of the PEG solvent; in addition, no significant differences exist 

between mixtures using SPC/E over TIP4P/2005 water as Figure 5 shows. However, Figure 6 

shows that water self-diffusion is slower in mixtures involving PEG oligomers of longer chain 

length even though water was not found to affect PEG self-diffusion itself. This suggests that the 

PEG molecules self-diffuse as they would normally but “drag” water molecules along via 

hydrogen bonding at a slower speed than would be expected if water was in bulk, which is 

444.4 x 10-11 m2·s-1 at 329.15 K (1.15 K greater than the simulation temperature) according to 

NMR spectroscopy.77 In comparison, the water self-diffusion coefficients for DEG/water, 

TeEG/water, and PeEG/water mixture simulations are approximately 30 x 10-11, 7 x 10-11, and 

3 x 10-11 m2·s-1 at 328 K, respectively, showing that although this drop in water self-diffusion is 

highly significant, the water still moves faster than the corresponding PEG solvent. Thus, 

although the PEG “drags” the water along with its movement, the water still can move around 

somewhat freely and is not as stationary as we thought, indicating that significant water 
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clustering is not present since the water self-diffusion coefficient would likely be smaller than 

that of the PEG in such a case. 

 

 

Figure 6: Water self-diffusion coefficients in the thermodynamic limit (in 10-11 m2·s-1) for 

simulated mixture systems containing a total of 1000 molecules of di-, tetra-, and pentaethylene 

glycol and either SPC/E or TIP4P/2005 water. Simulation values for D∞ are determined using the 

D-based method.  

3.3 Shear Viscosity 

Shear viscosities determined using the D-based method, which are calculated using entries from 

Table G.2 via the D-based method, are listed in Table G.4, while shear viscosities determined 

using the time decomposition method are listed in Table G.5 alongside the values of the 

exponent used for the power law fit during the time decomposition procedure. The time 

decomposition average running integrals and standard deviations for simulations of DEG neat, 

SPC/E mixture, and TIP4P/2005 mixture systems are in Figures G.1, G.2, and G.3, respectively, 

for TeEG neat, SPC/E mixture, and TIP4P/2005 mixture systems are in Figures G.4, G.5, and 

G.6, respectively, and for PeEG neat, SPC/E, and TIP4P/2005 mixture systems are in Figures 

G.7, G.8, and G.9, respectively. In both Tables G.4 and G.5, the experimental11 shear viscosities 

are listed for each of the PEGs alongside its experimental standard deviation.  

Figure 7, which looks at systems containing only 1000 molecules, shows that whether the D-

based or time decomposition method is used, the shear viscosity increases with increasing chain 
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length. This makes sense in that a larger molecule requires more shearing force to cause the 

system to experience a deformation. In addition, simulations of DEG accurately reproduce the 

experimental shear viscosity while the shear viscosity is severely overestimated in simulations of 

TeEG and PeEG when using either method. The shear viscosity, while increasing quite 

dramatically in simulations as oligomer chain length increases, does not properly reflect the 

slight increases in shear viscosity seen in experiments. It is nevertheless interesting to note that 

this dramatic increase in shear viscosity for the simulations has a similar correspondence with the 

decrease in the self-diffusion coefficients as seen in Section 3.2. This matter will be discussed 

more in Section 3.4 when discussing the adherence of the systems to Stokes-Einstein behavior. 

When looking at Figure 7, it hard to say whether neat and mixture simulations differ in shear 

viscosity since the shear viscosity is more susceptible to random error due to being a system-

based quantity, i.e., statistical accuracy does not improve with an increased number of particles. 

PEG/water mixtures with TIP4P/2005 water appear to give slightly larger shear viscosities than 

when SPC/E water is used, but these differences may not be very significant due to the shear 

viscosities being largely variable themselves. The exception to this trend is seen when looking at 

the shear viscosity for the PeEG and SPC/E water mixture in the top graph of Figure 7. As will 

be discussed more in Section 3.4, this value appears to be unreasonably large. 
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Figure 7: Shear viscosities (in mPa·s) for simulated neat/mixture systems containing a total of 

1000 molecules and neat experimental11 systems of di-, tetra-, and pentaethylene glycol. 

Simulation values for η are determined using the D-based method (top graph) and the time 

decomposition method (bottom graph). 
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3.4 Adherence of Neat Systems to Stokes-Einstein Behavior 

The well-known Stokes-Einstein equation relates the self-diffusion coefficient to the radius of a 

spherical particle according to: 

𝐷 =
𝑘𝐵𝑇

6𝜋𝜂𝑟
 (17) 

where 𝐷 is the self-diffusion coefficient, 𝑘𝐵 is the Boltzmann constant, 𝑇 is the temperature (in 

K), 𝜂 is the shear viscosity, and 𝑟 is the radius of the spherical particle. Assuming that PEG is the 

spherical particle present in an infinitely sized system, Equation 17 can be rearranged as: 

𝐷𝑃𝐸𝐺
∞ 𝜂 =

𝑘𝐵𝑇

6𝜋𝑟𝑃𝐸𝐺
 (18) 

where 𝐷𝑃𝐸𝐺
∞  is the PEG self-diffusion coefficient in the thermodynamic limit as described in 

Section 3.2 and 𝑟𝑃𝐸𝐺 is the radius of gyration of the PEG molecule. Given that the values of 𝐷𝑃𝐸𝐺
∞  

were observed to be too small while the system shear viscosities 𝜂 were observed to be too large 

in simulations, both by similar factors as described in Section 3.3, it was reasoned that the 

product of the two quantities, i.e., 𝐷𝑃𝐸𝐺
∞ 𝜂 as displayed on the left side of Equation 18, should 

provide a value comparable with 𝐷𝑃𝐸𝐺
∞ 𝜂 determined from experimental data. The reason is that 

the radius (or radius of gyration) of a molecule should be quite similar between simulations and 

experiments as the OPLS/AA force field performs quite well with regards to reproducing 

structural and thermophysical properties,78 meaning that the quantity 𝑘𝐵𝑇/6𝜋𝑟𝑃𝐸𝐺 on the right 

side of Equation 18 should be similar when using either simulation or experimental data. If so, 

then the simulations would be said to follow Stokes-Einstein behavior and since many 

experimental neat systems also follow Stokes-Einstein behavior, this would imply that no 

significant methodological errors were made. Instead, it would suggest that the OPLS/AA force 

field needs significant improvement regarding the reproduction of dynamical properties and 

further work should be done to improve the results. 

Table G.6 contains the values of the product 𝐷𝑃𝐸𝐺
∞ 𝜂 using shear viscosities either from the D-

based or the time decomposition method for the neat PEG simulations only. As shown in Figure 

8, the percent absolute difference ranges from about 15-35% when using shear viscosities from 

the D-based method, while it does not exceed more than 5% when using shear viscosities from 

the time decomposition method. The relatively small percent absolute differences indicates that 

the PEG self-diffusion coefficients are too small while the shear viscosities are too large by a 

similar (possibly very large) factor. Because this “cancellation effect” occurs even for longer 

chained PEGs, the employed simulation methodology could be said to correctly capture the 

expected Stokes-Einstein behavior of the system despite the poor performance of the force field 

in reproducing dynamical properties, especially for the longer chained PEGs. Thus, it is 

reasonable to conclude that the force field needs a significant reparameterization to allow for a 

sampling of the correct dynamics. This could include modification to the dihedral potential 
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function parameters or the charges on atoms, for instance. However, such reparameterization is 

out of the scope of this investigation, and we leave this topic for future work. 

 

 

Figure 8: Percent absolute difference (% AD) of the product 𝐷𝑃𝐸𝐺
∞ 𝜂 between simulated and 

experimental values with shear viscosities calculated using either the D-based method or the time 

decomposition method for neat PEG systems containing 1000 PEG molecules. 

 

An important note to make is that although the D-based method appears attractive in principle, 

repeated simulations take a significant amount of time to conduct, especially if the simulations 
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addition, differences between finite-size self-diffusivities for varying sized systems become 

much harder to detect when self-diffusion is very slow. For this reason, the shear viscosity is 

much more prone to higher uncertainty for longer chained PEG oligomers when using the D-

based method. Clearly, the unusually high shear viscosity for the PeEG and SPC/E water mixture 

in the top graph of Figure 7 is a result of this problem occurring. In contrast, the time 
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Despite this downside, the D-based method still provides self-diffusion coefficients in the 

thermodynamic limit by correcting for finite-size effects. For this reason alone, the D-based 

method may still be a viable method in many other systems and should not be ruled out entirely 

when considering the simulation methodology for a system of interest. 

3.5 Hydrogen Bonding Numbers 

The analysis of the number of each type of hydrogen bond (H-bond) in a system can reveal much 

about its internal network structure. For this reason, we discuss them here. Table G.7 contains 

average hydrogen bonding numbers for all the systems tested and an analysis of the various 

trends is laid out in this section. Note that for the following analyses of mixture simulations, 

there is no inherent difference between using SPC/E and TIP4P/2005 water except when water 

interacts with water, which may be attributed to differences in the structural representation of 

water, namely that SPC/E is a 3-point while TIP4P/2005 is a 4-point model of water. 

3.5.1 PEG-PEG Hydrogen Bonding 

With all the neat and mixture simulations utilizing a PEG solvent, it is reasonable to look at the 

tendency of PEG molecules to H-bond with other PEG molecules. Because the PEG oligomers 

tested mainly differ in the number of ethylene oxide repeats (and hence differ in the number of 

ether oxygens present) and this simple difference can have a significant effect on a molecule’s 

chemical and physical properties, it is suspected that this structural difference will explain many 

of the trends seen in Table G.7. We will show that such is the case. 

Because of the increased number of ether oxygens present in a PEG as oligomer chain length 

increases, it would not be unexpected to see, for probabilistic reasons, the number of H-bonds 

donated to ether oxygens to increase as well. Figure 9 shows this to be case where an increase in 

the number of hydroxyl-ether (OH-Oe) H-bonds per PEG molecule in a neat system occurs with 

increasing PEG oligomer chain length. However, due to the increased tendency of hydroxyl 

groups to H-bond to ethers rather than other hydroxyl groups under these circumstances, an 

expected decrease in the degree of hydroxyl-hydroxyl (OH-OH) H-bonding should also be 

present. This occurs as seen in Figure 10, where the number of hydroxyl-hydroxyl H-bonds 

decrease with increasing chain length for the neat systems, which is a reversal of the trend for 

hydroxyl-ether H-bonding numbers as seen in Figure 9 for the neat systems. 

Similar trends for the mixture systems as noted for the neat systems can be observed in Figures 9 

and 10 as well, with the exception that TeEG/water mixtures have slightly more hydroxyl-ether 

H-bonding than PeEG/water mixtures do in Figure 9 regardless of the model of water used. 

However, mixture simulations in Figures 9 and 10 have overall lower H-bonding numbers 

compared to neat simulations for two possible reasons. The first is that water can H-bond with 

either the ethers or the hydroxyls of a PEG molecule in mixture simulations, taking away the 

opportunity for another PEG to H-bond to another PEG, which is something that cannot happen 
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in a simulation of neat PEG without water. The second possible reason is that the decreased 

number of PEG molecules in a mixture simulation relative to that of a neat simulation means that 

the chance of a PEG molecule finding another is overall lower. Regardless of the reason, it is 

apparent that mixture simulations have less PEG-PEG H-bonding than their neat counterparts. 

 

 

Figure 9: Average number of PEG hydroxyl-ether (OH-Oe) H-bonds per PEG molecule for all 

the 1000 molecule neat and mixture simulations tested. 
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Figure 10: Average number of PEG hydroxyl-hydroxyl (OH-OH) H-bonds per PEG molecule 

for all the 1000 molecule neat and mixture simulations tested. 
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We now turn our attention to the mixture simulations. Recall that the purpose of this study is to 
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The number of water-ether H-bonds on a per water basis for all the mixture simulations tested 

can be found in Figure 11, which shows significant increases in the number of H-bonds with 

increasing oligomer chain length, which can be attributed to the greater number of present ether 

oxygens with increased chain length. This is similar to the trends seen for the neat (not the 

mixture) simulations as listed in Figure 9 for the PEG hydroxyl-ether H-bonding numbers on a 

per PEG basis. The reason we compare the trend for neat simulations rather than for mixture 

simulations in Figure 9 can be explained by the fact that a mixture simulation is essentially a 

replacement of some PEG molecules in a neat system with water molecules instead. Thus, it is 

not unexpected that similar trends are seen, as replacement of a PEG with a water molecule 

approximately converts a PEG hydroxyl-ether H-bond into a water-ether H-bond assuming the 

system is allowed to equilibrate. Of course, due to the smaller size of water and its known ability 

to form large H-bond networks, the magnitudes of the H-bond numbers will differ. Indeed, the 

magnitude of the PEG hydroxyl-ether H-bond numbers on a per PEG basis for neat simulations 

in Figure 9 differs from that of the water-ether H-bond numbers on a per water basis in Figure 11 

for the TeEG and PeEG systems, and the degree in which this difference occurs is quite large. 

Note that although Figure 9 uses a per PEG basis for a neat system while Figure 11 uses a per 

water basis for a mixture system, this is a permissible comparison given that PEG in a neat 

system can maximally H-bond to other PEG molecules since it is the only molecule present, 

while water in a mixture can H-bond (for the most part) maximally with other PEGs due to the 

larger size and presence of the PEG in the mixture. Thus, the trend in Figure 11 makes sense 

considering the idea of replacing PEG molecules in a neat system with other water molecules to 

form a mixture system. 

 

Figure 11: Average number of water-ether (water-Oe) H-bonds per water molecule for all the 

1000 molecule mixture simulations tested. 
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With an increase in the number of water-ether H-bonds on a per water basis with increasing 

chain length, a decrease in the number of water-PEG hydroxyl H-bonds on a per water basis is 

expected. This expectation is confirmed in Figure 12, which shows this number decreasing with 

increasing chain length. Unsurprisingly, the trend in Figure 12 is almost identical to that of the 

PEG hydroxyl-PEG hydroxyl H-bond numbers on a per PEG basis for the neat systems as seen 

in Figure 10 if following the idea of replacing PEG with water as described prior. Thus, these are 

consistent results showing that the number of H-bonds to PEG ethers and hydroxyl groups follow 

an inverse relationship with one another with increasing PEG chain length. 

 

Figure 12: Average number of water-PEG hydroxyl (water-OHPEG) H-bonds per water molecule 

for all the 1000 molecule mixture simulations tested. 
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water will form on average 1.5 H-bonds with PeEG ether oxygens (Figure 11) and 1.3 H-bonds 

with PEG hydroxyl groups (Figure 12), suggesting a shift of the water bridging behavior from 

that of the hydroxyl groups to the ether groups. Note that when going from TeEG to PeEG, the 

number of H-bonds of water to ethers increases much more strongly than the degree to which the 

number of H-bonds of water to hydroxyl groups decreases. Thus, unlike TeEG which prefers to 

form water bridging H-bonds at the hydroxyl groups, PeEG is likely to form water bridging H-

bonds at both the ether and hydroxyl groups with similar frequencies, and this implies that PeEG 

can form more varied H-bonding water bridging networks relative to that possible for DEG and 

TeEG.  

The presence of a significant number of water-ether H-bonds for TeEG and PeEG implies that 

water has a strong tendency to be closer to the center of a PEG molecule rather than the end of a 

PEG molecule. Because longer-chained PEGs adopt more coiled conformations and therefore 

leave more unoccupied space around the center of the PEG molecule, then water fills in the 

empty spaces in PeEG/water mixtures better than it does for TeEG/water mixtures which also 

does it better than DEG/water mixtures. Thus, out of the systems tested, PeEG/water mixtures 

should have the greatest packing of water molecules with DEG/water mixtures having the least. 

This explains why the mixture simulations in Figure 4 have higher densities than their neat 

counterparts for TeEG and PeEG (but not DEG) with the deviation being greatest in PeEG, as a 

more efficient packing leading to a higher density occurs with increasing chain length. 

Furthermore, with a better packing of water molecules with increasing chain length, it is not 

unexpected why the water self-diffusion in Figure 6 decreases with increasing chain length. 

Namely, a better packing of water molecules inhibits the mobility of water molecules and hence 

their ability to self-diffuse within the mixture decreases. However, as stated in Section 3.2, water 

self-diffusion is on average still faster than the PEG solvent. Thus, if a water molecule was 

bridging between two PEG molecules at ether groups, thereby “gluing” the two PEGs together, 

then the faster water self-diffusion suggests that this bridging H-bond is dynamic and can break 

and reform. Nevertheless, since the water is at least somewhat stuck between the two PEGs, then 

there is a good chance that a different H-bond bridge would form instead (e.g., hydroxyl-water-

hydroxyl or hydroxyl-water-ether bridges) since the water is in close proximity to these other 

groups. The idea that there is a breaking and forming of different H-bond bridges reconciles the 

density, self-diffusion, and H-bonding data and appears to be a reasonable explanation as to the 

behavior of water in a PEG/water mixture system. 

However, does water cluster in these systems? Figure 13, which shows the number of water-

water H-bonds occurring in mixture simulations, suggests that water molecules see each other 

quite infrequently and therefore do not cluster. Interestingly, even though PeEG/water mixtures 

have more water molecules than DEG/water mixtures do in the simulations (approximately 2x 

more), the number of water-water H-bonds decreases despite this fact. This further supports the 

idea that PEG/water mixtures containing PEGs of longer chain length tend to have water 

molecules fill the gaps in the system rather than cluster about one another. 
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Figure 13: Average number of water-water H-bonds per water molecule for all the 1000 

molecule mixture simulations tested. 
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hydroxyl-hydroxyl H-bonds being highest for the DEG/water mixtures as seen in Figure 10, the 
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may be at play here in determining the frequency at which two hydroxyl oxygens are close to 

one another. However, this may not be a fair comparison given that the number of PEG 

molecules in each of the mixture simulations are different from one another. Future investigation 

should be taken to see if similar RDF patterns would be obtained when all mixtures have the 

same number of PEG molecules. 

 

 

Figure 14: RDFs between two PEG hydroxyl oxygen atoms in mixtures of PEG and SPC/E 

water. Each RDF is calculated based on a single 1000 molecule simulation. 
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Figure 15: RDFs between water oxygens and PEG hydroxyl oxygen atoms in mixtures of PEG 

and SPC/E water. Each RDF is calculated based on a single 1000 molecule simulation. 
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water which H-bonds with the hydroxyl groups will also be at more varied distances away from 

the ether oxygen. Nevertheless, Figure 16 is important because it supports the H-bond results 

showing that water-ether H-bonding is much more prominent with increasing PEG chain length. 

As stated prior, however, H-bond lifetimes may also play a role in the height of the peaks in the 

RDFs. Therefore, investigation into the H-bond lifetimes of these systems may be an important 

direction for future research in determining whether these lifetimes have a significant effect on 

system structure. 

 

 

Figure 16: RDFs between water oxygens and PEG ether oxygen atoms in mixtures of PEG and 

SPC/E water. Each RDF is calculated based on a single 1000 molecule simulation. 
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3.7 Proposed Water Behavior Model 

According to the MD simulation results as laid out in Sections 3.1-3.6, it appears that water 

clusters do not form in mixtures of PEG and 20,000 ppm of water. As the snapshots in Figure 17 

show, water clusters are barely present when using PeEG, the longest chain PEG tested, as seen 

by how most water molecules are spread out over the entire system. Instead, the data suggests 

that water forms bridging H-bonds between two or more PEG molecules by either forming 

water-PEG hydroxyl and/or water-ether H-bonds. Thus, we propose that the behavior of water 

when in monodisperse PEGs is to act as a glue between the PEG molecules, thereby causing 

extensive system structuring and a significant slowdown in the overall dynamics of the system. 

 

                     

Figure 17: (a) Snapshot for the configuration of a mixture of pentaethylene glycol (green) and 

20,000 ppm of SPC/E water (red) after 500 ns of NVT production. A total of 787 pentaethylene 

glycol and 213 SPC/E water molecules are present in the 1000-molecule system. (b) The same 

snapshot, but with the pentaethylene glycol molecules removed, showing only the SPC/E water 

molecules. Water-water H-bonds are represented by thick blue dashed lines.  

 

Due to the structure of the PEGs tested, the formation of bridging water H-bonds is not an 

unexpected occurrence. Dormidontova25 found that polymer/water solutions containing a high 

polymer concentration with short-chained and hydroxyl-terminated PEGs have significantly 

greater cross-linking capabilities compared to that for solutions containing methyl-terminated 

PEGDMEs. This is because PEG/water mixtures can form both PEG-PEG and PEG-water-PEG 

(hydroxyl-water-hydroxyl, hydroxyl-water-ether, or ether-water-ether) cross-links while 

PEGDME/water mixtures can only form the latter ether-water-ether cross-links. Thus, a mixture 

of short-chained PEGs and 20,000 ppm of water (corresponding to approximately 0.96-0.98 

volume fraction of PEG depending on the chain length) is expected to have both an extensive 

(a) (b) 
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number of PEG-PEG and PEG-water-PEG cross-links. For such mixtures, the formation of PEG-

PEG cross-links may lead to a greater trapping of water molecules since the formation of more 

extensive H-bonding networks restricts the ability for water to move about freely. Furthermore, 

the ability for PEG to donate a H-bond to water via its hydroxyl group may also stabilize the 

water molecules enough to prevent their aggregation into clusters. Looking at the water self-

diffusion results in Section 3.2 in conjunction with the H-bonding results in Section 3.5 suggest 

this to be a very plausible scenario.  

For these reasons, the results reported by Borodin et al. regarding the presence of water clusters 

for mixtures of undecaethylene glycol dimethyl ether and water is likely not applicable here.19 

Namely, the mixtures used by Borodin et al. could only form ether-water-ether cross-links while 

the mixtures tested in this study could form a variety of PEG-PEG or PEG-water-PEG cross-

links through their hydroxyl groups. It is interesting to note that despite undecaethylene glycol 

dimethyl ether being much longer than any of the PEGs used here, and the fact that cross-linking 

behavior in PEGDMEs is enhanced with increasing chain length,25 that water clusters still 

formed in the mixtures used by Borodin et al. Therefore, we conclude that terminating PEGs 

with hydroxyl rather than methyl groups cause significant changes in the various cross-links that 

are created, and these cross-links inhibit water clusters from being formed for the reasons as 

described previously.  

Even though water forms bridging H-bonds between PEGs in the mixtures here, the water self-

diffusion coefficients are found to be 2-5x higher than the corresponding PEG self-diffusion 

coefficients. This contrasts with the 2D-DOSY plot in Figure 1 which shows the water self-

diffusion being either slower than or equivalent to that for the PeEG. This discrepancy may be 

attributable to the fact that the PeEG/water mixture used in this study contained 20,000 ppm of 

water while the 2D-DOSY plot was generated using a mixture with 1800 ppm of water. Because 

lower amounts of water would lead to more water molecules to “sandwich” their way between 

more PeEG molecules and therefore be more stabilized, it is possible that water could be held 

much more strongly in H-bonding bridges in the 1800 ppm mixture comparatively to that of the 

20,000 ppm mixture. However, without knowledge of the lifetimes of these H-bonds, it is 

difficult to determine whether such increased stabilization of water is due to its tendency to form 

H-bonds that break less frequently or is due to other factors not explored here. 

If such a phenomenon occurred, however, then water self-diffusion would be significantly 

reduced. Yet, why would the water be found to diffuse slower than the PeEG? We propose that 

water bridges lead to the formation of PeEG-water-PeEG “conjoined-molecules” that as a whole 

diffuse much more slowly than an individual PeEG molecule would. Because the NMR self-

diffusion coefficients represented in a 2D-DOSY plot are a time and ensemble average of all the 

various species that are in dynamic equilibrium,79 and very few water molecules are present if 

the mixture has 1800 ppm of water, then each individual water molecule plays a significant 

contribution to the water signal. In that case, since most of the water molecules would be part of 

a PeEG-water-PeEG “conjoined-molecule,” then it is not unexpected that the water signal has a 
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portion showing water diffusing slower than the PeEG itself. The spread-out water signal, 

however, may be due in part to differences in the strength of the bridging H-bonds, where the 

weaker H-bonds (with shorter H-bond lifetimes) may lead to water self-diffusing about at the 

same rate as PeEG does. (Note that it may also be possible for water to form H-bonding bridges 

between oxygens contained within the same PeEG molecule. This, therefore, may be another 

mechanism by which the water self-diffusion can be made slower comparatively to that of the 

surrounding PeEG.) 

Conversely, many PeEG molecules would be present in a mixture of PeEG and 1800 ppm water 

and therefore each individual PeEG would play a relatively small contribution to the signal. 

Thus, the averaged signal would reflect the fact that a majority of PeEG molecules would not be 

part of these PeEG-water-PeEG “conjoined-molecules” and instead would adopt dynamics 

similar to that observed in a neat PeEG system. For this reason, there is not a spreading-out of 

the PeEG signals in the 2D-DOSY spectrum as there is for the water signal. 

Nevertheless, much of this proposition relies on the assumption that the lifetimes of the water 

bridging H-bonds increases with decreasing water content. We are aware of a paper14 that found 

that the lifetimes for PEG-water H-bonds for 50% mole fraction of aqueous mono-, di-, and 

triethylene glycols increase with increasing chain length, but to the best of our knowledge, we 

are unaware of any literature discussing the lifetimes of PEG-water H-bonds when the water 

concentration is decreased and brought close to zero. Thus, future investigation into H-bond 

lifetimes for the systems tested here may provide a more complete picture in further 

understanding the nature of bridging/cross-linking H-bonds that form in mixtures of 

monodisperse PEGs and low water content. 
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4 Conclusion 

In summary, MD simulations of PEG (either DEG, TeEG, or PeEG)/water mixtures with 20,000 

ppm of water were carried out to determine whether water would form clusters or bridging H-

bonds as an explanation for the self-diffusion of water being slower than that of the PEG solvent 

as observed via DOSY NMR experiments. Furthermore, we sought to determine the validity of 

the OPLS/AA force field for PEGs by comparing simulated thermophysical and dynamical 

properties with those from experiments.  

In testing the validity of the OPLS/AA force field for PEGs, densities were found to be 

underestimated in DEG and overestimated in TeEG and PeEG relative to that of neat 

experimental systems, suggesting that the force field needed some improvement regarding the 

density even though its performance was fair. The OPLS/AA force field was also found to 

severely underestimate the self-diffusion coefficients and severely overestimate the shear 

viscosity even though the system was found to adhere to Stokes-Einstein behavior even for the 

longer chained PEGs. Thus, it was concluded that the force field was unable to reproduce PEG 

dynamical properties reasonably, and so a significant reparameterization of the force field needs 

to be carried out to improve dynamics. No significant differences between SPC/E and 

TIP4P/2005 water were observed when analyzing results, and so the results were said to be 

robust with regards to which of the water models were used in simulations. 

Regarding the behavior of water in PEG/water mixtures, results from densities, self-diffusion 

coefficients, H-bonding numbers, RDFs, and simulation trajectory snapshots revealed that water 

formed bridging H-bonds rather than clustered aggregates. It was reasoned that the higher 

density for mixture simulations involving larger PEG oligomers compared to that for neat 

simulations was due to water “filling the gaps” between PEGs which led to significant 

“gluing/bridging” effects between the PEGs. Self-diffusion coefficient results suggested that 

PEG “drags” water along with its movement, thereby implying the possible presence of bridging 

H-bonds. The trends and magnitudes for the average H-bonding numbers revealed that bridging 

H-bonds did exist in these mixture systems and that increasing the PEG oligomer chain length 

led to a shift of water bridging from the hydroxyl groups to the ether groups, implying that 

longer PEG oligomers could form much more varied H-bonding water bridging networks 

comparatively to that for shorter PEGs. Finally, the RDFs verified the H-bonding number 

findings that the hydroxyl groups in PEG were strongly hydrated, and that the hydration of ether 

oxygens increased with increasing PEG oligomer chain length. Thus, the data presented here 

supports the model that the behavior of water in monodisperse PEGs is to act as a glue between 
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the PEG molecules, which via H-bonding, causes the system to extensively structure and 

experience a significant slowdown in its overall dynamics. More specifically, we proposed that 

the formation of PEG-PEG cross-links and H-bonding between hydroxyl groups and water leads 

to an overall greater trapping of water that leads to the formation of bridges rather than clusters, a 

result in stark contrast to that found in the literature regarding PEGDME/water mixtures of low 

water content. 

The discrepancy in the MD simulations with that of the DOSY results was explained by the fact 

that the mixtures were simulated with a water content higher than that used for the DOSY 

measurements. An increase in H-bonding lifetimes with decreasing water content in conjunction 

with the relatively low abundances of water molecules was proposed to lead to water self-

diffusion being slower than the PEG. Further investigation into the lifetimes of these bridging H-

bonds is therefore an important area of future research for understanding the behavior of water in 

monodisperse PEGs better.  
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Appendix A: Running MD Simulations in GROMACS 

To run an MD simulation as a user, simulation software (which are often open source) are 

usually used including, but not limited to, GROMACS, LAMMPS, NAMD, GROMOS, and 

AMBER. Due to being fast and efficient on single computers or clusters, open source, 

extensively documented, and containing user-friendly tools that assists at all stages of a MD 

simulation procedure, GROMACS is a simulation software package widely used by the scientific 

community. 

To run an MD simulation on a computer with GROMACS, only 3 files are “required” to begin a 

simulation: 

1. Topology File (.top) – Contains atomic and molecular definitions and defines interactions 

between various atoms in a molecule and molecular system. The main topology (.top) file 

may be broken up over multiple include topology (.itp) files. 

2. Coordinate/Structure File (.gro) – Contains positions (and velocities) for each atom in a 

molecule or molecular system. 

3. MD Parameter File (.mdp) – Contains details and specifies computer algorithms 

necessary for running a simulation (e.g., integrator, temperature, pressure, and 

constraints) 

There are many details behind the creation of each of these files. However, the reason why these 

files are necessary is that (1) the topology file contains the “force field”, or set of potential 

energy functions, and thus defines the various intra- and intermolecular forces present in a 

system, (2) the coordinate/structure file defines where each atom in a molecular system is located 

in 3D-Cartesian space, and (3) the MD parameter file specifies all the conditions and details 

necessary for making the simulation run under the simulator’s desired conditions. If any of these 

files are missing, the simulation will fail because either the molecular system is missing the 

position, velocity, or force definitions required for each atom in the simulation or the simulation 

conditions have not been fully defined. Thus, these files are foundational for a simulation to run 

and therefore must always be included whenever a simulation is conducted. 

Once all three files have been generated, the next stage is known as the pre-processing stage. 

This stage is done by the GROMACS grompp (GROMACS pre-processor) module which works 

by combining all the information from the three files into binary format for GROMACS to 

process. The resulting file out of this process is known as the run input (.tpr) file. 
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Once the run input file (.tpr) is produced, the actual simulations are done using the GROMACS 

mdrun module which calls upon GROMACS main computational engine and takes in the run 

input file. The simulations will take varying amounts of real-world time to complete depending 

on the simulation conditions specified. Simulation times can range from a few seconds to a few 

minutes to a few months. Regardless, the mdrun module produces files that describe the 

movement of atoms in the system (known as the trajectory; files have extension .trr or .xtc) and 

energies of the system (file extension .edr) over a specified simulation time. These files form the 

basis of the simulation results. 

Although true that the trajectory (.trr/.xtc) and energy (.edr) files characterize the simulation 

results, it is meaningless without the analysis stage. This stage involves using various 

GROMACS modules or self-generated code to extract the properties of interest from these files. 

For example, a GROMACS module known as energy can be used to find the density of a 

simulated system. The analysis stage therefore serves as a sort of post-processing to get a desired 

property of interest and verify that such property has stabilized/converged to equilibrium. 

Without the analysis stage, simulations have very little meaning on their own. 

Everything stated above characterizes a single simulation. However, to extract properties of 

interest accurately, a protocol made up of a series of single simulations is required. Each of these 

single simulations may have different conditions, but they nevertheless work together in 

succession in a sort of refining procedure. Since different properties of interest may require 

different conditions or different data to be collected at each stage, different protocols (and hence 

individual simulations) exist for various properties. For example, the procedure for finding the 

density is different than the procedure for finding the self-diffusion coefficient of a molecule. 

Therefore, knowing what “type” of simulation to run at each stage of a protocol is fundamental 

in making sure that good quality results are obtained in the end. 

This discussion of a simulation protocol brings up the concept of statistical ensembles. Statistical 

ensembles (NVE, NVT, NPT, μVT, etc.) define the “type” of simulation run at each stage of a 

protocol and are inherently rooted in the study of statistical mechanics. Each of these ensembles 

serve a specific purpose such as the NPT ensemble allowing for the equilibrium density of a 

system to be reached. Therefore, these ensembles are applied in stages known as “equilibration” 

and “production” where “equilibration” serves to stabilize other properties of the system such 

that the property of interest can be accurately obtained during the “production” stage. There can 

be multiple “equilibration” simulations before a “production” simulation. Knowing which 

ensemble to use at each stage is not necessarily obvious, and user experience alongside 

information from the literature is needed to guide proper decision-making. 

In summary, a series of individual simulations make up a protocol, and the type of simulation 

done at each step of a protocol is determined by the property to be simulated where such types 

are defined by the usage of statistical ensembles. Protocols are characterized by “equilibration” 

and “production” stages and, most of the time, is preceded by an “energy minimization” stage 
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which removes bad contacts between atoms that may crash a system by moving atoms in steps 

and allowing the system to reach a local energy minimum. The following is the protocol we used 

for this thesis research: 

1. Energy Minimization, 

2. NPT equilibration, 

3. NVT production, 

4. Analysis. 

As each of these steps were highly important for accurately obtaining the densities, self-diffusion 

coefficients, shear viscosities, hydrogen bonding numbers, and radial distribution functions for 

PEG/water mixture systems, a thorough discussion of the methods employed is provided in 

Section 2. 
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Appendix B: Topology Files 

File B.1: Include topology file “DEG.itp” 

; 

; GENERATED BY LigParGen Server 

; Jorgensen Lab @ Yale University  

; 

[ atomtypes ] 

  opls_810  H810     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_802  C802    12.0110     0.000    A    3.50000E-01   2.76144E-01 

  opls_815  H815     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_801  C801    12.0110     0.000    A    3.50000E-01   2.76144E-01 

  opls_809  H809     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_803  O803    15.9990     0.000    A    2.90000E-01   5.85760E-01 

  opls_807  H807     1.0080     0.000    A    0.00000E+00   0.00000E+00 

  opls_814  H814     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_812  H812     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_800  O800    15.9990     0.000    A    3.12000E-01   7.11280E-01 

  opls_816  H816     1.0080     0.000    A    0.00000E+00   0.00000E+00 

  opls_804  C804    12.0110     0.000    A    3.50000E-01   2.76144E-01 

  opls_808  H808     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_813  H813     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_811  H811     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_805  C805    12.0110     0.000    A    3.50000E-01   2.76144E-01 

  opls_806  O806    15.9990     0.000    A    3.12000E-01   7.11280E-01 

[ moleculetype ] 

; Name               nrexcl 

DEG                   3 

[ atoms ] 

;   nr       type  resnr residue  atom   cgnr     charge       mass   

     1   opls_800      1    DEG   O00      1    -0.6888    15.9990  

     2   opls_801      1    DEG   C01      1     0.1083    12.0110  

     3   opls_802      1    DEG   C02      1     0.0070    12.0110  

     4   opls_803      1    DEG   O03      1    -0.4006    15.9990  

     5   opls_804      1    DEG   C04      1    -0.0412    12.0110  

     6   opls_805      1    DEG   C05      1     0.1079    12.0110  

     7   opls_806      1    DEG   O06      1    -0.6863    15.9990  

     8   opls_807      1    DEG   H07      1     0.4182     1.0080  

     9   opls_808      1    DEG   H08      1      0.082     1.0080  

    10   opls_809      1    DEG   H09      1      0.082     1.0080  

    11   opls_810      1    DEG   H0A      1     0.0928     1.0080  

    12   opls_811      1    DEG   H0B      1     0.0928     1.0080  

    13   opls_812      1    DEG   H0C      1     0.0946     1.0080  

    14   opls_813      1    DEG   H0D      1     0.0946     1.0080  

    15   opls_814      1    DEG   H0E      1     0.1067     1.0080  
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    16   opls_815      1    DEG   H0F      1     0.1067     1.0080  

    17   opls_816      1    DEG   H0G      1     0.4233     1.0080  

[ bonds ] 

    2     1     1      0.1410 267776.000 

    3     2     1      0.1529 224262.400 

    4     3     1      0.1410 267776.000 

    5     4     1      0.1410 267776.000 

    6     5     1      0.1529 224262.400 

    7     6     1      0.1410 267776.000 

    8     1     1      0.0945 462750.400 

    9     2     1      0.1090 284512.000 

   10     2     1      0.1090 284512.000 

   11     3     1      0.1090 284512.000 

   12     3     1      0.1090 284512.000 

   13     5     1      0.1090 284512.000 

   14     5     1      0.1090 284512.000 

   15     6     1      0.1090 284512.000 

   16     6     1      0.1090 284512.000 

   17     7     1      0.0945 462750.400 

[ angles ] 

;  ai    aj    ak funct            c0            c1            c2            

c3  

    1     2     3     1    109.500    418.400 

    2     3     4     1    109.500    418.400 

    3     4     5     1    109.500    502.080 

    4     5     6     1    109.500    418.400 

    5     6     7     1    109.500    418.400 

    2     1     8     1    108.500    460.240 

    1     2     9     1    109.500    292.880 

    1     2    10     1    109.500    292.880 

    2     3    11     1    110.700    313.800 

    2     3    12     1    110.700    313.800 

    4     5    13     1    109.500    292.880 

    4     5    14     1    109.500    292.880 

    5     6    15     1    110.700    313.800 

    5     6    16     1    110.700    313.800 

    6     7    17     1    108.500    460.240 

    4     3    11     1    109.500    292.880 

    9     2    10     1    107.800    276.144 

   15     6    16     1    107.800    276.144 

   13     5    14     1    107.800    276.144 

    6     5    14     1    110.700    313.800 

   11     3    12     1    107.800    276.144 

    3     2     9     1    110.700    313.800 

    6     5    13     1    110.700    313.800 

    7     6    15     1    109.500    292.880 

    7     6    16     1    109.500    292.880 

    4     3    12     1    109.500    292.880 

    3     2    10     1    110.700    313.800 

[ dihedrals ] 

; IMPROPER DIHEDRAL ANGLES  

;  ai    aj    ak    al funct            c0            c1            c2            

c3            c4            c5 

[ dihedrals ] 
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; PROPER DIHEDRAL ANGLES 

;  ai    aj    ak    al funct            c0            c1            c2            

c3            c4            c5 

    6    5    4    3        3       1.715   2.845   1.046  -5.607  -0.000   

0.000 

    5    4    3    2        3       1.715   2.845   1.046  -5.607  -0.000   

0.000 

   12    3    2    9        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   16    6    5   13        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   12    3    2   10        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   16    6    5   14        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   11    3    2   10        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   15    6    5   13        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   11    3    2    9        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   15    6    5   14        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   14    5    6    7        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   12    3    2    1        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   13    5    6    7        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   11    3    2    1        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   15    6    5    4        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   16    6    5    4        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   10    2    3    4        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

    9    2    3    4        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

    9    2    1    8        3       0.736   2.209   0.000  -2.946  -0.000   

0.000 

   10    2    1    8        3       0.736   2.209   0.000  -2.946  -0.000   

0.000 

   13    5    4    3        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   11    3    4    5        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   14    5    4    3        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   12    3    4    5        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   17    7    6    5        3      -0.444   3.833   0.728  -4.117  -0.000   

0.000 
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    8    1    2    3        3      -0.444   3.833   0.728  -4.117  -0.000   

0.000 

   17    7    6   15        3       0.736   2.209   0.000  -2.946  -0.000   

0.000 

   17    7    6   16        3       0.736   2.209   0.000  -2.946  -0.000   

0.000 

    7    6    5    4        3       9.035  -9.035   0.000  -0.000  -0.000   

0.000 

    4    3    2    1        3       9.035  -9.035   0.000  -0.000  -0.000   

0.000 

[ pairs ] 

     1     4    1 

     2     5    1 

     3     6    1 

     4     7    1 

     3     8    1 

     1    11    1 

     4     9    1 

     1    12    1 

     4    10    1 

     5    11    1 

     3    13    1 

     8     9    1 

     5    12    1 

     3    14    1 

     8    10    1 

     4    15    1 

     9    11    1 

     7    13    1 

     4    16    1 

    10    11    1 

     9    12    1 

     7    14    1 

    10    12    1 

     5    17    1 

    13    15    1 

    14    15    1 

    13    16    1 

    14    16    1 

    15    17    1 

    16    17    1 

 

 

File B.2: Include topology file “TeEG.itp” 

; 

; GENERATED BY LigParGen Server 

; Jorgensen Lab @ Yale University  

; 

[ atomtypes ] 

  opls_818  H818     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_803  O803    15.9990     0.000    A    2.90000E-01   5.85760E-01 

  opls_824  H824     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_809  O809    15.9990     0.000    A    2.90000E-01   5.85760E-01 
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  opls_800  O800    15.9990     0.000    A    3.12000E-01   7.11280E-01 

  opls_828  H828     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_806  O806    15.9990     0.000    A    2.90000E-01   5.85760E-01 

  opls_802  C802    12.0110     0.000    A    3.50000E-01   2.76144E-01 

  opls_815  H815     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_801  C801    12.0110     0.000    A    3.50000E-01   2.76144E-01 

  opls_822  H822     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_807  C807    12.0110     0.000    A    3.50000E-01   2.76144E-01 

  opls_825  H825     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_814  H814     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_810  C810    12.0110     0.000    A    3.50000E-01   2.76144E-01 

  opls_820  H820     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_821  H821     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_816  H816     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_812  O812    15.9990     0.000    A    3.12000E-01   7.11280E-01 

  opls_811  C811    12.0110     0.000    A    3.50000E-01   2.76144E-01 

  opls_823  H823     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_813  H813     1.0080     0.000    A    0.00000E+00   0.00000E+00 

  opls_805  C805    12.0110     0.000    A    3.50000E-01   2.76144E-01 

  opls_826  H826     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_819  H819     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_804  C804    12.0110     0.000    A    3.50000E-01   2.76144E-01 

  opls_827  H827     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_808  C808    12.0110     0.000    A    3.50000E-01   2.76144E-01 

  opls_817  H817     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_829  H829     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_830  H830     1.0080     0.000    A    0.00000E+00   0.00000E+00 

[ moleculetype ] 

; Name               nrexcl 

TeEG                   3 

[ atoms ] 

;   nr       type  resnr residue  atom   cgnr     charge       mass   

     1   opls_800      1    TeEG   O00      1    -0.6888    15.9990  

     2   opls_801      1    TeEG   C01      1     0.1085    12.0110  

     3   opls_802      1    TeEG   C02      1     0.0084    12.0110  

     4   opls_803      1    TeEG   O03      1    -0.3854    15.9990  

     5   opls_804      1    TeEG   C04      1     0.0086    12.0110  

     6   opls_805      1    TeEG   C05      1     0.0089    12.0110  

     7   opls_806      1    TeEG   O06      1    -0.3849    15.9990  

     8   opls_807      1    TeEG   C07      1     0.0089    12.0110  

     9   opls_808      1    TeEG   C08      1     0.0067    12.0110  

    10   opls_809      1    TeEG   O09      1    -0.3989    15.9990  

    11   opls_810      1    TeEG   C0A      1    -0.0409    12.0110  

    12   opls_811      1    TeEG   C0B      1     0.1079    12.0110  

    13   opls_812      1    TeEG   O0C      1    -0.6858    15.9990  

    14   opls_813      1    TeEG   H0D      1     0.4178     1.0080  

    15   opls_814      1    TeEG   H0E      1     0.0821     1.0080  

    16   opls_815      1    TeEG   H0F      1     0.0821     1.0080  

    17   opls_816      1    TeEG   H0G      1     0.0926     1.0080  

    18   opls_817      1    TeEG   H0H      1     0.0926     1.0080  

    19   opls_818      1    TeEG   H0I      1     0.0916     1.0080  

    20   opls_819      1    TeEG   H0J      1     0.0916     1.0080  

    21   opls_820      1    TeEG   H0K      1     0.0917     1.0080  

    22   opls_821      1    TeEG   H0M      1     0.0917     1.0080  
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    23   opls_822      1    TeEG   H0N      1     0.0913     1.0080  

    24   opls_823      1    TeEG   H0O      1     0.0913     1.0080  

    25   opls_824      1    TeEG   H0P      1      0.092     1.0080  

    26   opls_825      1    TeEG   H0Q      1      0.092     1.0080  

    27   opls_826      1    TeEG   H0R      1     0.0946     1.0080  

    28   opls_827      1    TeEG   H0S      1     0.0946     1.0080  

    29   opls_828      1    TeEG   H0T      1     0.1069     1.0080  

    30   opls_829      1    TeEG   H0U      1     0.1069     1.0080  

    31   opls_830      1    TeEG   H0V      1     0.4234     1.0080  

[ bonds ] 

    2     1     1      0.1410 267776.000 

    3     2     1      0.1529 224262.400 

    4     3     1      0.1410 267776.000 

    5     4     1      0.1410 267776.000 

    6     5     1      0.1529 224262.400 

    7     6     1      0.1410 267776.000 

    8     7     1      0.1410 267776.000 

    9     8     1      0.1529 224262.400 

   10     9     1      0.1410 267776.000 

   11    10     1      0.1410 267776.000 

   12    11     1      0.1529 224262.400 

   13    12     1      0.1410 267776.000 

   14     1     1      0.0945 462750.400 

   15     2     1      0.1090 284512.000 

   16     2     1      0.1090 284512.000 

   17     3     1      0.1090 284512.000 

   18     3     1      0.1090 284512.000 

   19     5     1      0.1090 284512.000 

   20     5     1      0.1090 284512.000 

   21     6     1      0.1090 284512.000 

   22     6     1      0.1090 284512.000 

   23     8     1      0.1090 284512.000 

   24     8     1      0.1090 284512.000 

   25     9     1      0.1090 284512.000 

   26     9     1      0.1090 284512.000 

   27    11     1      0.1090 284512.000 

   28    11     1      0.1090 284512.000 

   29    12     1      0.1090 284512.000 

   30    12     1      0.1090 284512.000 

   31    13     1      0.0945 462750.400 

[ angles ] 

;  ai    aj    ak funct            c0            c1            c2            

c3  

    1     2     3     1    109.500    418.400 

    2     3     4     1    109.500    418.400 

    3     4     5     1    109.500    502.080 

    4     5     6     1    109.500    418.400 

    5     6     7     1    109.500    418.400 

    6     7     8     1    109.500    502.080 

    7     8     9     1    109.500    418.400 

    8     9    10     1    109.500    418.400 

    9    10    11     1    109.500    502.080 

   10    11    12     1    109.500    418.400 

   11    12    13     1    109.500    418.400 
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    2     1    14     1    108.500    460.240 

    1     2    15     1    109.500    292.880 

    1     2    16     1    109.500    292.880 

    2     3    17     1    110.700    313.800 

    2     3    18     1    110.700    313.800 

    4     5    19     1    109.500    292.880 

    4     5    20     1    109.500    292.880 

    5     6    21     1    110.700    313.800 

    5     6    22     1    110.700    313.800 

    7     8    23     1    109.500    292.880 

    7     8    24     1    109.500    292.880 

    8     9    25     1    110.700    313.800 

    8     9    26     1    110.700    313.800 

   10    11    27     1    109.500    292.880 

   10    11    28     1    109.500    292.880 

   11    12    29     1    110.700    313.800 

   11    12    30     1    110.700    313.800 

   12    13    31     1    108.500    460.240 

   25     9    26     1    107.800    276.144 

   23     8    24     1    107.800    276.144 

    3     2    15     1    110.700    313.800 

   29    12    30     1    107.800    276.144 

   12    11    27     1    110.700    313.800 

   15     2    16     1    107.800    276.144 

    7     6    22     1    109.500    292.880 

   21     6    22     1    107.800    276.144 

   27    11    28     1    107.800    276.144 

    6     5    19     1    110.700    313.800 

    9     8    23     1    110.700    313.800 

   13    12    29     1    109.500    292.880 

    3     2    16     1    110.700    313.800 

    4     3    18     1    109.500    292.880 

    9     8    24     1    110.700    313.800 

   19     5    20     1    107.800    276.144 

   13    12    30     1    109.500    292.880 

    6     5    20     1    110.700    313.800 

   10     9    25     1    109.500    292.880 

   10     9    26     1    109.500    292.880 

    4     3    17     1    109.500    292.880 

   17     3    18     1    107.800    276.144 

   12    11    28     1    110.700    313.800 

    7     6    21     1    109.500    292.880 

[ dihedrals ] 

; IMPROPER DIHEDRAL ANGLES  

;  ai    aj    ak    al funct            c0            c1            c2            

c3            c4            c5 

[ dihedrals ] 

; PROPER DIHEDRAL ANGLES 

;  ai    aj    ak    al funct            c0            c1            c2            

c3            c4            c5 

    6    5    4    3        3       1.715   2.845   1.046  -5.607  -0.000   

0.000 

    9    8    7    6        3       1.715   2.845   1.046  -5.607  -0.000   

0.000 
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   12   11   10    9        3       1.715   2.845   1.046  -5.607  -0.000   

0.000 

    5    4    3    2        3       1.715   2.845   1.046  -5.607  -0.000   

0.000 

    8    7    6    5        3       1.715   2.845   1.046  -5.607  -0.000   

0.000 

   11   10    9    8        3       1.715   2.845   1.046  -5.607  -0.000   

0.000 

   18    3    2   15        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   18    3    2   16        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   21    6    5   20        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   21    6    5   19        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   22    6    5   19        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   29   12   11   28        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   30   12   11   28        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   17    3    2   16        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   22    6    5   20        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   30   12   11   27        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   17    3    2   15        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   26    9    8   24        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   26    9    8   23        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   29   12   11   27        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   25    9    8   23        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   25    9    8   24        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   28   11   12   13        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   18    3    2    1        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   27   11   12   13        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   17    3    2    1        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   19    5    6    7        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   20    5    6    7        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   30   12   11   10        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 
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   26    9    8    7        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   24    8    9   10        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   22    6    5    4        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   23    8    9   10        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   29   12   11   10        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   21    6    5    4        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   25    9    8    7        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   15    2    3    4        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   16    2    3    4        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   16    2    1   14        3       0.736   2.209   0.000  -2.946  -0.000   

0.000 

   15    2    1   14        3       0.736   2.209   0.000  -2.946  -0.000   

0.000 

   21    6    7    8        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   24    8    7    6        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   22    6    7    8        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   28   11   10    9        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   26    9   10   11        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   19    5    4    3        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   25    9   10   11        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   17    3    4    5        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   20    5    4    3        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   23    8    7    6        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   18    3    4    5        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   27   11   10    9        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   31   13   12   11        3      -0.444   3.833   0.728  -4.117  -0.000   

0.000 

   14    1    2    3        3      -0.444   3.833   0.728  -4.117  -0.000   

0.000 

   31   13   12   30        3       0.736   2.209   0.000  -2.946  -0.000   

0.000 

   31   13   12   29        3       0.736   2.209   0.000  -2.946  -0.000   

0.000 
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   13   12   11   10        3       9.035  -9.035   0.000  -0.000  -0.000   

0.000 

    4    3    2    1        3       9.035  -9.035   0.000  -0.000  -0.000   

0.000 

    7    6    5    4        3      -1.151   1.151   0.000  -0.000  -0.000   

0.000 

   10    9    8    7        3      -1.151   1.151   0.000  -0.000  -0.000   

0.000 

[ pairs ] 

     1     4    1 

     2     5    1 

     3     6    1 

     4     7    1 

     5     8    1 

     6     9    1 

     7    10    1 

     3    14    1 

     1    17    1 

     8    11    1 

     4    15    1 

     1    18    1 

     4    16    1 

     9    12    1 

     5    17    1 

     3    19    1 

    10    13    1 

     5    18    1 

     3    20    1 

     4    21    1 

     7    19    1 

     4    22    1 

     7    20    1 

    14    15    1 

     8    21    1 

     6    23    1 

    14    16    1 

     8    22    1 

     6    24    1 

    15    17    1 

     7    25    1 

    16    17    1 

    15    18    1 

    10    23    1 

     7    26    1 

    16    18    1 

    10    24    1 

    11    25    1 

     9    27    1 

    11    26    1 

     9    28    1 

    10    29    1 

    19    21    1 

    13    27    1 

    10    30    1 
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    20    21    1 

    19    22    1 

    13    28    1 

    20    22    1 

    11    31    1 

    23    25    1 

    24    25    1 

    23    26    1 

    24    26    1 

    27    29    1 

    28    29    1 

    27    30    1 

    28    30    1 

    29    31    1 

    30    31    1 

 

 

File B.3: Include topology file “PeEG.itp” 

; 

; GENERATED BY LigParGen Server 

; Jorgensen Lab @ Yale University  

; 

[ atomtypes ] 

  opls_818  H818     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_814  C814    12.0110     0.000    A    3.50000E-01   2.76144E-01 

  opls_803  O803    15.9990     0.000    A    2.90000E-01   5.85760E-01 

  opls_824  H824     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_809  O809    15.9990     0.000    A    2.90000E-01   5.85760E-01 

  opls_800  O800    15.9990     0.000    A    3.12000E-01   7.11280E-01 

  opls_836  H836     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_834  H834     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_810  C810    12.0110     0.000    A    3.50000E-01   2.76144E-01 

  opls_828  H828     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_812  O812    15.9990     0.000    A    2.90000E-01   5.85760E-01 

  opls_837  H837     1.0080     0.000    A    0.00000E+00   0.00000E+00 

  opls_832  H832     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_806  O806    15.9990     0.000    A    2.90000E-01   5.85760E-01 

  opls_802  C802    12.0110     0.000    A    3.50000E-01   2.76144E-01 

  opls_827  H827     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_801  C801    12.0110     0.000    A    3.50000E-01   2.76144E-01 

  opls_822  H822     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_807  C807    12.0110     0.000    A    3.50000E-01   2.76144E-01 

  opls_825  H825     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_830  H830     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_821  H821     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_820  H820     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_815  O815    15.9990     0.000    A    3.12000E-01   7.11280E-01 

  opls_831  H831     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_816  H816     1.0080     0.000    A    0.00000E+00   0.00000E+00 

  opls_805  C805    12.0110     0.000    A    3.50000E-01   2.76144E-01 

  opls_811  C811    12.0110     0.000    A    3.50000E-01   2.76144E-01 

  opls_823  H823     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_813  C813    12.0110     0.000    A    3.50000E-01   2.76144E-01 
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  opls_826  H826     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_835  H835     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_819  H819     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_804  C804    12.0110     0.000    A    3.50000E-01   2.76144E-01 

  opls_833  H833     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_808  C808    12.0110     0.000    A    3.50000E-01   2.76144E-01 

  opls_817  H817     1.0080     0.000    A    2.50000E-01   1.25520E-01 

  opls_829  H829     1.0080     0.000    A    2.50000E-01   1.25520E-01 

[ moleculetype ] 

; Name               nrexcl 

PeEG                 3 

[ atoms ] 

;   nr       type  resnr residue  atom   cgnr     charge       mass   

     1   opls_800      1    PeEG O00      1    -0.6886    15.9990  

     2   opls_801      1    PeEG C01      1      0.108    12.0110  

     3   opls_802      1    PeEG C02      1     0.0082    12.0110  

     4   opls_803      1    PeEG O03      1    -0.3867    15.9990  

     5   opls_804      1    PeEG C04      1     0.0082    12.0110  

     6   opls_805      1    PeEG C05      1     0.0055    12.0110  

     7   opls_806      1    PeEG O06      1    -0.3768    15.9990  

     8   opls_807      1    PeEG C07      1     0.0113    12.0110  

     9   opls_808      1    PeEG C08      1     0.0113    12.0110  

    10   opls_809      1    PeEG O09      1    -0.3768    15.9990  

    11   opls_810      1    PeEG C0A      1     0.0053    12.0110  

    12   opls_811      1    PeEG C0B      1      0.007    12.0110  

    13   opls_812      1    PeEG O0C      1    -0.4004    15.9990  

    14   opls_813      1    PeEG C0D      1     -0.041    12.0110  

    15   opls_814      1    PeEG C0E      1     0.1082    12.0110  

    16   opls_815      1    PeEG O0F      1    -0.6862    15.9990  

    17   opls_816      1    PeEG H0G      1     0.4171     1.0080  

    18   opls_817      1    PeEG H0H      1     0.0817     1.0080  

    19   opls_818      1    PeEG H0I      1     0.0817     1.0080  

    20   opls_819      1    PeEG H0J      1     0.0925     1.0080  

    21   opls_820      1    PeEG H0K      1     0.0925     1.0080  

    22   opls_821      1    PeEG H0M      1     0.0926     1.0080  

    23   opls_822      1    PeEG H0N      1     0.0926     1.0080  

    24   opls_823      1    PeEG H0O      1     0.0877     1.0080  

    25   opls_824      1    PeEG H0P      1     0.0877     1.0080  

    26   opls_825      1    PeEG H0Q      1     0.0927     1.0080  

    27   opls_826      1    PeEG H0R      1     0.0927     1.0080  

    28   opls_827      1    PeEG H0S      1     0.0929     1.0080  

    29   opls_828      1    PeEG H0T      1     0.0929     1.0080  

    30   opls_829      1    PeEG H0U      1     0.0876     1.0080  

    31   opls_830      1    PeEG H0V      1     0.0876     1.0080  

    32   opls_831      1    PeEG H0W      1     0.0931     1.0080  

    33   opls_832      1    PeEG H0X      2     0.0931     1.0080  

    34   opls_833      1    PeEG H0Y      2     0.0945     1.0080  

    35   opls_834      1    PeEG H0Z      2     0.0945     1.0080  

    36   opls_835      1    PeEG H10      2     0.1061     1.0080  

    37   opls_836      1    PeEG H11      2     0.1061     1.0080  

    38   opls_837      1    PeEG H12      2     0.4236     1.0080  

[ bonds ] 

    2     1     1      0.1410 267776.000 

    3     2     1      0.1529 224262.400 
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    4     3     1      0.1410 267776.000 

    5     4     1      0.1410 267776.000 

    6     5     1      0.1529 224262.400 

    7     6     1      0.1410 267776.000 

    8     7     1      0.1410 267776.000 

    9     8     1      0.1529 224262.400 

   10     9     1      0.1410 267776.000 

   11    10     1      0.1410 267776.000 

   12    11     1      0.1529 224262.400 

   13    12     1      0.1410 267776.000 

   14    13     1      0.1410 267776.000 

   15    14     1      0.1529 224262.400 

   16    15     1      0.1410 267776.000 

   17     1     1      0.0945 462750.400 

   18     2     1      0.1090 284512.000 

   19     2     1      0.1090 284512.000 

   20     3     1      0.1090 284512.000 

   21     3     1      0.1090 284512.000 

   22     5     1      0.1090 284512.000 

   23     5     1      0.1090 284512.000 

   24     6     1      0.1090 284512.000 

   25     6     1      0.1090 284512.000 

   26     8     1      0.1090 284512.000 

   27     8     1      0.1090 284512.000 

   28     9     1      0.1090 284512.000 

   29     9     1      0.1090 284512.000 

   30    11     1      0.1090 284512.000 

   31    11     1      0.1090 284512.000 

   32    12     1      0.1090 284512.000 

   33    12     1      0.1090 284512.000 

   34    14     1      0.1090 284512.000 

   35    14     1      0.1090 284512.000 

   36    15     1      0.1090 284512.000 

   37    15     1      0.1090 284512.000 

   38    16     1      0.0945 462750.400 

[ angles ] 

;  ai    aj    ak funct            c0            c1            c2            

c3  

    1     2     3     1    109.500    418.400 

    2     3     4     1    109.500    418.400 

    3     4     5     1    109.500    502.080 

    4     5     6     1    109.500    418.400 

    5     6     7     1    109.500    418.400 

    6     7     8     1    109.500    502.080 

    7     8     9     1    109.500    418.400 

    8     9    10     1    109.500    418.400 

    9    10    11     1    109.500    502.080 

   10    11    12     1    109.500    418.400 

   11    12    13     1    109.500    418.400 

   12    13    14     1    109.500    502.080 

   13    14    15     1    109.500    418.400 

   14    15    16     1    109.500    418.400 

    2     1    17     1    108.500    460.240 

    1     2    18     1    109.500    292.880 
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    1     2    19     1    109.500    292.880 

    2     3    20     1    110.700    313.800 

    2     3    21     1    110.700    313.800 

    4     5    22     1    109.500    292.880 

    4     5    23     1    109.500    292.880 

    5     6    24     1    110.700    313.800 

    5     6    25     1    110.700    313.800 

    7     8    26     1    109.500    292.880 

    7     8    27     1    109.500    292.880 

    8     9    28     1    110.700    313.800 

    8     9    29     1    110.700    313.800 

   10    11    30     1    109.500    292.880 

   10    11    31     1    109.500    292.880 

   11    12    32     1    110.700    313.800 

   11    12    33     1    110.700    313.800 

   13    14    34     1    109.500    292.880 

   13    14    35     1    109.500    292.880 

   14    15    36     1    110.700    313.800 

   14    15    37     1    110.700    313.800 

   15    16    38     1    108.500    460.240 

   15    14    34     1    110.700    313.800 

   12    11    31     1    110.700    313.800 

   15    14    35     1    110.700    313.800 

    7     6    24     1    109.500    292.880 

   13    12    33     1    109.500    292.880 

   22     5    23     1    107.800    276.144 

    3     2    18     1    110.700    313.800 

   10     9    29     1    109.500    292.880 

    6     5    22     1    110.700    313.800 

   16    15    36     1    109.500    292.880 

    7     6    25     1    109.500    292.880 

   32    12    33     1    107.800    276.144 

   18     2    19     1    107.800    276.144 

   34    14    35     1    107.800    276.144 

   12    11    30     1    110.700    313.800 

   30    11    31     1    107.800    276.144 

    9     8    27     1    110.700    313.800 

   36    15    37     1    107.800    276.144 

    3     2    19     1    110.700    313.800 

    4     3    21     1    109.500    292.880 

   16    15    37     1    109.500    292.880 

   28     9    29     1    107.800    276.144 

   24     6    25     1    107.800    276.144 

    6     5    23     1    110.700    313.800 

    9     8    26     1    110.700    313.800 

   10     9    28     1    109.500    292.880 

   13    12    32     1    109.500    292.880 

    4     3    20     1    109.500    292.880 

   26     8    27     1    107.800    276.144 

   20     3    21     1    107.800    276.144 

[ dihedrals ] 

; IMPROPER DIHEDRAL ANGLES  

;  ai    aj    ak    al funct            c0            c1            c2            

c3            c4            c5 
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[ dihedrals ] 

; PROPER DIHEDRAL ANGLES 

;  ai    aj    ak    al funct            c0            c1            c2            

c3            c4            c5 

   12   11   10    9        3       1.715   2.845   1.046  -5.607  -0.000   

0.000 

    6    5    4    3        3       1.715   2.845   1.046  -5.607  -0.000   

0.000 

    9    8    7    6        3       1.715   2.845   1.046  -5.607  -0.000   

0.000 

   15   14   13   12        3       1.715   2.845   1.046  -5.607  -0.000   

0.000 

    5    4    3    2        3       1.715   2.845   1.046  -5.607  -0.000   

0.000 

    8    7    6    5        3       1.715   2.845   1.046  -5.607  -0.000   

0.000 

   11   10    9    8        3       1.715   2.845   1.046  -5.607  -0.000   

0.000 

   14   13   12   11        3       1.715   2.845   1.046  -5.607  -0.000   

0.000 

   25    6    5   22        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   28    9    8   27        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   29    9    8   27        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   33   12   11   31        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   29    9    8   26        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   20    3    2   18        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   24    6    5   22        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   36   15   14   34        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   36   15   14   35        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   33   12   11   30        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   21    3    2   19        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   20    3    2   19        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   37   15   14   34        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   37   15   14   35        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   21    3    2   18        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   32   12   11   30        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   24    6    5   23        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 
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   32   12   11   31        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   25    6    5   23        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   28    9    8   26        3       0.628   1.883   0.000  -2.510  -0.000   

0.000 

   34   14   15   16        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   35   14   15   16        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   20    3    2    1        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   21    3    2    1        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   19    2    3    4        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   28    9    8    7        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   30   11   12   13        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   22    5    6    7        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   33   12   11   10        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   31   11   12   13        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   24    6    5    4        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   37   15   14   13        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   36   15   14   13        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   32   12   11   10        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   23    5    6    7        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   26    8    9   10        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   18    2    3    4        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   27    8    9   10        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   29    9    8    7        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   25    6    5    4        3       0.979   2.937   0.000  -3.916  -0.000   

0.000 

   18    2    1   17        3       0.736   2.209   0.000  -2.946  -0.000   

0.000 

   19    2    1   17        3       0.736   2.209   0.000  -2.946  -0.000   

0.000 

   25    6    7    8        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   35   14   13   12        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 
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   33   12   13   14        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   31   11   10    9        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   22    5    4    3        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   28    9   10   11        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   27    8    7    6        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   24    6    7    8        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   34   14   13   12        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   23    5    4    3        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   26    8    7    6        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   32   12   13   14        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   21    3    4    5        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   29    9   10   11        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   20    3    4    5        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   30   11   10    9        3       1.590   4.770   0.000  -6.360  -0.000   

0.000 

   38   16   15   14        3      -0.444   3.833   0.728  -4.117  -0.000   

0.000 

   17    1    2    3        3      -0.444   3.833   0.728  -4.117  -0.000   

0.000 

   38   16   15   37        3       0.736   2.209   0.000  -2.946  -0.000   

0.000 

   38   16   15   36        3       0.736   2.209   0.000  -2.946  -0.000   

0.000 

   16   15   14   13        3       9.035  -9.035   0.000  -0.000  -0.000   

0.000 

    4    3    2    1        3       9.035  -9.035   0.000  -0.000  -0.000   

0.000 

   13   12   11   10        3      -1.151   1.151   0.000  -0.000  -0.000   

0.000 

   10    9    8    7        3      -1.151   1.151   0.000  -0.000  -0.000   

0.000 

    7    6    5    4        3      -1.151   1.151   0.000  -0.000  -0.000   

0.000 

[ pairs ] 

     1     4    1 

     2     5    1 

     3     6    1 

     4     7    1 

     5     8    1 

     6     9    1 

     7    10    1 
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     8    11    1 

     3    17    1 

     9    12    1 

     1    20    1 

     4    18    1 

     1    21    1 

    10    13    1 

     4    19    1 

    11    14    1 

     5    20    1 

     3    22    1 

     5    21    1 

     3    23    1 

    12    15    1 

     4    24    1 

    13    16    1 

     7    22    1 

     4    25    1 

     7    23    1 

     8    24    1 

     6    26    1 

     8    25    1 

     6    27    1 

    17    18    1 

     7    28    1 

    17    19    1 

    10    26    1 

     7    29    1 

    10    27    1 

    18    20    1 

    19    20    1 

    18    21    1 

    11    28    1 

     9    30    1 

    19    21    1 

    11    29    1 

     9    31    1 

    10    32    1 

    13    30    1 

    10    33    1 

    13    31    1 

    22    24    1 

    14    32    1 

    12    34    1 

    23    24    1 

    22    25    1 

    14    33    1 

    12    35    1 

    23    25    1 

    13    36    1 

    16    34    1 

    13    37    1 

    16    35    1 

    14    38    1 
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    26    28    1 

    27    28    1 

    26    29    1 

    27    29    1 

    30    32    1 

    31    32    1 

    30    33    1 

    31    33    1 

    34    36    1 

    35    36    1 

    34    37    1 

    35    37    1 

    36    38    1 

    37    38    1 

 

 

File B.4: Include topology file “spce.itp” 

[ moleculetype ] 

; molname nrexcl 

water  2 

[ atoms ] 

;   nr   type  resnr residue  atom   cgnr     charge       mass 

     1  opls_116   1  water    OW      1      -0.8476 

     2  opls_117   1  water   HW1      1       0.4238 

     3  opls_117   1  water   HW2      1       0.4238 

#ifndef FLEXIBLE 

[ settles ] 

; OW funct doh dhh 

1 1 0.1 0.16330 

[ exclusions ] 

1 2 3 

2 1 3 

3 1 2 

#else 

[ bonds ] 

; i j funct length force.c. 

1 2 1 0.1 345000 0.1     345000 

1 3 1 0.1 345000 0.1     345000 

  

[ angles ] 

; i j k funct angle force.c. 

2 1 3 1 109.47 383 109.47 383 

#endif 

 

 

File B.5: Include topology file “atomtypes_tip4p2005water.itp” 

; atomtypes list for tip4p2005 water to maintain topology order  

 

[ atomtypes ] 

; name         bond_type  mass      charge   ptype     sigma         

epsilon 
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OW_tip4p2005    OW       15.99940   0.0000     A       3.15890e-01   

7.74900e-01   

HW_tip4p2005    HW       1.00800    0.5564     A       0.00000e+00   

0.00000e+00 

MW_tip4p2005    MW       0.00000   -1.1128     D       0.00000e+00   

0.00000e+00 

 

 

File B.6: Include topology file “tip4p2005.itp” 

; Abascal & Vega (2005). J. Chem. Phys. 123, 234505  

; http://dx.doi.org/10.1063/1.2121687 

 

[ moleculetype ] 

; molname nrexcl 

water  1 

 

[ atoms ] 

; id at type       res nr  res name at name   cg nr   charge    

mass 

1     OW_tip4p2005  1 water  OW   1   0.0000    15.99940 

2 HW_tip4p2005    1 water HW1   1   0.5564    1.00800 

3 HW_tip4p2005     1 water HW2   1   0.5564    1.00800 

4 MW_tip4p2005 1 water  MW   1    -1.1128    0.00000 

 

#ifndef FLEXIBLE 

[ settles ] 

; OW    funct   doh        dhh 

1       1       0.09572    0.15139 

#else 

[ bonds ] 

; i j funct length force.c. 

1 2 1 0.09572 502416.0 0.09572 502416.0  

1 3 1 0.09572 502416.0 0.09572 502416.0  

  

[ angles ] 

; i j k funct angle force.c. 

2 1 3 1 104.52 628.02 104.52 628.02  

#endif 

 

[ exclusions ] 

1 2 3 4 

2 1 3 4 

3 1 2 4 

4 1 2 3 

 

; The position of the dummy is computed as follows: 

; 

;  O 

;          

;      D 

;    

; H  H 

; 
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; const = distance (OD) / [ cos (angle(DOH))  * distance (OH) ] 

;   0.01546 nm / [ cos (52.26 deg) * 0.09572 nm ] 

; then a = b = 0.5 * const 

; 

; Vsite pos x4 = x1 + a*(x2-x1) + b*(x3-x1) 

 

[ virtual_sites3 ] 

; Vsite from   funct a  b 

4 1 2 3 1 0.131937768 0.131937768 

 

 

File B.7: Main topology file “top_DEG_bulk.top” 

; include force field  

#include "oplsaa.ff/forcefield.itp" 

; include diethylene glycol topology 

#include "DEG.itp" 

; system level topology 

[ system ]  

Diethylene glycol 

[ molecules ]  

DEG REPLACEPEG 

 

 

File B.8: Main topology file “top_TeEG_bulk.top” 

; include force field  

#include "oplsaa.ff/forcefield.itp" 

; include tetraethylene glycol topology 

#include "TeEG.itp" 

; system level topology 

[ system ]  

Tetraethylene glycol 

[ molecules ]  

TeEG REPLACEPEG 

 

 

File B.9: Main topology file “top_PeEG_bulk.top” 

; include force field  

#include "oplsaa.ff/forcefield.itp" 

; include pentaethylene glycol topology 

#include "PeEG.itp" 

; system level topology 

[ system ] 

Pentaethylene glycol 

[ molecules ] 

PeEG REPLACEPEG 

 

 

File B.10: Main topology file “top_DEG_water.top” 

; include force field  



87 

 

#include "oplsaa.ff/forcefield.itp" 

; include atomtypes list for tip4p2005 water to maintain topology order 

; this list does not affect spc/e water topology 

#include 

"/home/mmh/BrockportMDFiles/ligParGenFiles/2_water_itp_files/atomtypes_tip

4p2005water.itp" 

; include diethylene glycol topology 

#include "DEG.itp" 

; include model water topology 

#include "model.itp" 

; system level topology 

[ system ] 

Diethylene glycol + model water 

[ molecules ] 

DEG REPLACEPEG 

water REPLACEWATER 

 

 

File B.11: Main topology file “top_TeEG_water.top” 

; include force field  

#include "oplsaa.ff/forcefield.itp" 

; include atomtypes list for tip4p2005 water to maintain topology order 

; this list does not affect spc/e water topology 

#include 

"/home/mmh/BrockportMDFiles/ligParGenFiles/2_water_itp_files/atomtypes_tip

4p2005water.itp" 

; include tetraethylene glycol topology 

#include "TeEG.itp" 

; include model water topology 

#include "model.itp" 

; system level topology 

[ system ] 

Tetraethylene glycol + model water 

[ molecules ] 

TeEG REPLACEPEG 

water REPLACEWATER 

 

 

File B.12: Main topology file “top_PeEG_water.top” 

; include force field  

#include "oplsaa.ff/forcefield.itp" 

; include atomtypes list for tip4p2005 water to maintain topology order 

; this list does not affect spc/e water topology 

#include 

"/home/mmh/BrockportMDFiles/ligParGenFiles/2_water_itp_files/atomtypes_tip

4p2005water.itp" 

; include pentaethylene glycol topology 

#include "PeEG.itp" 

; include model water topology 

#include "model.itp" 

; system level topology 

[ system ] 
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Pentaethylene glycol + model water 

[ molecules ] 

PeEG REPLACEPEG 

water REPLACEWATER 
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Appendix C: Structure/Coordinate Files 

File C.1: Structure/coordinate file “single_DEG.gro” 

Diethylene glycol 

   17 

    1DEG    O00    1   0.100   0.100   0.000 

    1DEG    C01    2  -0.042   0.100   0.000 

    1DEG    C02    3  -0.094   0.100   0.143 

    1DEG    O03    4  -0.237   0.100   0.143 

    1DEG    C04    5  -0.289   0.100   0.276 

    1DEG    C05    6  -0.441   0.100   0.269 

    1DEG    O06    7  -0.487  -0.017   0.202 

    1DEG    H07    8   0.128   0.100  -0.093 

    1DEG    H08    9  -0.078   0.012  -0.054 

    1DEG    H09   10  -0.078   0.189  -0.054 

    1DEG    H0A   11  -0.057   0.189   0.196 

    1DEG    H0B   12  -0.057   0.011   0.196 

    1DEG    H0C   13  -0.254   0.189   0.330 

    1DEG    H0D   14  -0.254   0.010   0.327 

    1DEG    H0E   15  -0.478   0.187   0.213 

    1DEG    H0F   16  -0.485   0.102   0.369 

    1DEG    H0G   17  -0.434  -0.021   0.120 

   1.00000   1.00000   1.00000 

 

 

File C.2: Structure/coordinate file “single_TeEG.gro” 

Tetraethylene glycol 

   31 

    1TeEG   O00    1   0.100   0.100   0.000 

    1TeEG   C01    2  -0.042   0.100   0.000 

    1TeEG   C02    3  -0.095   0.100   0.143 

    1TeEG   O03    4  -0.238   0.100   0.141 

    1TeEG   C04    5  -0.291   0.100   0.273 

    1TeEG   C05    6  -0.444   0.100   0.266 

    1TeEG   O06    7  -0.497   0.100   0.399 

    1TeEG   C07    8  -0.640   0.100   0.398 

    1TeEG   C08    9  -0.691   0.100   0.541 

    1TeEG   O09   10  -0.833   0.100   0.542 

    1TeEG   C0A   11  -0.884   0.100   0.677 

    1TeEG   C0B   12  -1.036   0.100   0.671 

    1TeEG   O0C   13  -1.082  -0.017   0.604 

    1TeEG   H0D   14   0.128   0.100  -0.093 

    1TeEG   H0E   15  -0.078   0.012  -0.054 

    1TeEG   H0F   16  -0.078   0.189  -0.054 
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    1TeEG   H0G   17  -0.058   0.189   0.196 

    1TeEG   H0H   18  -0.058   0.011   0.196 

    1TeEG   H0I   19  -0.257   0.189   0.327 

    1TeEG   H0J   20  -0.256   0.012   0.328 

    1TeEG   H0K   21  -0.478   0.011   0.212 

    1TeEG   H0M   22  -0.478   0.188   0.211 

    1TeEG   H0N   23  -0.677   0.011   0.345 

    1TeEG   H0O   24  -0.677   0.188   0.345 

    1TeEG   H0P   25  -0.653   0.189   0.594 

    1TeEG   H0Q   26  -0.653   0.012   0.594 

    1TeEG   H0R   27  -0.848   0.189   0.730 

    1TeEG   H0S   28  -0.848   0.010   0.728 

    1TeEG   H0T   29  -1.073   0.187   0.616 

    1TeEG   H0U   30  -1.079   0.101   0.772 

    1TeEG   H0V   31  -1.031  -0.020   0.521 

   1.00000   1.00000   1.00000 

 

 

File C.3: Structure/coordinate file “single_PeEG.gro” 

Pentaethylene glycol 

   38 

    1PeEG   O00    1   0.100   0.100   0.000 

    1PeEG   C01    2  -0.042   0.100   0.000 

    1PeEG   C02    3  -0.095   0.100   0.143 

    1PeEG   O03    4  -0.237   0.100   0.141 

    1PeEG   C04    5  -0.291   0.100   0.273 

    1PeEG   C05    6  -0.443   0.099   0.266 

    1PeEG   O06    7  -0.496   0.093   0.399 

    1PeEG   C07    8  -0.638   0.103   0.400 

    1PeEG   C08    9  -0.688   0.102   0.545 

    1PeEG   O09   10  -0.647   0.223   0.609 

    1PeEG   C0A   11  -0.685   0.225   0.747 

    1PeEG   C0B   12  -0.630   0.352   0.812 

    1PeEG   O0C   13  -0.672   0.358   0.948 

    1PeEG   C0D   14  -0.621   0.476   1.012 

    1PeEG   C0E   15  -0.670   0.478   1.156 

    1PeEG   O0F   16  -0.622   0.363   1.225 

    1PeEG   H0G   17   0.128   0.100  -0.093 

    1PeEG   H0H   18  -0.078   0.012  -0.054 

    1PeEG   H0I   19  -0.078   0.189  -0.054 

    1PeEG   H0J   20  -0.058   0.189   0.196 

    1PeEG   H0K   21  -0.058   0.011   0.196 

    1PeEG   H0M   22  -0.257   0.189   0.328 

    1PeEG   H0N   23  -0.256   0.011   0.328 

    1PeEG   H0O   24  -0.478   0.013   0.209 

    1PeEG   H0P   25  -0.478   0.190   0.216 

    1PeEG   H0Q   26  -0.680   0.017   0.346 

    1PeEG   H0R   27  -0.669   0.196   0.351 

    1PeEG   H0S   28  -0.645   0.017   0.598 

    1PeEG   H0T   29  -0.797   0.096   0.546 

    1PeEG   H0U   30  -0.647   0.137   0.799 

    1PeEG   H0V   31  -0.795   0.224   0.755 

    1PeEG   H0W   32  -0.665   0.440   0.757 



91 

 

    1PeEG   H0X   33  -0.520   0.350   0.807 

    1PeEG   H0Y   34  -0.657   0.565   0.959 

    1PeEG   H0Z   35  -0.512   0.473   1.009 

    1PeEG   H10   36  -0.779   0.476   1.160 

    1PeEG   H11   37  -0.633   0.567   1.208 

    1PeEG   H12   38  -0.644   0.287   1.167 

   1.00000   1.00000   1.00000 

 

 

File C.4: Structure/coordinate file “single_spce.gro” 

Single SPC/E water molecule 

  3 

    1water   OW    1   0.230   0.628   0.113 

    1water  HW1    2   0.137   0.626   0.150 

    1water  HW2    3   0.231   0.589   0.021  

   1.00000   1.00000   1.00000 

 

 

File C.5: Structure/coordinate file “single_tip4p2005.gro” 

Single TIP4P/2005 water molecule  

  4 

    1water   OW    1   0.256   0.506   0.427  

    1water  HW1    2   0.288   0.594   0.409  

    1water  HW2    3   0.244   0.504   0.522  

    1water   MW    4   0.259   0.518   0.439  

   1.00000   1.00000   1.00000 
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Appendix D: Molecular Dynamics Parameter Files 

File D.1: Molecular dynamics parameter file “em.mdp” 

; very basics of the simulation 

define                   = -DFLEXIBLE      ; flexible water so simulation 

does not crash 

integrator               = steep           ; steepest decent 

nsteps                   = 100000          ; number of steepest decent 

steps 

emstep                   = 0.01            ; 0.01 nm step 

; next neighbor search and periodic boundary conditions 

nstlist                  = 1               ; freq. to update neighbor list 

& long range forces (>= 20 w/ GPUs) 

rlist                    = 1.4             ; short-range neighbor list 

cutoff (nm) 

cutoff-scheme            = Verlet          ; atom-based neighbor search 

with an implicit buffer region  

pbc                      = xyz             ; periodicity in x, y and z 

; coulomb interaction  

coulombtype              = PME             ; particle-mesh ewald summation 

for long range (>rcoulomb) 

rcoulomb                 = 1.4             ; short-range electrostatic 

cutoff (in nm) (with PME,rcoulomb >= rvdw) 

coulomb-modifier         = Potential-shift-Verlet ; shifts potential by 

constant so potential is 0 at cut-off  

fourierspacing           = 0.168           ; spacing of FFT in reciprocal 

space in PME long range treatment (in nm) 

pme-order                = 4               ; cubic PME interpolation order 

; lennard-jones potential handling 

vdwtype                  = cutoff          ; simple truncation cutoff 

vdw-modifier             = Potential-shift-Verlet ; shifts potential by 

constant so potential is 0 at cut-off  

rvdw                     = 1.4             ; short-range vdw cutoff (in 

nm) 

 

 

File D.2: Molecular dynamics parameter file “eq_NPT_328K.mdp” 

; very basics of the simulation 

integrator               = md              ; solve newtown's equation of 

motion 

dt                       = 0.002           ; integration time step / ps 

nsteps                   = varies          ; number of steps (500000 * 

0.002 = 1000 ps) 

; remove drifts of the center of mass 

comm-mode                = linear    ; remove COM translation 



93 

 

nstcomm                  = 10              ; number of steps for COM 

removal 

comm-grps                = System          ; COM translation removed from 

system 

; control frequency of output 

nstvout    = 0               ; write velocities to trajectory 

file every number of steps 

nstfout    = 0               ; write forces to trajectory 

file every number of steps 

nstlog                   = varies             ; update log file every 

number of steps 

nstcalcenergy            = 10              ; calculate energies/pressures 

every nstenergy steps 

nstenergy                = varies              ; write energies to energy 

file every number of steps 

nstxout-compressed       = varies             ; write positions using 

compression (saves memory, worse quality) 

compressed-x-precision   = 1000            ; precision to write compressed 

trajectory 

; next neighbor search and periodic boundary conditions 

nstlist                  = 20              ; freq. to update neighbor list 

& long range forces (>= 20 w/ GPUs) 

rlist                    = 1.4             ; short-range neighbor list 

cutoff (nm) 

cutoff-scheme            = Verlet          ; atom-based neighbor search 

with an implicit buffer region  

pbc                      = xyz             ; periodicity in x, y and z 

; coulomb interaction  

coulombtype              = PME             ; particle-mesh ewald summation 

for long range (>rcoulomb) 

rcoulomb                 = 1.4             ; short-range electrostatic 

cutoff (in nm) (with PME,rcoulomb >= rvdw) 

coulomb-modifier         = Potential-shift-Verlet ; shifts potential by 

constant so potential is 0 at cut-off  

fourierspacing           = 0.168           ; spacing of FFT in reciprocal 

space in PME long range treatment (in nm) 

pme-order                = 4               ; cubic PME interpolation order 

; lennard-jones potential handling 

vdwtype                  = cutoff          ; simple truncation cutoff 

vdw-modifier             = Potential-shift-Verlet ; shifts potential by 

constant so potential is 0 at cut-off  

rvdw                     = 1.4             ; short-range vdw cutoff (in 

nm) 

DispCorr                 = EnerPres        ; long range correction for 

energy and pressure from using vdw cutoff 

; temperature coupling 

tcoupl                   = v-rescale       ; the algorithm to use, v-

rescale generates correct canonical ensemble 

tc-grps                  = System          ; groups to couple to 

temperature bath 

tau-t                    = 1.0             ; time constant (in ps), 

meaning varies by algorithm 

ref-t                    = 328             ; temperature for coupling (K) 
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nsttcouple               = 1               ; frequency to couple 

temperature 

; velocity generation 

gen-vel                  = yes             ; generate velocities according 

to Maxwell distr. (no for initial vel 0) 

gen-temp                 = 328             ; temperature for Maxwell 

distribution (K) 

gen-seed                 = -1              ; generate a random seed 

; pressure coupling 

pcoupl                   = Parrinello-Rahman  ; the algorithm to use (no 

for NVT) 

pcoupltype               = isotropic       ; all ordinates scaled equally 

(preserves the cubic box) 

compressibility          = 4.5e-5          ; experimental value for water 

at 298 K (in 1/bar) 

tau-p                    = 5.0             ; time constant (in ps), should 

be about 4-5 times larger than tau_t 

ref-p                    = 1               ; reference pressure (in bar) 

nstpcouple               = 1               ; frequency to couple pressure 

; constraints 

constraints              = h-bonds         ; constrains bonds only 

involving hydrogen 

constraint_algorithm     = lincs           ; algorithm to use, lincs 

should NOT be used for angle constraining 

lincs-order              = 4               ; highest order in constraint 

coupling matrix expansion 

lincs-iter               = 1               ; accuracy of lincs algorithm 

continuation             = no              ; no for applying constraints 

at start of run 

 

 

File D.3: Molecular dynamics parameter file “md_NVT_328K.mdp” 

; very basics of the simulation 

integrator               = md              ; solve newtown's equation of 

motion 

dt                       = 0.002           ; integration time step / ps 

nsteps                   = varies         ; number of steps (5000000 * 

0.002 = 10 ns) 

; remove drifts of the center of mass 

comm-mode                = linear    ; remove COM translation 

nstcomm                  = 10              ; number of steps for COM 

removal 

comm-grps                = System          ; COM translation removed from 

system 

; control frequency of output 

nstvout    = 0               ; write velocities to trajectory 

file every number of steps 

nstfout    = 0               ; write forces to trajectory 

file every number of steps 

nstlog                   = varies            ; update log file every 

number of steps 

nstcalcenergy            = 10              ; calculate energies/pressures 

every nstenergy steps 
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nstenergy                = 10              ; write energies to energy file 

every number of steps 

nstxout-compressed       = varies            ; write positions using 

compression (saves memory, worse quality) 

compressed-x-precision   = 1000            ; precision to write compressed 

trajectory 

; next neighbor search and periodic boundary conditions 

nstlist                  = 20              ; freq. to update neighbor list 

& long range forces (>= 20 w/ GPUs) 

rlist                    = 1.4             ; short-range neighbor list 

cutoff (nm) 

cutoff-scheme            = Verlet          ; atom-based neighbor search 

with an implicit buffer region  

pbc                      = xyz             ; periodicity in x, y and z 

; coulomb interaction  

coulombtype              = PME             ; particle-mesh ewald summation 

for long range (>rcoulomb) 

rcoulomb                 = 1.4             ; short-range electrostatic 

cutoff (in nm) (with PME,rcoulomb >= rvdw) 

coulomb-modifier         = Potential-shift-Verlet ; shifts potential by 

constant so potential is 0 at cut-off  

fourierspacing           = 0.168           ; spacing of FFT in reciprocal 

space in PME long range treatment (in nm) 

pme-order                = 4               ; cubic PME interpolation order 

; lennard-jones potential handling 

vdwtype                  = cutoff          ; simple truncation cutoff 

vdw-modifier             = Potential-shift-Verlet ; shifts potential by 

constant so potential is 0 at cut-off  

rvdw                     = 1.4             ; short-range vdw cutoff (in 

nm) 

DispCorr                 = EnerPres        ; long range correction for 

energy and pressure from using vdw cutoff 

; temperature coupling 

tcoupl                   = v-rescale       ; the algorithm to use, v-

rescale generates correct canonical ensemble 

tc-grps                  = System          ; groups to couple to 

temperature bath 

tau-t                    = 1.0             ; time constant (in ps), 

meaning varies by algorithm 

ref-t                    = 328             ; temperature for coupling (K) 

nsttcouple               = 1               ; frequency to couple 

temperature 

; velocity generation 

gen-vel                  = yes             ; generate velocities according 

to Maxwell distr. (no for initial vel 0) 

gen-temp                 = 328             ; temperature for Maxwell 

distribution (K) 

gen-seed                 = -1              ; generate a random seed 

; pressure coupling 

pcoupl                   = no              ; the algorithm to use (no for 

NVT) 

; constraints 

constraints              = h-bonds         ; constrains bonds only 

involving hydrogen 
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constraint_algorithm     = lincs           ; algorithm to use, lincs 

should NOT be used for angle constraining 

lincs-order              = 4               ; highest order in constraint 

coupling matrix expansion 

lincs-iter               = 1               ; accuracy of lincs algorithm 

continuation             = no              ; no for applying constraints 

at start of run 
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Appendix E: Automation Codes 

File E.1: Bash script “PEG_water_simulation.sh” 

#!/bin/bash 

# help and usage (called from command line with -h) 

usage() { 

    echo  

    echo "Script file made for GROMACS 2020.4 version compatibility." 

    echo "Individual simulation runs for determining self-diffusion in 

thermodynamic limit and shear viscosity via finite-sized effects." 

    echo "See J. Chem. Theory Comput. 2018, 14, 11, 5959–5968" 

    echo "This bash file must be in the desired working directory." 

    echo "Usage:" 

    echo "  -b [string]     PEG basename/molecule's acronym (e.g. 'DEG') 

(double quotes around string will work, but not necessary unless there are 

spaces)" 

    echo "                  For pure water, type 'water'" 

    echo "  -m [string]     model to simulate (enter 'bulk' for bulk PEG, 

'spce' for spc/e water, or 'tip4p2005' for tip4p/2005 water)" 

    echo "  -t [value]      temperature in K (use underscore instead of 

decimal if necessary (e.g. 298_15)" 

    echo "  -d [value]      density in g/cm^3 at desired temperature" 

    echo "  -n [value]      total number of molecules in system" 

    echo "  -p [value]      how many number of molecules are PEG" 

    echo "  -w [value]      how many number of molecules are water" 

    echo "  -i              if present, start initial run with gmx insert-

molecules and energy min. Otherwise, start from another simulation's 

coordinates" 

    echo "                  and skip the insert-molecules and energy min 

process" 

    echo 

    echo "If no arguments are passed via command line, then initial run 

will be assumed with gmx insert-molecules and energy min. See next lines 

for details:" 

    echo "Start initial run:" 

    echo "  - pass no arguments to command line (user input will be asked 

for)" 

    echo "  - pass all 8 flags to command line (the -i is necessary)" 

    echo 

    echo "Start from another simulation's configuration (assuming same 

topology):" 

    echo "  - use the first 3 flags ('-b [string] -m [string] -t 

[value]'). None of the other flags are necessary, but can be included 

(excluding -i)" 

    echo "  - DO NOT USE THE -i FLAG IN THIS CASE" 
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    echo 

    echo "NOTE 1: Please choose of the above or the script will not run." 

    echo "NOTE 2: If using '-m bulk', then use '-w 0' when specifying 

molecule numbers." 

    echo "NOTE 3: If using '-b water', then use '-p 0' when specifying 

molecule numbers." 

    echo  

    echo 

    echo "If going through full process (start initial run) for a bulk PEG 

simulation (e,g, '-b DEG -m bulk'), require following files in working 

directory:" 

    echo "  - [BASENAME].itp (PEG itp file)" 

    echo "  - top_[BASENAME]_bulk.top" 

    echo "  - single_[BASENAME].gro" 

    echo "  - em.mdp" 

    echo "  - eq_NPT_[TEMP]K.mdp" 

    echo "  - md_NVT_[TEMP]K.mdp" 

    echo "  - This shell file" 

    echo  

    echo "If going through full process (start initial run) for a PEG and 

water simulation (e.g. '-b DEG -m tip4p2005'), require following files in 

working directory:" 

    echo "  - [BASENAME].itp (PEG itp file)" 

    echo "  - [MODEL].itp (water itp file) (where [MODEL] is chosen with 

'-m spce' or '-m tip4p2005')" 

    echo "  - top_[BASENAME]_water.top" 

    echo "  - single_[BASENAME].gro" 

    echo "  - single_[MODEL].gro" 

    echo "  - em.mdp" 

    echo "  - eq_NPT_[TEMP]K.mdp" 

    echo "  - md_NVT_[TEMP]K.mdp" 

    echo "  - This shell file" 

    echo 

    echo "If going through full process (start initial run) for a pure 

water simulation (e.g. '-b water -m tip4p2005'), require following files 

in working directory:" 

    echo "  - [MODEL].itp (water itp file) (where [MODEL] is chosen with 

'-m spce' or '-m tip4p2005')" 

    echo "  - top_pure_water.top" 

    echo "  - single_[MODEL].gro" 

    echo "  - em.mdp" 

    echo "  - eq_NPT_[TEMP]K.mdp" 

    echo "  - md_NVT_[TEMP]K.mdp" 

    echo "  - This shell file" 

    echo 

    echo "If using md.gro from other simulation (start from another 

simulation's configuration), require following files in working 

directory:" 

    echo "  - top file from other simulation" 

    echo "  - corresponding itp files as specified in the top file" 

    echo "  - md.gro from other simulation (renaming not required)" 

    echo "  - eq_NPT_[TEMP]K.mdp" 

    echo "  - md_NVT_[TEMP]K.mdp" 

    echo "  - This shell file" 
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    echo  

    exit 1 

} 

# setting working directory and getting gromacs stuff. 

WORKDIR="$(dirname "$(readlink -f "$0")")" 

source /usr/local/gromacs/bin/GMXRC 

export GMX_MAXCONSTRWARN=-1; 

##### Begin taking in parameters  

# command line inputs 

INITIALRUN=false 

while getopts ":b:m:t:d:n:p:w:ih" options; do 

    case ${options} in 

        b) 

            BASENAME=$OPTARG ;; 

        m) 

            MODEL=$OPTARG ;; 

        t) 

            TEMP=$OPTARG ;; 

        d) 

            DENSITY=$OPTARG ;; 

        n)  

            TOTALNMOL=$OPTARG ;; 

        p) 

            PEGNMOL=$OPTARG ;; 

        w) 

            WATERNMOL=$OPTARG ;; 

        i) 

            INITIALRUN=true ;; 

        h)  

            usage ;; 

        \?) 

            echo "Invalid input. Unknown flag. Refer to the help with -h" 

            exit 1 ;; 

        :) 

            echo "Invalid input: -$OPTARG requires an argument. Refer to 

the help with -h" 

            exit 1 ;; 

    esac 

done 

# user input if nothing is specified to command line 

if [ $OPTIND -eq 1 ]; then  

    read -p "Molecule's acronym: " BASENAME 

    read -p "Model to simulate (enter 'bulk' for bulk PEG, 'spce' for 

spc/e water, or 'tip4p2005' for tip4p/2005 water): " MODEL 

    read -p "Temperature (in K) (Use underscore instead of decimal if 

necessary, e.g. 298_15): " TEMP 

    read -p "${BASENAME}'s density at ${TEMP}K in g/cm^3 (if unknown, 

choose something reasonable): " DENSITY 

    read -p "Number of total molecules in system: " TOTALNMOL 

    read -p "How many of those molecules are PEG: " PEGNMOL 

    read -p "How many of those molecules are water: " WATERNMOL 

    INITIALRUN=true 

fi 

##### END OF STEP 
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##### If starting an initial run: parameter checking, topology 

modification, gmx insert-molecules, energy minimization  

if [ "$INITIALRUN" = true ]; then 

    # check to see, if user used cmd line and specified an initial run, 

that all parameters are defined 

    if [ $OPTIND -gt 1 ]; then 

        # forgot basename 

        if [ -z $BASENAME ]; then 

            echo "You forgot to set the basename. Either use no flags, or 

use -b" 

            exit 1  

        fi  

  # forgot water model to use 

        if [ -z $MODEL ]; then 

            echo "You forgot to choose a model to simulate. Either use no 

flags, or use -m" 

            exit 1  

        fi  

        # typed an unsupported model 

        if [ $MODEL != "bulk" ] && [ $MODEL != "spce" ] && [ $MODEL != 

"tip4p2005" ]; then 

            echo "You have chosen an unsupported model. Please correct -m 

input" 

            exit 1  

        fi   

        # forgot temperature 

        if [ -z $TEMP ]; then 

            echo "You forgot to set the temperature. Either use no flags, 

or use -t" 

            exit 1  

        fi  

        # forgot density 

        if [ -z $DENSITY ]; then 

            echo "You forgot to set the density. Either use no flags, or 

use -d" 

            exit 1  

        fi  

        # forgot to specify total number of molecules 

        if [ -z $TOTALNMOL ]; then 

            echo "You forgot to set the total number of molecules. Either 

use no flags, or use -n" 

            exit 1  

        fi  

        # forgot to specify number of PEG molecules 

        if [ -z $PEGNMOL ]; then 

            echo "You forgot to set the number of PEG molecules. Either 

use no flags, or use -p" 

            exit 1  

        fi  

        # forgot to specify number of water molecules 

        if [ -z $WATERNMOL ]; then 
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            echo "You forgot to set the number of water molecules. Either 

use no flags, or use -w" 

            exit 1  

        fi  

    fi 

  

    # if the number of PEG and water molecules do not sum to total 

molecules in system, then stop script 

    if [ $(( $PEGNMOL + $WATERNMOL )) -ne $TOTALNMOL ]; then 

        echo "Sum of PEG and water molecules is not equal to total number 

of molecules specified. Please correct input." 

        exit 1  

    fi 

  

    # if criteria above are satisfied, then .top file [molecules] can be 

set correctly for topology. 

    # if bulk is chosen, then top_[BASENAME]_bulk.top number of PEG 

molecules will be modified 

    # else, water is used. In this case, , 'model' in file will be 

replaced with [MODEL], 

    # number of PEG and water molecules will be set, and 

top_[BASENAME]_water.top will be renamed top_[BASENAME]_[MODEL].top 

    # to understand sed replacing, see point 33 at 

https://catonmat.net/sed-one-liners-explained-part-one  

 # note sed -i means editing files in place (no backup) 

    if [ $MODEL = "bulk" ]; then  # bulk PEG 

        sed -i "/${BASENAME}/s/REPLACEPEG/${PEGNMOL}/g" 

"$WORKDIR"/top_${BASENAME}_bulk.top   

    elif [ $PEGNMOL -gt 0 ]; then  # PEG and water mixture 

        sed -i "s/model/${MODEL}/g" "$WORKDIR"/top_${BASENAME}_water.top 

        sed -i "/${BASENAME}/s/REPLACEPEG/${PEGNMOL}/g" 

"$WORKDIR"/top_${BASENAME}_water.top  

        sed -i "/water/s/REPLACEWATER/${WATERNMOL}/g" 

"$WORKDIR"/top_${BASENAME}_water.top  

        mv "$WORKDIR"/top_${BASENAME}_water.top 

"$WORKDIR"/top_${BASENAME}_${MODEL}.top 

    else  #  pure water 

        sed -i "s/model/${MODEL}/g" "$WORKDIR"/top_pure_water.top 

        sed -i "/water/s/REPLACEWATER/${WATERNMOL}/g" 

"$WORKDIR"/top_pure_water.top 

        mv "$WORKDIR"/top_pure_water.top 

"$WORKDIR"/top_${BASENAME}_${MODEL}.top 

    fi  

  

    # setting molecular weights and scaling of density 

    # molecules inserted into a box such that [BOXDENSITY] = [DENSITY] * 

[SCALE]  

    AVAGADRO=$(echo "6.02214076 * 10^23" | bc) 

    case $BASENAME in    # molecular weights according to molecular 

acronym input 

        EG) 

         MW=62.0676  

         DENSITYSCALE=0.65 

         ;; 
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        DEG) 

         MW=106.12 

         DENSITYSCALE=0.60 

         ;; 

        TEG) 

         MW=150.1724 

         DENSITYSCALE=0.55 

         ;; 

        TeEG) 

         MW=194.2248 

         DENSITYSCALE=0.50 

         ;; 

        PeEG) 

         MW=238.2772 

         DENSITYSCALE=0.45 

         ;; 

        HexEG) 

        MW=282.3296 

        DENSITYSCALE=0.40 

        ;; 

        HepEG) 

         MW=326.3820 

         DENSITYSCALE=0.35 

         ;; 

        OctEG) 

         MW=370.4344 

         DENSITYSCALE=0.30 

         ;; 

        NonEG) 

         MW=414.4868 

         DENSITYSCALE=0.25 

         ;; 

        water) 

         MW=18.02 

         DENSITYSCALE=0.9 

         ;;   

    esac 

    # bc does not handle fractional powers; use exp(ln(ans)/3) to get 

ans^(1/3) with math library (-l) 

    BOXSIDE=$(echo "scale=10; e( l(($TOTALNMOL * $MW * 10^21)/($AVAGADRO * 

$DENSITY * $DENSITYSCALE))/3 )" | bc -l )  # in nm 

    echo "The dimensions of the box for gmx insert-molecules is $BOXSIDE 

nm x $BOXSIDE nm x $BOXSIDE nm." 

    # if bulk PEG, then insert PEG molecules with output as start.gro 

    # else we involve some water (mixture or pure water). In this case, if 

we have a mixture, then insert PEG and waters and set final output as 

start.gro 

    # else we have pure water and so we insert water molecules with output 

as start.gro 

    if [ $MODEL = "bulk" ]; then 

        # molecular insertion of PEG for bulk PEG simulations from scratch 

        gmx insert-molecules \ 

            -ci "$WORKDIR"/single_${BASENAME}.gro \ 

            -o "$WORKDIR"/start.gro \ 
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            -nmol $PEGNMOL \ 

            -box $BOXSIDE $BOXSIDE $BOXSIDE \ 

            -try 10000  

    elif [ $PEGNMOL -gt 0 ]; then  

        # molecular insertion of PEG for PEG/water mixtures from scratch  

        gmx insert-molecules \ 

            -ci "$WORKDIR"/single_${BASENAME}.gro \ 

            -o "$WORKDIR"/${BASENAME}${PEGNMOL}.gro \ 

            -nmol $PEGNMOL \ 

            -box $BOXSIDE $BOXSIDE $BOXSIDE \ 

            -try 10000  

        # molecular insertion of water for mixtures into existing 

configuration 

        gmx insert-molecules \ 

            -ci "$WORKDIR"/single_${MODEL}.gro \ 

            -f "$WORKDIR"/${BASENAME}${PEGNMOL}.gro \ 

            -o "$WORKDIR"/start.gro \ 

            -nmol $WATERNMOL \ 

            -try 10000 

    else 

        # molecular insertion of water for pure water from scratch 

        gmx insert-molecules \ 

            -ci "$WORKDIR"/single_${MODEL}.gro \ 

            -o "$WORKDIR"/start.gro \ 

            -nmol $WATERNMOL \ 

            -box $BOXSIDE $BOXSIDE $BOXSIDE \ 

            -try 10000 

    fi 

  

    # energy minimization run 

    mkdir -p "$WORKDIR"/1_EM/out 

    EM="$WORKDIR"/1_EM 

    mv "$WORKDIR"/em.mdp "$EM" 

    mv "$WORKDIR"/start.gro "$EM" 

    gmx grompp \ 

        -f "$EM"/em.mdp \ 

        -c "$EM"/start.gro \ 

        -p "$WORKDIR"/top_${BASENAME}_${MODEL}.top \ 

        -o "$EM"/em.tpr \ 

        -po "$EM"/out/mdout.mdp \ 

        -maxwarn 1 

    gmx mdrun \ 

        -s "$EM"/em.tpr \ 

        -c "$EM"/out/em.gro \ 

        -o "$EM"/out/traj.trr \ 

        -e "$EM"/out/energy.edr \ 

        -g "$EM"/out/log.log \ 

        -pme cpu -pmefft cpu -update cpu -bonded cpu -nb gpu -v 

    # energy minimization potential energy analysis 

    mkdir -p "$EM"/analysis 

    echo "Potential" | gmx energy -f "$EM"/out/energy.edr -o 

"$EM"/analysis/potential.xvg 

fi 

##### END STEP 
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##### If using existing configuration, check that basename or temperature 

are defined 

if [ "$INITIALRUN" = false ]; then 

    if [ -z $BASENAME ] || [ -z $MODEL ] || [ -z $TEMP ] ; then 

        echo "You have not set the basename, temperature, or model for an 

existing configuration. Use flags -b, -m, and -t." 

        exit 1 

    fi  

fi 

##### END STEP 

##### NPT equilibration run 

mkdir -p "$WORKDIR"/2_equil_NPT_${TEMP}K/out 

EQUIL="$WORKDIR"/2_equil_NPT_${TEMP}K 

# if we had an initial run, use energy min gro file. Otherwise, use 

provided gro file. 

if [ "$INITIALRUN" = true ]; then 

    cp "$EM"/out/em.gro "$EQUIL" 

else 

    mv "$WORKDIR"/md.gro "$EQUIL"/start.gro 

fi 

mv "$WORKDIR"/eq_NPT_${TEMP}K.mdp "$EQUIL" 

gmx grompp \ 

    -f "$EQUIL"/eq_NPT_${TEMP}K.mdp  \ 

    -c "$EQUIL"/*.gro \ 

    -p "$WORKDIR"/top_${BASENAME}_${MODEL}.top \ 

    -o "$EQUIL"/npt.tpr \ 

    -po "$EQUIL"/out/mdout.mdp \ 

    -maxwarn 1 

gmx mdrun \ 

    -s "$EQUIL"/npt.tpr \ 

    -c "$EQUIL"/out/npt.gro \ 

    -x "$EQUIL"/out/traj.xtc \ 

    -e "$EQUIL"/out/energy.edr \ 

    -g "$EQUIL"/out/log.log \ 

    -cpo "$EQUIL"/out/npt.cpt \ 

    -cpt 1 \ 

    -pme cpu -pmefft cpu -update cpu -bonded cpu -nb gpu -v 

# NPT equilibration energy analysis 

mkdir -p "$EQUIL"/analysis 

echo "Potential"   | gmx energy -f "$EQUIL"/out/energy.edr -o 

"$EQUIL"/analysis/potential.xvg 

echo "Temperature" | gmx energy -f "$EQUIL"/out/energy.edr -o 

"$EQUIL"/analysis/temperature.xvg 

echo "Pressure"    | gmx energy -f "$EQUIL"/out/energy.edr -o 

"$EQUIL"/analysis/pressure.xvg 

echo "Volume"      | gmx energy -f "$EQUIL"/out/energy.edr -o 

"$EQUIL"/analysis/volume.xvg 

echo "Density"     | gmx energy -f "$EQUIL"/out/energy.edr -o 

"$EQUIL"/analysis/density.xvg 

# Choose frame from NPT of average density for NVT 

# use automatic feature of boxcut.sh for cutting frame 

bash /home/mmh/BrockportMDFiles/shell_scripts/boxcut.sh -a -p "$EQUIL"/ 

# only use manual cutting of frame if automatic fails 

if [ ! -f "$EQUIL"/equilibrium.gro ]; then 
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    bash /home/mmh/BrockportMDFiles/shell_scripts/boxcut.sh -f 0.5 -p 

"$EQUIL"/ 

fi    

##### END STEP 

##### NVT production run 

mkdir -p "$WORKDIR"/3_prod_NVT_${TEMP}K/out 

PROD="$WORKDIR"/3_prod_NVT_${TEMP}K 

cp "$EQUIL"/equilibrium.gro "$PROD" 

mv "$WORKDIR"/md_NVT_${TEMP}K.mdp "$PROD" 

gmx grompp \ 

    -f "$PROD"/md_NVT_${TEMP}K.mdp \ 

    -c "$PROD"/equilibrium.gro \ 

    -p "$WORKDIR"/top_${BASENAME}_${MODEL}.top \ 

    -o "$PROD"/md.tpr \ 

    -po "$PROD"/out/mdout.mdp \ 

    -maxwarn 1 

gmx mdrun \ 

    -s "$PROD"/md.tpr \ 

    -c "$PROD"/out/md.gro \ 

    -x "$PROD"/out/traj.xtc \ 

    -e "$PROD"/out/energy.edr \ 

    -g "$PROD"/out/log.log \ 

    -cpo "$PROD"/out/md.cpt \ 

    -cpt 1 \ 

    -pme cpu -pmefft cpu -update cpu -bonded cpu -nb gpu -v 

# NVT production energy, mean squared displacement, and green-

kubo/einstein viscosity analysis  

mkdir -p "$PROD"/analysis 

echo "Potential"   | gmx energy -f "$PROD"/out/energy.edr -o 

"$PROD"/analysis/potential.xvg 

echo "Temperature" | gmx energy -f "$PROD"/out/energy.edr -o 

"$PROD"/analysis/temperature.xvg 

echo "Pressure"    | gmx energy -f "$PROD"/out/energy.edr -o 

"$PROD"/analysis/pressure.xvg 

# if bulk PEG or pure water, just find self-diffusion of the system  

# otherwise we have a PEG/water mixture and want to find (1) system, (2) 

PEG, and (3) water self-diffusion 

if [ $MODEL = "bulk" ] || [ $BASENAME = "water" ]; then 

    echo "0" | gmx msd -f "$PROD"/out/traj.xtc -s "$PROD"/md.tpr -o 

"$PROD"/analysis/msd.xvg 

else 

    echo "0" | gmx msd -f "$PROD"/out/traj.xtc -s "$PROD"/md.tpr -o 

"$PROD"/analysis/msd_system.xvg 

    echo "2" | gmx msd -f "$PROD"/out/traj.xtc -s "$PROD"/md.tpr -o 

"$PROD"/analysis/msd_${BASENAME}.xvg 

    echo "3" | gmx msd -f "$PROD"/out/traj.xtc -s "$PROD"/md.tpr -o 

"$PROD"/analysis/msd_${MODEL}.xvg 

fi  

<<COMMENT 

NVTBOXLENGTH=$(tail -1 "$PROD"/equilibrium.gro | rev | cut -d " " -f 1 | 

rev ) # box length in nm 

NVTVOLUME=$(echo "${NVTBOXLENGTH}^3" | bc -l )  # box volume in nm^3 

echo $NVTVOLUME | gmx energy \ 

    -f "$PROD"/out/energy.edr \ 
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    -vis "$PROD"/analysis/visco.xvg \ 

    -evisco "$PROD"/analysis/evisco.xvg \ 

    -eviscoi "$PROD"/analysis/eviscoi.xvg 

echo $NVTVOLUME 

mv "$WORKDIR"/energy.xvg "$PROD"/analysis 2>/dev/null; true 

mv "$WORKDIR"/enecorr.xvg "$PROD"/analysis/enecorrbulkvisc.xvg 

2>/dev/null; true 

mv "$WORKDIR"/"#enecorr.xvg.1#" "$PROD"/analysis/enecorrshearvisc.xvg 

2>/dev/null; true 

COMMENT 

##### END STEP 

 

 

File E.2: Bash script “boxcut.sh” 

#!/bin/bash 

shopt -s expand_aliases 

gmx 1&>/dev/null || module load gromacs/2018.3-CUDA-8.0 2>/dev/null 

#|| alias gmx="/nfsopt/gromacs/gromacs-5.1-sse41/jessie/bin/gmx" 

usage() { echo "Usage: $0 -p directoryPath/ -e endfrac[0.5] -a automatic -

s startfrac[0.05] -f forcefrac[-1] -d difference[0.00005] [-m dt modulo in 

ps (for -dt of gmx traj)] -r redo box.xvg; fractions mean how much of the 

trajectory is skipped, 4*startfrac is standard!, if automatic fails and -f 

is not used no gro will be cut" 1>&2; exit 1; } 

path="$(pwd)" 

FORCEFRAC=-1 

difference=0.00005 

redo=0 

STARTFRAC=0.05 

ENDFRAC=0.5 

AUTOMATIC="" 

IGNORE=0 

MODULO="" 

while getopts "hf:d:p:ras:e:im:" opt; do 

  case $opt in 

    f )  

     FORCEFRAC=$OPTARG 

        ;; 

    d )  

        difference=$OPTARG 

        ;; 

    p )  

        path="$OPTARG" 

        ;; 

    a )  

        AUTOMATIC=" -a" 

        ;; 

    s )  

        STARTFRAC=$OPTARG 

        ;; 

    e )  

        ENDFRAC=$OPTARG 

        ;; 

    m )  
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        MODULO=" -dt $OPTARG" 

        ;; 

    r )  

        redo=1 

        ;; 

    i )  

        IGNORE=1 

        ;; 

    h )  

 usage 

 ;; 

   \? )  

 usage 

 ;; 

  esac 

done 

if [ "${path: -1}" != "/" ] ; then 

 path="${path}/" 

fi 

echo "going to cut optimal box for $path" 

#find box.xvg and if not make it 

boxfile="${path}box.xvg" 

if find "${path}"*/ -maxdepth 1 -name "*.gro" | grep -q .; then 

    OUTGRO="$(find "${path}"*/ -maxdepth 1 -name "*.gro")" 

    OUTGRO="${OUTGRO[0]}" 

    echo "$OUTGRO" 

fi 

if [ ! -f "$OUTGRO" ] && [ "$IGNORE" == "0" ] ; then 

    echo "simulation seems to not have finished, no */out.gro found; 

exiting" 

    echo "use -i if sure" 

    exit 1 

fi 

if [ -f "$OUTGRO" ] && [ -f "$boxfile" ] && [ "$OUTGRO" -nt "$boxfile" ] ; 

then 

    echo "box.xvg existed but out.gro was newer; redoing" 

    redo=1 

fi 

if find "$path" -name *.xtc | grep -q .; then 

    trajectory="$(find "$path" -name *.xtc)" 

    trajectory="${trajectory[0]}" 

else 

    echo no trajectory found 

    exit 1 

fi 

if find "$path" -name run*.tpr | grep -q .; then 

    runfile="$(find "$path" -name run*.tpr)" 

    runfile="${runfile[0]}" 

elif find "$path" -name *.tpr | grep -q .; then 

    runfile="$(find "$path" -name *.tpr)" 

    runfile="${runfile[0]}" 

else 

    echo "no run*.tpr or *.tpr file found" 

    exit 1 



108 

 

fi 

if [ -f "$boxfile" ] && [ $redo == 0 ] ; then 

 echo "box.xvg already existed" 

else 

 echo "box.xvg not found or redoing box.xvg" 

 echo "using: yes 0 | gmx traj -s $runfile -f $trajectory -ob 

$boxfile -fp $MODULO" 

 yes 0 | gmx traj -s "$runfile" -f "$trajectory" -ob "$boxfile" -fp 

$MODULO 2>/dev/null 

fi 

echo "----------------------" 

echo "Determining optimal box for the trajectory" 

FRAMETIME=($(python3 /home/mmh/BrockportMDFiles/python_scripts/boxsize.py 

-x "$boxfile" -f $FORCEFRAC -d $difference $AUTOMATIC -s $STARTFRAC -e 

$ENDFRAC)) 

echo $FRAMETIME 

if [ "$FRAMETIME" != "" ]; then 

    equilibriumfile="${path}"equilibrium.gro 

    echo "Will cut $equilibriumfile from $trajectory at $frameTime using" 

    echo "yes 0 | gmx trjconv -s $runfile -f $trajectory -o 

$equilibriumfile -b $FRAMETIME -e $FRAMETIME" 

    yes 0 | gmx trjconv -s "$runfile" -f "$trajectory" -o 

"$equilibriumfile" -b $FRAMETIME -e $FRAMETIME 2>/dev/null 

    echo "done" 

    echo "$runfile" "$trajectory" 

else 

    echo "Automatic determination of cutfraction failed. change 

parameters, prolong simulation or force cut with -f!" 

    exit 1 

fi 

exit 0 

 

 

File E.3: Python script “boxsize.py” 

__author__ = 'robin' 

import numpy as np 

import argparse, sys 

from scipy.stats import linregress 

def eprint(*args, **kwargs): 

    print(*args, file=sys.stderr, **kwargs) 

parser = argparse.ArgumentParser(description='Calculates the average box 

for a given window and finds the optimal frame for a given tolerance') 

parser.add_argument('-x', help='path to xvgfile from gromacs with 

boxsizes') 

parser.add_argument('-f', type=float, default=-1, required=False, 

help='path to xvgfile from gromacs with boxsizes') 

parser.add_argument('-d', type=float, default=1e-04, required=False, 

help='path to xvgfile from gromacs with boxsizes') 

parser.add_argument('-a', action='store_true', default=False, 

required=False, help='automatic fitting') 

parser.add_argument('-s', type=float, default=0.05, required=False, 

help='Skip fraction') 
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parser.add_argument('-e', type=float, default=0.4, required=False, 

help='End fraction') 

args = parser.parse_args() 

xvgfile = args.x 

fraction = args.f 

diff = args.d 

AUTOMATIC = args.a 

STARTFRAC = args.s 

ENDFRAC = args.e 

data = np.loadtxt(xvgfile, skiprows=29, usecols=(0,1,2,3)) 

#fix times if larger than 1 mus, stupid gromacs 

l1 = len(data[data[:,0] < 1.0e+06,0]) 

l2 = len(data[data[:,0] >= 1.0e+06,0]) 

if l2 > 0: 

    eprint("having to fix timings, i hope it works") 

    dt = data[1,0] - data[0,0] 

    eprint("data points below and above 1mus ", l1, l2, " dt: ", dt, 

data[l1-1,0]) 

    eprint("before") 

    eprint(data[l1-5:l1+5,0]) 

    #data[l1:,0] = (np.arange(l2)+1)*dt + data[l1-1,0] 

    data[:,0] = np.arange(len(data))*dt 

    eprint("after") 

    eprint(data[l1-5:l1+5,0]) 

    eprint("does this look correct") 

def boxcut(data,CMIN=0.05,CMAX=0.5,CSTEP=0.0001,THRESH=0.00005): 

    success = True 

    data = np.copy(data) 

    data[:,1] = np.prod(data[:,1:],axis=-1) 

    def gerade(x,a,b): 

        return x*a+b 

    ms = [] 

    for r in np.arange(0.0,0.9001,0.05): 

        i = int(len(data)*r) 

        m = np.mean(data[i:,1]) 

        ms.append([r,m]) 

    c = CMIN 

    i = int(len(data)*c) 

    m, b, _, _, _ = linregress(data[i:,0],data[i:,1]) 

    popt = [m,b] 

    diff = np.fabs(popt[0])*(data[-1,0]-data[i,0])/np.mean(data[i:,1]) 

    minpoint = np.array([0, np.inf]) 

    while (diff > THRESH) & (c <= CMAX): 

        c = c+CSTEP 

        if c > CMAX: 

            eprint("failed") 

            success = False 

            c = CMAX 

            break 

        i = int(len(data)*c) 

        m, b, _, _, _ = linregress(data[i:,0],data[i:,1]) 

        popt = [m,b] 

        diff = np.fabs(popt[0])*(data[-1,0]-data[i,0])/np.mean(data[i:,1]) 
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        eprint("skipfraction=" + str(round(c,5)).ljust(6,'0') + " 

diff="+str(round(diff,5)).ljust(7,'0') + " diff/THRESH=" + 

str(round(diff/THRESH,2)).ljust(5,'0'), end='\r') 

        if diff < minpoint[1]: 

            minpoint = [c, diff] 

    mavg = np.mean(data[i:,1]) 

    eprint("frame, fraction and fitparameters") 

    eprint(i, round(c,6), data[i,0], popt) 

    eprint("relative drift and averages") 

    eprint(diff,mavg, mavg**(1/3)) 

    eprint("minimum diff point, c and diff, diff/THRESH") 

    

eprint(str(round(minpoint[0],5)).ljust(6,'0'),str(round(minpoint[1],6)), 

str(round(minpoint[1]/THRESH,2)).ljust(5,'0')) 

    return c, success 

def boxsize_frame(data, fraction, diff=1e-06): 

    start = int(len(data)*fraction)-1 

    datarest = np.copy(data[start:]) 

    volumes = datarest[:,0]*datarest[:,1]*datarest[:,2] 

    vmean = volumes.mean() 

    eprint('Mean boxsize = ' + str(vmean) + ' edge = ' + 

str(vmean**(1/3))) 

    volumes -= vmean 

    volumes = np.fabs(volumes) 

    min(volumes) 

    volumes[volumes < diff] = 0 

    eprint("index is ", len(volumes)-np.argmin(np.flipud(volumes), 

axis=0)+start-1) 

    return len(volumes)-np.argmin(np.flipud(volumes), axis=0)+start-1 

if AUTOMATIC: 

    eprint("Trying automatic determination of cutting fraction first") 

    autofrac, success = boxcut(data, CMIN=STARTFRAC, CMAX=ENDFRAC, 

THRESH=diff) 

    if success: 

        frame = boxsize_frame(data[:,1:], autofrac, diff) 

    elif fraction > 0: 

        eprint("Using forced fraction instead ", fraction) 

        frame = boxsize_frame(data[:,1:], fraction, diff) 

    else: 

        eprint("No forced cut, causing failure") 

        print("") 

        quit() 

else: 

    eprint("Using 4*startfrac as fraction, ", 4*STARTFRAC) 

    frame = boxsize_frame(data[:,1:], 4*STARTFRAC, diff) 

eprint(data[frame]) 

eprint('ps of frame: ' + str(data[frame,0]) + ' of ' + str(data[len(data)-

1, 0])) 

print(data[frame,0]) 

exit 
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File E.4: Bash script “repeated_simulations.sh” 

#!/bin/bash 

usage() { 

    echo 

    echo "Script file for repeating the PEG_water_simulation.sh script 

which runs a single simulation." 

    echo "See J. Chem. Theory Comput. 2018, 14, 11, 5959–5968 for why we 

need repetitions" 

    echo 

    echo "The script will copy the files below and create as many folders 

as needed. Thus, you only " 

    echo "need to include the files in the working directory once and let 

the script do copying for you." 

    echo 

    echo "NOTE: This script ONLY runs repeated INITIAL runs (i.e. goes 

through insert-molecules and energy min)" 

    echo 

    echo "Usage:" 

    echo "  -b [string]     PEG basename/molecule's acronym (e.g. DEG) 

(double quotes around string will work, but not necessary unless there are 

spaces)" 

    echo "                  For pure water, type 'water'" 

    echo "  -m [string]     model to simulate (enter 'bulk' for bulk PEG, 

'spce' for spc/e water, or 'tip4p2005' for tip4p/2005 water)" 

    echo "  -t [value]      temperature in K (use underscore instead of 

decimal if necessary (e.g. 298_15)" 

    echo "  -d [value]      density in g/cm^3 at desired temperature" 

    echo "  -n [value]      total number of molecules in system" 

    echo "  -p [value]      how many number of molecules are PEG" 

    echo "  -w [value]      how many number of molecules are water"  

    echo "  -r [value]      how many total simulations are desired" 

    echo 

    echo "Require following files in working directory:" 

    echo "  - [BASENAME].itp (PEG itp file) [for bulk PEG and PEG/water 

mixture simulations only]" 

    echo "  - [MODEL].itp (water itp file) [for PEG/water mixture and pure 

water simulations only]" 

    echo "  - top_[BASENAME]_bulk.top [for bulk PEG only] or 

top_[BASENAME]_water.top [for PEG/water mixtures only] or 

top_pure_water.top [for pure water only]" 

    echo "  - single_[BASENAME].gro [for bulk PEG and PEG/water mixture 

simulations only]" 

    echo "  - single_[MODEL].gro [for PEG/water mixture and pure water 

simulations only]" 

    echo "  - em.mdp" 

    echo "  - eq_NPT_[TEMP]K.mdp" 

    echo "  - md_NVT_[TEMP]K.mdp" 

    echo "  - PEG_water_simulation.sh" 

    echo "  - This shell file" 

    echo 

    echo "To start the script, use either one of the following:" 

    echo "  - pass no arguments to command line (user input will be asked 

for)" 
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    echo "  - pass all 8 flags to command line" 

    echo 

    exit 1 

} 

WORKDIR="$(dirname "$(readlink -f "$0")")" 

##### Getting parameters and checking that everything is alright to go 

# passing arguments to command line 

while getopts ":b:m:t:d:n:p:w:r:h" options; do 

    case ${options} in 

        b) 

            BASENAME=$OPTARG ;; 

        m) 

            MODEL=$OPTARG ;; 

        t) 

            TEMP=$OPTARG ;; 

        d) 

            DENSITY=$OPTARG ;; 

        n)  

            TOTALNMOL=$OPTARG ;; 

        p) 

            PEGNMOL=$OPTARG ;; 

        w) 

            WATERNMOL=$OPTARG ;; 

        r) 

            TOTALRUN=$OPTARG ;; 

        h)  

            usage ;; 

        \?) 

            echo "Invalid input. Unknown flag. Refer to the help with -h" 

            exit 1 ;; 

        :) 

            echo "Invalid input: -$OPTARG requires an argument. Refer to 

the help with -h" 

            exit 1 ;; 

    esac 

done 

# if nothing passed to command line, go for user input 

if [ $OPTIND -eq 1 ]; then  

    read -p "Molecule's acronym: " BASENAME 

    read -p "Model to simulate (enter 'bulk' for bulk PEG, 'spce' for 

spc/e water, or 'tip4p2005' for tip4p/2005 water): " MODEL 

    read -p "Temperature (in K) (Use underscore instead of decimal if 

necessary, e.g. 298_15): " TEMP 

    read -p "${BASENAME}'s density at ${TEMP}K in g/cm^3 (if unknown, 

choose something reasonable): " DENSITY 

    read -p "Number of total molecules in system: " TOTALNMOL 

    read -p "How many of those molecules are PEG: " PEGNMOL 

    read -p "How many of those molecules are water: " WATERNMOL 

    read -p "Number of simulations to run: " TOTALRUN 

fi 

# check to see, if user used command line, that all parameters are defined 

if [ $OPTIND -gt 1 ]; then 

    # forgot basename 

    if [ -z $BASENAME ]; then 
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        echo "You forgot to set the basename. Either use no flags, or use 

-b" 

        exit 1  

    fi  

    # forgot water model to use 

    if [ -z $MODEL ]; then 

        echo "You forgot to choose a model to simulate. Either use no 

flags, or use -m" 

        exit 1  

    fi  

    # typed an unsupported model 

    if [ $MODEL != "bulk" ] && [ $MODEL != "spce" ] && [ $MODEL != 

"tip4p2005" ]; then 

        echo "You have chosen an unsupported model. Please correct -m 

input" 

        exit 1  

    fi    

    # forgot temperature 

    if [ -z $TEMP ]; then 

        echo "You forgot to set the temperature. Either use no flags, or 

use -t" 

        exit 1  

    fi  

    # forgot density 

    if [ -z $DENSITY ]; then 

        echo "You forgot to set the density. Either use no flags, or use -

d" 

        exit 1  

    fi  

    # forgot to specify total number of molecules 

    if [ -z $TOTALNMOL ]; then 

        echo "You forgot to set the total number of molecules. Either use 

no flags, or use -n" 

        exit 1  

    fi  

    # forgot to specify number of PEG molecules 

    if [ -z $PEGNMOL ]; then 

        echo "You forgot to set the number of PEG molecules. Either use no 

flags, or use -p" 

        exit 1  

    fi  

    # forgot to specify number of water molecules 

    if [ -z $WATERNMOL ]; then 

        echo "You forgot to set the number of water molecules. Either use 

no flags, or use -w" 

        exit 1  

    fi  

    # forgot to specify total number of simulations 

    if [ -z $TOTALRUN ]; then 

        echo "You forgot to set the number of simulations to run. Either 

use no flags, or use -r" 

        exit 1  

    fi  

fi 
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# if the number of PEG and water molecules do not sum to total molecules 

in system, then stop script 

if [ $(( $PEGNMOL + $WATERNMOL )) -ne $TOTALNMOL ]; then 

    echo "Sum of PEG and water molecules is not equal to total number of 

molecules specified. Please correct input." 

    exit 1  

fi 

##### END STEP 

##### Creating as many folders as number of desired simulations w/ files. 

Comment this section out if continuing set 

mkdir "$WORKDIR"/run1 

mv "$WORKDIR"/*.itp "$WORKDIR"/run1 

mv "$WORKDIR"/*.top "$WORKDIR"/run1 

mv "$WORKDIR"/*.gro "$WORKDIR"/run1 

mv "$WORKDIR"/*.mdp "$WORKDIR"/run1 

mv "$WORKDIR"/PEG_water_simulation.sh "$WORKDIR"/run1 

RUN=2 

while [ $RUN -lt $(($TOTALRUN + 1)) ]; do 

    cp -r "$WORKDIR"/run1 "$WORKDIR"/run${RUN} 

    let RUN=$RUN+1 

done 

##### END STEP 

##### Running the simulations as many times as desired. If continuing set, 

set RUN and re-run script 

RUN=1 

while [ $RUN -lt $(($TOTALRUN + 1)) ]; do 

    bash "$WORKDIR"/run${RUN}/PEG_water_simulation.sh -b $BASENAME -m 

$MODEL -t $TEMP -d $DENSITY -n $TOTALNMOL -p $PEGNMOL -w $WATERNMOL -i 

    # mv "$WORKDIR"/energy.xvg 

"$WORKDIR"/run${RUN}/3_prod_NVT_${TEMP}K/analysis 

    # mv "$WORKDIR"/enecorr.xvg 

"$WORKDIR"/run${RUN}/3_prod_NVT_${TEMP}K/analysis/enecorrbulkvisc.xvg 

    # mv "$WORKDIR"/"#enecorr.xvg.1#" 

"$WORKDIR"/run${RUN}/3_prod_NVT_${TEMP}K/analysis/enecorrshearvisc.xvg 

    let RUN=$RUN+1 

done 

##### END STEP 
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Appendix F: Analysis Codes 

File F.1: Python script “diffusion.py” 

__author__ = "matthew" 

import numpy as np 

import argparse 

from matplotlib import pyplot as plt 

import scipy.optimize 

# invoke argparse constructor to create an object named parser to take in 

msd.xvg file 

parser = argparse.ArgumentParser(description="Finds self-diffusion 

coefficient with quality control tests") 

parser.add_argument('-x', required=True, help="Provide path of the msd.xvg 

file") 

parser.add_argument('-m', type=float, required=True, help="Minimum MSD 

(nm^2) for analysis. Optimally should be at least (box length [nm])^2.") 

args = parser.parse_args() 

# assign arguments to variables 

xvgfile = args.x 

msdmin = args.m 

# getting t and msd data 

data = np.loadtxt(fname=xvgfile, skiprows=20) 

t = data[:,0] 

msd = data[:,1] 

dt = t[1] - t[0] 

# with t and msd as arrays 

# get a True/False array for times no shorter than the longest time 

divided by 5  

# and msd greater than that of specified lower limit 

m = (t > (t.max() / 5)) & (msd > msdmin) 

# if msd lower limit is too restrictive, use only time criterion 

if np.sum(m) < 5: 

 print("Minimum MSD desired not achieved. System is therefore not 

diffusive enough for your choice of lower limit.") 

 print("Results may not be accurate or reliable.") 

 m = (t > (t.max() / 5)) 

# self-diffusion coefficient via fitting to msd = 6*D*t 

# this gives a different result than GROMACS and linregress since both use 

msd = 6*D*t + c instead 

# using msd = 6*D*t + c gives better fit, but requires a true theoretical 

model 

# thus, stick to msd = 6*D*t instead 

D = scipy.optimize.curve_fit(lambda t, D: 6 * D * t, t[m], msd[m], 

sigma=msd[m])[0][0]   # in nm^2/ps 

D = D * 1e-6   # convert to m^2/s 
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# finding power law msd = 6Dt^theta 

powerlawD = scipy.optimize.curve_fit(lambda t, D, theta: 6 * D * t ** 

theta, t[m], msd[m], sigma=msd[m])[0][0] 

powerlawtheta = scipy.optimize.curve_fit(lambda t, D, theta: 6 * D * t ** 

theta, t[m], msd[m], sigma=msd[m])[0][1] 

# print results 

print("Self-diffusion coefficient (m^2/s): " + str(D)) 

print("Power law exponent (theta): " + str(powerlawtheta)) 

# plotting 

fig, (ax1, ax2, ax3) = plt.subplots(1, 3) 

# normal msd vs. t plot 

ax1.plot(t, msd) 

ax1.set_xlabel("t / ps") 

ax1.set_ylabel("$r^2(t) \; / \; nm^2$") 

# log(msd) vs. log(t) plot 

ax2.loglog(t[1:], msd[1:]) # standard log-log plot 

ax2.loglog([t[-1]/1000, t[-1]], [msd[-1]/1000, msd[-1]], '--', 

color='black') # diffusive regime line 

ax2.plot(t[1:], 6 * powerlawD * t[1:] ** powerlawtheta, '--', color='red') 

# power law 

ax2.set_xlabel("t / ps") 

ax2.set_ylabel("$r^2(t) \; / \; nm^2$") 

ax2.legend(labels = ("Data", "Diffusive regime line", "Power law line"), 

loc = "lower right", prop={'size': 6}) 

# msd/t vs. 1/t 

ax3.loglog( 1/t[1:], msd[1:]/t[1:]) 

ax3.set_xlabel("$1/t \; / \; ps^{-1}$") 

ax3.set_ylabel("$r^2(t)/t \; / \; nm^2/ps$") 

plt.show() 

 

 

File F.2: Bash script “viscosity.sh” 

#!/bin/bash 

usage() { 

 echo  

 echo "Calculates viscosity using time decomposition method" 

 echo "J. Chem. Theory Comput. 2015, 11, 3537−3546" 

 echo 

 echo "USAGE" 

 echo " -b Number of blocks" 

 echo " -t Time length of each block (ps)" 

 echo " -x Total time length of full trajectory (ps))" 

 echo " -g Displays graphs of running integral and its standard 

deviation" 

 echo  

 exit 1 

} 

# setting working directory and GROMACS stuff 

WORKDIR="$(dirname "$(readlink -f "$0")")" 

PWD="$(pwd)" 

source /usr/local/gromacs/bin/GMXRC 

# set variables from command line 

GRAPH=false 
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while getopts ":b:t:x:gh" options; do 

 case ${options} in  

  b) 

   BLOCKNUM=$OPTARG ;; 

  t) 

   BLOCKTIME=$OPTARG ;; 

  x) 

   FULLTIME=$OPTARG ;; 

  g) 

   GRAPH=true ;; 

  h) 

   usage 

   exit 1 ;; 

  \?) 

   echo "Unknown flag. Please fix input and check the help 

with -h" 

   exit 1 ;; 

  :) 

   echo "Invalid input. You must input an argument for -

${OPTARG}. Check the help with -h" 

   exit 1 ;; 

 esac 

done 

# check for input on command line 

if [ -z $BLOCKNUM ] || [ -z $BLOCKNUM ] | [ -z $BLOCKNUM ]; then 

 echo "Missing one of the required flags -b, -t, or -x for command 

line input. Stopping script" 

 exit 1 

fi 

# Check to make sure the trajectory can be broken down evenly 

# if blocks can split the trajectory evenly, then mention perfect even 

split 

# else if total blocking time is less than full trajectory time, then 

still possible to do blocking 

# else consists of instances where total blocking time exceeds full 

trajectory time, which cannot be done 

BLOCKTOTALTIME=$(( $BLOCKNUM * $BLOCKTIME )) 

if [ $BLOCKTOTALTIME -eq $FULLTIME ]; then 

 echo "Number of blocks $BLOCKNUM of length $BLOCKTIME ps split the 

entire trajectory of time $FULLTIME ps evenly." 

elif [ $BLOCKTOTALTIME -lt $FULLTIME ]; then 

 echo "Number of blocks $BLOCKNUM of length $BLOCKTIME ps can be 

taken from part of the trajectory of time $FULLTIME ps." 

 echo "Will only use first $BLOCKTOTALTIME ps of full trajectory 

$FULLTIME ps for blocking." 

 echo "Number of blocks $BLOCKNUM of length $BLOCKTIME ps taken from 

first $BLOCKTOTALTIME ps of trajectory." 

 echo "If this is not what you want, then please stop the script and 

re-enter the correct blocking values." 

else  

 echo "Number of blocks $BLOCKNUM of length $BLOCKTIME ps cannot be 

taken from trajectory of time $FULLTIME ps." 

 echo "Please fix the number of blocks and their lengths so it does 

fit in the trajectory." 
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 exit 1 

fi 

  

# Running green-kubo calculations 

mkdir "$WORKDIR"/viscosity 

VISCODIR="$WORKDIR"/viscosity 

VISCONUM=1 

BEGINTIME=0 

ENDTIME=$BLOCKTIME 

NVTBOXLENGTH=$(tail -1 "$WORKDIR"/*.gro | rev | cut -d " " -f 1 | rev ) # 

box length in nm 

NVTVOLUME=$(echo "${NVTBOXLENGTH}^3" | bc -l )  # box volume in nm^3 

echo "Box volume is $NVTVOLUME nm^3" 

while [ $VISCONUM -lt $(( $BLOCKNUM + 1 )) ]; do 

 echo $NVTVOLUME | gmx energy \ 

  -f "$WORKDIR"/out/*.edr \ 

  -o "$VISCODIR"/energy_visco${VISCONUM}.xvg \ 

  -vis "$VISCODIR"/visco${VISCONUM}.xvg \ 

  -evisco "$VISCODIR"/evisco${VISCONUM}.xvg \ 

  -eviscoi "$VISCODIR"/eviscoi${VISCONUM}.xvg \ 

  -b $BEGINTIME \ 

  -e $ENDTIME \ 

  -quiet 

 mv "$PWD"/enecorr.xvg "$VISCODIR"/enecorrbulkvisc${VISCONUM}.xvg 

2>/dev/null; true 

 mv "$PWD"/"#enecorr.xvg.1#" 

"$VISCODIR"/enecorrshearvisc${VISCONUM}.xvg 2>/dev/null; true 

 let BEGINTIME=$BEGINTIME+$BLOCKTIME 

 let ENDTIME=$ENDTIME+$BLOCKTIME 

 let VISCONUM++ 

done 

if [ "$GRAPH" = true ]; then  # if we want a graph (i.e. GRAPH = TRUE) 

 python3 /home/mmh/BrockportMDFiles/python_scripts/viscosity.py 

"$VISCODIR"/visco*.xvg -g 

else 

 python3 /home/mmh/BrockportMDFiles/python_scripts/viscosity.py 

"$VISCODIR"/visco*.xvg 

fi 

 

 

File F.3: Python script “viscosity.py” 

__author__ = 'matthew' 

import numpy as np 

from matplotlib import pyplot as plt 

import argparse 

from scipy.optimize import curve_fit 

from scipy.stats import linregress 

import math 

parser = argparse.ArgumentParser(description="Viscosity time decomposition 

analysis") 

parser.add_argument('files', nargs='+', help="list all visco*.xvg files") 

parser.add_argument('-c', default=10000, type=int, help="chunk size for 

determining zero slope plateau time, default 10000 energy frames") 
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parser.add_argument('-s', default=0.01, type=float, help="slope tolerance 

for determining zero slope plateau time, default 0.01") 

parser.add_argument('-i', default=2, type=float, help="ignore this 

beginning amount of time (in ps) for fit to running integral, default 2 

ps") 

parser.add_argument('-g', action='store_true', help="display graphs. 

Default is no.") 

args = parser.parse_args() 

files = args.files 

chunksize = args.c 

slope_tolerance = args.s 

begin_fit_time = args.i 

graphs = args.g 

nblocks = len(files) 

# loading in running integral data for each file 

# note that times are same in each file, so take from 1st file (i.e. time 

is 1D array) 

# y-values are taken from all files, so y is a 2D array with nblocks 

columns) 

time = np.loadtxt(fname=files[0], skiprows=25)[:,0] 

dt = time[1] - time[0] 

y = np.empty(shape=[len(time), nblocks]) 

for j in range(0, nblocks): 

 y[:,j] = np.loadtxt(fname=files[j], skiprows=25)[:,1] 

# find average running integral and stdev as function of time from other 

running integrals 

# axis 1 means analyze across a row over the columns 

print() 

print("Determining mean and standard deviation (sigma) of running 

integrals as functions of time.") 

print() 

runningint = np.mean(y, axis=1)  

sigma = np.std(y, axis=1, ddof=1) 

# fitting sigma(t) to y = a*t^b 

def power_law_fit(t, a, b): 

 return a * t ** b 

sigma_fit_popt, sigma_fit_pcov = curve_fit(power_law_fit, xdata=time, 

ydata=sigma) 

a = sigma_fit_popt[0] 

b = sigma_fit_popt[1] 

sigma_fit = power_law_fit(time, *sigma_fit_popt) 

print("Fitting sigma to power law function.") 

print(f"Power law fit: y = {round(a, 3)}*t^{round(b, 3)}") 

print() 

# need to find zero slope for plateau time and eventually cutoff time for 

fitting 

# define function that returns the index with 0 slope within some slope 

tolerances 

# purpose is to find flat region of running integral 

def zero_slope_index(x, y, chunksize, max_slope): 

 for index in range(0, len(x) - chunksize + 1): 

  result = linregress(x[index:(index + chunksize)], 

y[index:(index + chunksize)])  

  slope = result.slope 
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  if 0 <= abs(slope) <= max_slope: 

   return int((index + (index + chunksize)) / 2) 

 # if criteria is not met, function returns nothing 

 return None; 

# run through a bunch of different max_slope in increments of 0.001 up 

until slope_tolerance 

# if a slope of approximately zero is found, the time which that occurs 

will be reported 

# if no slope is found within the specified slope_tolerance on command 

line, stop script.  

max_slope = 0 

while max_slope <= slope_tolerance: 

 flat_start_index = zero_slope_index(time, runningint, 

chunksize=chunksize, max_slope=max_slope) 

 if flat_start_index != None: 

  print(f"Zero slope achieved at {time[flat_start_index]} ps 

using chunks of {chunksize} energy frames " 

   f"({chunksize*dt} ps) with max slope {max_slope} 

(mPa*s)/s.") 

  break 

 max_slope += 0.001 

if max_slope > slope_tolerance: 

 print(f"Cannot determine plateau time based on current slope 

tolerance of {slope_tolerance} (mPa*s)/s.") 

 print("Either increase the number of blocks, increase the slope 

tolerance, or decrease chunk size. The first option is preferable.") 

 print("Stopping script.") 

 exit() 

# find mean of flat running integral region and use that for time cutoff 

determination 

runningint_flat_avg = np.mean(runningint[flat_start_index:]) 

print(f"Average of running integral after zero slope time 

{time[flat_start_index]} ps (flat region) is {round(runningint_flat_avg, 

4)} mPa*s.") 

# t_cutoff is chosen such that sigma(t_cutoff) = 0.4*mean(running integral 

flat region) 

print(f"t_cutoff should be chosen such that sigma(t_cutoff) is about 40% 

of the average over the flat region of {round(runningint_flat_avg, 4)} 

mPa*s.") 

cutoff_sigma = 0.4*runningint_flat_avg 

cutoff_time_index_actual=0 

print("Calculating cutoff time with exactly 40% criterion.") 

while(True): 

 if sigma[cutoff_time_index_actual] > cutoff_sigma: 

  break 

 cutoff_time_index_actual += 1 

  

cutoff_time_actual = time[cutoff_time_index_actual] # actual cutoff time 

cutoff_time_rounded = np.ceil(cutoff_time_actual / 100) * 100 # cutoff 

time rounded upwards to the hundred; use this  

cutoff_time_index_rounded = np.where(time == cutoff_time_rounded)[0][0] 

print(f"Actual cutoff time is {cutoff_time_actual} ps. Will round upwards 

to nearest hundred to " 
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 f"{cutoff_time_rounded} ps and use this as the upper limit for the 

double exp fit to running integral.") 

print(f"sigma({cutoff_time_rounded} ps) = 

{round(sigma[cutoff_time_index_rounded], 3)} mPa*s is only " 

 f"{np.round(sigma[cutoff_time_index_rounded]/runningint_flat_avg*100

, 1)}% of the average over the flat region of running integral of 

{round(runningint_flat_avg, 4)} mPa*s.") 

print("If the percentage is between 30-50%, result is likely 

satisfactory.")  

print(f"Please check that the rounded cutoff time of {cutoff_time_rounded} 

ps is reasonable and allows the double exp fit to the running integral to 

cover a moderately reasonable amount of the plateau region.") 

print(f"Also please check that the size (time length) of your blocks are 

at least 10x that of the plateau time {time[flat_start_index]} ps. If not, 

then the running integral may not converge properly.") 

print("However, if increasing the number of blocks is more important (for 

good statistics) than the length itself, it may be relevant to disregard 

the previous check within reason.") 

print() 

# Fitting running integral to complex double exponential function with 

following conditions  

# 1. ignore first few picoseconds (let's do 2 ps as default)  

# 2. weight according to 1/t^b  

# note that weight = 1 / "sigma"^2 in curve_fit ("sigma" is curve_fit 

sigma), so "sigma" = 1/sqrt(weight) = t^(b/2) 

def double_exp_fit(t, A, alpha, tau_1, tau_2): 

 return A*alpha*tau_1*(1 - np.exp(-t/tau_1)) + A*(1 - alpha)*tau_2*(1 

- np.exp(-t/tau_2)) 

weight = 1 / np.power(time, b) 

begin_fit_index = np.where(time == begin_fit_time)[0][0] 

end_fit_index = np.where(time == cutoff_time_rounded)[0][0] 

print(f"Will fit the running integral to a double exp function from 

{time[begin_fit_index]} ps to {time[end_fit_index]} ps with weight 

1/t^{round(b, 3)}.") 

  

runningint_fit_popt, runningint_fit_pcov = curve_fit(double_exp_fit, 

xdata=time[begin_fit_index:(end_fit_index + 1)], 

 ydata=runningint[begin_fit_index:(end_fit_index + 1)], sigma = 

1/np.sqrt(weight[begin_fit_index:(end_fit_index + 1)]), absolute_sigma = 

False) 

A = runningint_fit_popt[0] 

alpha = runningint_fit_popt[1] 

tau_1 = runningint_fit_popt[2] 

tau_2 = runningint_fit_popt[3] 

runningint_fit = double_exp_fit(time, *runningint_fit_popt) 

print(f"Double exp fit: y = {round(A, 3)}*{round(alpha, 3)}*{round(tau_1, 

3)}*(1 - e^(-t/{round(tau_1, 3)})) + " 

 f"{round(A, 3)}*(1 - {round(alpha, 3)})*{round(tau_2, 3)}*(1 - e^(-

t/{round(tau_2, 3)}))") 

viscosity_limit = A*alpha*tau_1 + A*(1-alpha)*tau_2 

print("Viscosity is calculated by taking the infinite time limit of the 

double exp fit.") 

print(f"Viscosity: {viscosity_limit} mPa*s") 

print() 
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fig, (ax1, ax2) = plt.subplots(1,2, figsize=(8, 4)) 

ax1.set_xlabel("Autocorrelation time (ps)") 

ax1.set_ylabel("$\eta$ (mPa*s)") 

ax1.plot(time, runningint, color='black', linestyle='solid', label="Mean 

running integral") 

ax1.plot(time, runningint_fit, color='red', linestyle='solid', 

label="Fitted double exp function") 

ax1.legend(loc='upper left', prop={'size':6}) 

left, bottom, width, height = [0.25, 0.2, 0.2, 0.2] 

ax3 = fig.add_axes([left, bottom, width, height]) 

ax3.set_xlabel("Autocorrelation time (ps)") 

ax3.set_ylabel("$\eta$ (mPa*s)") 

five_ps_index = np.where(time == 5)[0][0] 

ax3.plot(time[0:(five_ps_index + 1)], runningint[0:(five_ps_index + 1)], 

color='black', linestyle='solid', label="Mean running integral") 

ax2.set_xlabel("Autocorrelation time (ps)") 

ax2.set_ylabel("$\sigma$ (mPa*s)") 

ax2.plot(time, sigma, color='black', linestyle='solid', label="Standard 

deviation") 

ax2.plot(time, sigma_fit, color='red', linestyle='solid', label="Power law 

fit a*t^b") 

ax2.legend(loc="upper left", prop={'size':6}) 

if graphs == True: 

 plt.show() 
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Appendix G: Supplemental Tables and Figures 

Table G.1: Average densities [kg·m-3] for each combination of PEG oligomer and neat/mixture 

system with either 250 or 1000 molecules at temperature 328 Ka 

 

 

Neat 

PEG + 20,000 ppm 

SPC/E water mixture 

PEG + 20,000 ppm 

TIP4P/2005 water mixture 

Experimental 

(Neat)11 

DEG:     

250 1077.47 [1.32] 1077.33 [1.21] 1077.92 [1.27]  

1000 1077.48 [0.40] 1077.38 [0.63] 1078.11 [0.51] 1091.7 [0.10] 

TeEG:     
250 1103.41 [0.87] 1104.71 [1.03] 1104.56 [0.92]  

1000 1102.99 [0.26] 1104.50 [0.12] 1104.56 [0.64] 1096.0 [0.10] 

PeEG:     
250 1106.55 [0.75] 1109.29 [0.78] 1109.50 [0.64]  

1000 1106.13 [0.02] 1109.41 [0.47] 1109.77 [0.31] 1097.4 [0.20] 
a Brackets contain the standard deviation of the density measurement. For simulations, standard 

deviations are calculated using the values from simulation repeats. 
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Table G.2: Average finite-sized self-diffusivities and box lengths for each combination of PEG 

oligomer and neat/mixture system with either 250 or 1000 molecules used during the fitting to 

Equation 10 for the D-based method at temperature 328 Ka 

 Neat PEG + 20,000 ppm SPC/E 

water mixture 

PEG + 20,000 ppm 

TIP4P/2005 water mixture 

 System PEG Water System PEG Water System 

DEG:        

𝐿250 [nm] 3.44503 

[0.00140] 

  3.33897 

[0.00125] 

  3.33836 

[0.00131] 

𝐿1000 [nm] 5.46864 

[0.00068] 

  5.30182 

[0.00104] 

  5.30062 

[0.00083] 

𝐷250 [10-11 m2/s] 11.03 

[0.41] 

10.88 

[0.56] 

31.06 

[4.51] 

11.30 

[0.56] 

10.46 

[0.44] 

28.35 

[3.29] 

10.83 

[0.39] 

𝐷1000 [10-11 m2/s] 11.90 

[0.30] 

11.63 

[0.27] 

32.88 

[1.89] 

12.06 

[0.30] 

11.73 

[0.31] 

29.24 

[1.66] 

11.37 

[0.30] 

        

TeEG:        

𝐿250 [nm] 4.18070 

[0.00110] 

  3.93793 

[0.00122] 

  3.93810 

[0.00110] 

𝐿1000 [nm] 6.63729 

[0.00052] 

  6.25147 

[0.00022] 

  6.25135 

[0.00120] 

𝐷250 [10-11 m2/s] 1.35 

[0.06] 

1.28 

[0.04] 

6.62 

[0.73] 

1.39 

[0.05] 

1.29 

[0.07] 

6.31 

[0.70] 

1.39 

[0.07] 

𝐷1000 [10-11 m2/s] 1.41 

[0.03] 

1.37 

[0.03] 

6.96 

[0.29] 

1.48 

[0.03] 

1.38 

[0.04] 

6.44 

[0.24] 

1.48 

[0.04] 

        

PeEG:        

𝐿250 [nm] 4.47131 

[0.00101] 

  4.15433 

[0.00097] 

  4.15407 

[0.00080] 

𝐿1000 [nm] 7.09867 

[0.00004] 

  6.59183 

[0.00094] 

  6.59111 

[0.00061] 

𝐷250 [10-11 m2/s] 0.75 

[0.02] 

0.62 

[0.02] 

2.93 

[0.17] 

0.67 

[0.02] 

0.60 

[0.06] 

2.78 

[0.25] 

0.64 

[0.06] 

𝐷1000 [10-11 m2/s] 0.80 

[0.00] 

0.63 

[0.01] 

2.95 

[0.04] 

0.68 

[0.01] 

0.64 

[0.02] 

2.87 

[0.15] 

0.68 

[0.03] 
a Brackets contain the standard deviation of the measurement. For box lengths, the standard 

deviation is calculated according to error propagation as 𝜎𝐿 = 𝐿𝜎𝑝/(3𝜌). For finite-size self-

diffusion coefficients, standard deviations are calculated using the values from simulation 

repeats. 
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Table G.3: Self-diffusion coefficients in the thermodynamic limit, D∞ [10-11 m2∙s-1], for each 

combination of PEG oligomer and neat/mixture system obtained from the fit to Equation 10 

using the D-based method at temperature 328 Ka 

 Neat PEG + 20,000 ppm SPC/E 

water mixture 

PEG + 20,000 ppm 

TIP4P/2005 water mixture 

Experimental 

(Neat)11 

 System PEG Water System PEG Water System System 

DEG 13.40 12.90 35.96 13.36 13.89 30.76 12.29 17.4 [0.5] 

TeEG 1.51 1.52 7.52 1.64 1.52 6.67 1.63 10 [1] 

PeEG 0.87 0.66 2.97 0.70 0.70 3.02 0.74 8.55 [0.08] 
a Brackets contain the standard deviation of the experimental measurement 

 

Table G.4: System shear viscosities [mPa·s] for each combination of PEG oligomer and 

neat/mixture system obtained from the fit to Equation 10 using the D-based method at 

temperature 328 Ka 

 Neat PEG + 20,000 ppm 

SPC/E water mixture 

PEG + 20,000 ppm 

TIP4P/2005 water mixture 

Experimental 

(Neat)11 

DEG 8.341 9.893 13.93 9.0 [0.3] 

TeEG 101.6 68.91 73.29 13.2 [0.3] 

PeEG 131.0 454.9 162.0 15.8 [0.1] 
a Brackets contain the standard deviation of the experimental measurement 

 

Table G.5: System shear viscosities [mPa·s] and power law exponents for each combination of 

PEG oligomer and neat/mixture system obtained using the time decomposition method at 

temperature 328 Ka 

 Neat PEG + 20,000 ppm 

SPC/E water mixture 

PEG + 20,000 ppm 

TIP4P/2005 water mixture 

Experimental 

(Neat)b 

DEG:     

𝜂  11.67 11.97 10.09 9.0 [0.3] 

𝑏 0.60 0.59 0.69  

TeEG:     

𝜂 84.1 66.6 84.7 13.2 [0.3] 

𝑏 0.65 0.75 0.56  

PeEG:     

𝜂 152.2 132.5 169.5 15.8 [0.1] 

𝑏 0.45 0.85 0.67  
a Power law exponent 𝑏 corresponds to fitting of 𝜎(𝑡) to 𝐴𝑡𝑏 for the GK running integrals 
b Brackets contain the standard deviation of the experimental measurement 
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Figure G.1: Shear viscosity time decomposition analysis for a single, 1000 molecule, neat 

diethylene glycol system. The Green-Kubo running integral average (left) and standard deviation 

(right) are fit to a double exponential function and power function, respectively, and are based on 

50 blocks each of 2 ns in trajectory length. 

 

 

Figure G.2: Shear viscosity time decomposition analysis for a single, 1000 molecule, 20,000 

ppm SPC/E water and diethylene glycol mixture system. The Green-Kubo running integral 

average (left) and standard deviation (right) are fit to a double exponential function and power 

function, respectively, and are based on 50 blocks each of 2 ns in trajectory length. 
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Figure G.3: Shear viscosity time decomposition analysis for a single, 1000 molecule, 20,000 

ppm TIP4P/2005 water and diethylene glycol mixture system. The Green-Kubo running integral 

average (left) and standard deviation (right) are fit to a double exponential function and power 

function, respectively, and are based on 50 blocks each of 2 ns in trajectory length. 

 

 

Figure G.4: Shear viscosity time decomposition analysis for a single, 1000 molecule, neat 

tetraethylene glycol system. The Green-Kubo running integral average (left) and standard 

deviation (right) are fit to a double exponential function and power function, respectively, and 

are based on 50 blocks each of 8 ns in trajectory length. 
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Figure G.5: Shear viscosity time decomposition analysis for a single, 1000 molecule, 20,000 

ppm SPC/E water and tetraethylene glycol mixture system. The Green-Kubo running integral 

average (left) and standard deviation (right) are fit to a double exponential function and power 

function, respectively, and are based on 50 blocks each of 6 ns in trajectory length. 

 

 

Figure G.6: Shear viscosity time decomposition analysis for a single, 1000 molecule, 20,000 

ppm TIP4P/2005 water and tetraethylene glycol mixture system. The Green-Kubo running 

integral average (left) and standard deviation (right) are fit to a double exponential function and 

power function, respectively, and are based on 50 blocks each of 6 ns in trajectory length. 
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Figure G.7: Shear viscosity time decomposition analysis for a single, 1000 molecule, neat 

pentaethylene glycol mixture system. The Green-Kubo running integral average (left) and 

standard deviation (right) are fit to a double exponential function and power function, 

respectively, and are based on 25 blocks each of 24 ns in trajectory length. 

 

 

Figure G.8: Shear viscosity time decomposition analysis for a single, 1000 molecule, 20,000 

ppm SPC/E water and pentaethylene glycol mixture system. The Green-Kubo running integral 

average (left) and standard deviation (right) are fit to a double exponential function and power 

function, respectively, and are based on 25 blocks each of 20 ns in trajectory length. 
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Figure G.9: Shear viscosity time decomposition analysis for a single, 1000 molecule, 20,000 

ppm TIP4P/2005 water and pentaethylene glycol mixture system. The Green-Kubo running 

integral average (left) and standard deviation (right) are fit to a double exponential function and 

power function, respectively, and are based on 25 blocks each of 20 ns in trajectory length. 

 

 

 

 

Table G.6: Values of the product 𝐷𝑃𝐸𝐺
∞ 𝜂 [10-11 m2·mPa] for simulated neat di-, tetra-, and 

pentaethylene glycol systems at temperature 328 K with percent average differences (% AD) 

reported relative to experimental 
 

D-Based Time Decomposition Experimental11 
 

𝐷𝑃𝐸𝐺
∞ 𝜂  % AD 𝐷𝑃𝐸𝐺

∞ 𝜂  % AD 𝐷𝑃𝐸𝐺
∞ 𝜂  

DEG 112 33.4 156 0.19 157 

TeEG 153 14.8 127 4.05 132 

PeEG 114 17.1 132 2.19 135 
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Table G.7: Average number of hydrogen bonds per molecule for each combination of PEG 

oligomer and neat/mixture system with either 250 or 1000 molecules for the various hydrogen 

bonding combinations at temperature 328 K 
  

Neat SPC/E Mixture TIP4P/2005 Mixture  
Ntotal = 250 1000 250 1000 250 1000 

DEG: per molecule       

OH-OH PEG: 1.114 1.120 1.043 1.044 1.041 1.044 

OH-Ether PEG: 0.171 0.171 0.168 0.168 0.157 0.169 

Water-Water Water: 
  

0.155 0.157 0.118 0.121 

OH-Water PEG: 
  

0.278 0.275 0.283 0.279 

Water: 
  

2.298 2.294 2.340 2.330 

Water-Ether PEG: 
  

0.017 0.017 0.017 0.017 

Water: 
  

0.138 0.139 0.139 0.138         

TeEG:        

OH-OH PEG: 0.702 0.702 0.648 0.643 0.646 0.645 

OH-Ether PEG: 0.507 0.507 0.460 0.453 0.463 0.462 

Water-Water Water: 
  

0.107 0.111 0.086 0.087 

OH-Water PEG: 
  

0.325 0.324 0.328 0.329 

Water: 
  

1.482 1.476 1.493 1.497 

Water-Ether PEG: 
  

0.231 0.231 0.227 0.227 

Water: 
  

1.052 1.051 1.036 1.036         

PeEG: 
       

OH-OH PEG: 0.597 0.596 0.532 0.531 0.534 0.534 

OH-Ether PEG: 0.527 0.527 0.482 0.430 0.440 0.440 

Water-Water Water: 
  

0.054 0.055 0.046 0.046 

OH-Water PEG: 
  

0.359 0.356 0.351 0.353 

Water: 
  

1.336 1.315 1.303 1.305 

Water-Ether PEG: 
  

0.408 0.406 0.399 0.401 

Water: 
  

1.516 1.499 1.482 1.482 

 

 


