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Using DL_POLY to study the sensitivity of liquid structure to
potential parameters

R. M. LYNDEN-BELL†‡* and T. G. A. YOUNGS‡{

†University Chemical Laboratory, Lensfield Road, Cambridge CB2 1EW, UK
‡School of Mathematics and Physics, Atomistic Simulation Centre, Queen’s University, Belfast BT7 1NN, UK

(Received April 2006; in final form May 2006)

Two case studies are presented showing the local structure in liquids and how it responds to changes in the intermolecular
potential. The idea is to use realistic and unrealistic potentials in order to determine the sensitivity of local liquid structure to
potential parameters. The first case study concerns two families of modified water models. In the “hybrid” family, the
hydrogen bond strength is reduced, but the geometry kept constant; in the second family, the molecular geometry is changed
by reducing the bond angle, keeping a constant molecular dipole moment. The local structure is measured by radial
distribution functions, three-dimensional probability distribution functions and three-body angular correlations. The second
case study concerns the ionic liquid dimethylimidazolium chloride ([C1mim]Cl). The effect of reducing the hydrogen
bonding potential of the cations while maintaining their charge is examined.

Keywords: Molecular dynamics; Hydrogen bonding; Force fields; Liquid structure

1. Introduction

In many ways, the liquid state of matter is the most

difficult to understand experimentally and theoretically.

Unlike the gaseous state molecules are nearby and

interact; unlike the solid state, there is no long-range order.

Since the pioneering work of people such as Metropolis,

Rahman, and Harp and Berne [1–3], computer simulation

has proved to be a good way of studying liquids on the

molecular scale. One technique used for such studies is the

method of classical molecular dynamics [4]. In this

method, Newtonian equations of motion are solved for the

motion of a large number of molecules contained in a cell

with periodic boundaries. Although the principles are

straightforward and it is feasible to write one’s own

computer program, there are many advantages in using

well tested and optimised code. We have found the

DL_POLY program [5] and its subroutines are both easy

to use and easy to adapt for particular problems and most

of RMLB’s work since 1995 has been performed with this

program. To perform classical molecular dynamics

simulations, one needs to supply a prescription for the

intermolecular potential of sets of molecules at varying

separations and orientations. For molecular liquids,

two-body site–site interactions are commonly used and

give at least a qualitative picture of liquid structure and

dynamics on a molecular scale.

Liquids have no long-range structure, but often show

significant local structure. One good example is water,

which tends to have a tetrahedral arrangement of

molecules with four to five close neighbours. Another

example is a molten salt where cations tend to be

surrounded by anions and vice-versa. In this paper, we use

water and the room-temperature molten salt dimethylimi-

dazolium chloride ([C1mim]Cl) as case studies for

investigations into the sensitivity of the local liquid

structure to the form of the intermolecular potential.

The details of all liquid properties depend on the

intermolecular potential, which is, in principle, comple-

tely determined by the equations of quantum mechanics

applied to electrons and nuclei. However, approximations

must be made. In classical molecular dynamics cal-

culations, the nuclei are treated as classical particles and

the intra and intermolecular potentials approximated by

some function, which must be specified. Much effort has

been expended in finding approximate functions which

combine ease of computation with a reasonably accurate

description of the liquid. But classical molecular dynamics
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calculations can also be used in a different way—namely

to investigate which properties depend on what aspects of

the intermolecular potential. We can alter the potential in a

controlled way and find the resulting changes in properties

such as local structure, solute chemical potential and

dynamics (to name but a few examples). We can then see

whether the solvation properties correlate with changes in

local structure or whether the changes in dynamics

correlate with changes in thermodynamics.

The representation of the average local structure in a

molecular liquid is not easy. Even if we confine ourselves to

two-molecule correlations, one needs one distance and

three angles to described the position and orientation of a

water molecule in a set of molecular axes placed in a

reference water molecule. The simplest representation

is a site–site radial distribution function gij(r). gij(r) is

the ratio of the probability of finding a site of type j at

distance r from a site of type i to the probability of finding

it at the same distance from a random point. This gives no

directional information, but is simple to display in a one-

dimensional plot. Another representation, the three-

dimensional probability distribution function, shows the

probability of finding a site of type j at position r in local

axes fixed on the molecule containing site i. These

functions can be visualised by showing contour surfaces in

three-dimensions or by two-dimensional cuts through the

distribution. In this paper, we show three-dimensional

contour surfaces. Both of these representations depend only

on two-molecule correlations. It is possible to represent

aspects of three-body correlations, but such representations

tend to be specific to the problem. For example in water, we

may define a measure of the tetrahedrality of the local

environment by means of a tetrahedrality parameter or we

may plot the distribution of angles (or their cosines)

subtended by pairs of nearby oxygen sites.

We present two case studies of the way in which the

local structure of the liquid depends on potential

parameters. In the first, we look at aspects of families

of liquids formed from modifying a common water

potential. Liquid water is common on Earth and is

essential for life, as we know it. It has many unique

properties which seem unusual when compared to other

substances that are liquid at ambient conditions. The

latent heat of vaporisation is high showing that there is a

strong attraction between molecules. The liquid is denser

than the solid at the triple point and has a negative

coefficient of thermal expansion at low temperatures. It

has a high dielectric constant and is a selective solvent

for polar solutes and barely dissolves oily materials. It

does not wet waxes. On the molecular scale, the

molecular volume is unusually small (only about 30 Å3

under ambient conditions). These properties depend

directly or indirectly on the strong hydrogen bonds

formed by each molecule, which can form two bonds by

donation and can accept hydrogen bonds. In ice Ih, each

molecule forms and accepts two hydrogen bonds in a

local tetrahedral arrangement which persists locally in

liquid water.

We have studied local structure in two families of

modified water models. In the first family (bent models),

we decrease the bond angle from tetrahedral [6], keeping

constant the molecular dipole and density at ambient

conditions. In the second family (hybrid models), we keep

the geometry constant but change the relative strengths of

the Lennard-Jones and electrostatic parts of the inter-

molecular potential [7]. This has the effect of reducing the

hydrogen bond strength and making the liquid more like a

Lennard-Jones fluid—a model for a normal organic

solvent. Again the density and molecular dipole moment

are kept constant.

This case study is part of a continuing investigation

aimed at trying to understand the origin of the unique

properties of water. The bent family is one in which strong

hydrogen bonds are retained but the geometry is changed.

This alters the local network structure in the resulting

liquid. The hybrid family, on the other hand, is one in

which only the hydrogen bond strength is reduced. The

question that is addressed in this paper is how the local

liquid structure changes as a result of these counter-factual

potential alterations. In earlier work [7], we considered the

effects of these changes on some of the anomalous

properties of water, while work under way is aimed at

investigating the changes in hydrophobic and hydrophilic

solvation.

In the second case study, we modify aspects of an ionic

liquid forcefield. Ionic liquids are fluids composed entirely

of ions and are liquid at ambient temperatures, exhibit

negligible vapour pressures and have proven able to

dissolve both organic and inorganic material allowing

same-phase reactions involving exotic combinations of

reactants. The resulting biological, industrial and environ-

mental significance has put this family of compounds

firmly at the centre of interest of many research groups.

While the sheer number of different ionic liquids available

provides the researcher with a healthy selection of new

solvents to choose from, on the other hand experimental

characterisations are also spread over this number. The

end result of this is that, while applications of ionic liquids

are studied freely, the fundamental properties which

underly the effects are less well-known owing to the

scarcity of experimental characterisation.

In this context, classical simulation is becoming

increasingly more common, in order that these systems

may be understood more clearly on the molecular level. It

should be recognised, however, that the emerging area of

ionic liquid simulation and the relative novelty of these

systems means that organic molten salts are not catered for

in established forcefields. In order to address this a number

of different forcefields have been proposed and validated,

commonly as the first step in any group’s foray into the

field [8]. Predominantly, these are composed from

existing general parameter sources such as OPLS,

CHARMM, or AMBER, with ab initio-derived values

inserted where no suitable data are available. The success

of new formulations is usually judged through reproduc-

tion of measured liquid densities since very little other
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experimental data exists. Most of the detailed structural

data available [9–12] concentrates on one of the simplest

imidazolium-based ionic liquids available—[C1mim]Cl.

From the point of view of forcefield development, this is

perfectly acceptable since it provides ample data on which

to generate and optimise “model” potentials, understand in

detail the features and dynamics of processes occurring at

the molecular level and then apply this knowledge to more

complex ionic liquid systems. Through theoretical

investigations such as those described here, we may alter

the interactions in the system in ways that are simply not

possible in real-world experiments and which allow for the

examination of effects (or lack thereof) arising from

tailoring individual elements describing the character of

the forcefield.

One issue surrounding ionic liquid systems is the degree

of hydrogen bonding existing between cations and anions.

For common imidazolium-based ionic liquids, the only

available hydrogen bonding donors are C–H groups, which

can make hydrogen bonds as they are part of a charged ring

system. Direct evidence for hydrogen bonding in the

imidazolium halide family of ionic liquids exists, while for

poorly coordinating anions such as tetrafluoroborate and

hexafluorophosphate, such interactions have been pro-

posed (see the studies of Heimer et al. [13] and Berg et al.

[14] and references therein). Recent ab initio molecular

dynamics studies on [C1mim]Cl have also confirmed the

existence of C–H· · ·Cl hydrogen bonds [10–12]. Here, we

investigate the immediate effect of the strength of the

hydrogen bonding potential of the ring C–H groups on the

structure of the ionic liquid [C1mim]Cl. In this ionic liquid,

the local electrostatic field around the cation depends on the

distribution of charges on the atomic sites [15]. At long

distances, the total charge ofþ1 is the only important term,

but at short distances, both the details of the charge

distribution and short-range repulsive forces affect the local

interactions. The extent of hydrogen bonding, for example,

depends on the charges on the ring C–H groups. In the same

spirit as the first case study, we change the hydrogen

bonding potential of the cation by gradual reversal of the

local C–H dipoles of the imidazolium ring and examine the

resulting structure. The question that is addressed is the

importance of hydrogen bonding as opposed to molecular

shape in determining the local structure of the liquid.

It is important to realise that we do not claim to get

improved intermolecular forcefields in these studies,

rather we are trying to determine the extent to which local

structure in liquids is sensitive to potential parameters.

This work complements other investigations which will

examine how solvation and anomalous behaviour in water

and related liquids depend on the strength of hydrogen

bonding in these systems and on the local liquid network

which results from molecular geometry. Also, work

involving further modifications to the charges of the ionic

liquid model in order to study effects on structure and

dynamics is underway.

2. Technical details

2.1 Intermolecular potentials

2.1.1 Modified water models. The intermolecular

potentials of the two families of model liquids are based

on the SPC/E model [16]. In this model, the interaction

consists of a Lennard-Jones centre on the oxygen atom and

charges on each atom site. The molecules are rigid. In the

hybrid family, the epsilon of the Lennard-Jones interaction

is increased, which has the effect of reducing the hydrogen

bond strength and changing the liquid from one that is

tetrahedral to one that is more like a Lennard-Jones fluid

[7]. In the bent family, the bond angle is changed, keeping

the charges and molecular dipole moments the same [6].

Details of the intermolecular potentials are given in table

1. Liquid properties are given in table 2 including the

relative hydrogen bond strength in dimers of molecules of

the hybrid families.

2.1.2 The ionic liquid [C1mim]Cl. For [C1mim]Cl, the

starting model corresponds to that generated from a force

matching optimisation based on ab initio data [17] and is

non-polarisable and fully flexible. To generate different

electrostatic models, the charges of the C and H atoms

were taken and adjusted by scalar additions of þDq and

2Dq, respectively where Dq ¼ d (qH 2 qC) and d is the

degree of polarisation we impose on the bond which

ranges from 0.0 (original charges) to 1.0 (“reversed

dipole”) in steps of 0.2.

Table 1. Potential parameters for modified water models.

Model qO/e eO/kJ sOO/Å dHOHHOH rOH

SPC/E 20.8479 0.6502 3.165 109.58 1.0
Hybrid: s15 20.8479 0.9753 3.165 109.58 1.0
Hybrid: s30 20.8479 1.9505 3.165 109.58 1.0
Bent: w90 20.8479 0.6502 3.165, 3.05 90.08 0.816
Bent: w60 20.8479 0.6502 2.92 60.08 0.667

Table 2. Liquid properties of modified water models.

Model Qtet

PE in
liquid/kJ mol21

First peak
position/Å

Ratio 2nd:1st peak
position

Relative dimer H-bond
strength (%)

SPC/E 0.63 2 46.3 2.74 1.6 100
Hybrid: s15 0.56 2 41.6 2.90 – 87
Hybrid: s30 0.48 2 41.7 2.93 2.0 69
Bent: w90 0.45 2 33.6 2.78 1.9
Bent: w60 0.39 2 35.9 2.60 1.9

Liquid structure and potential parameters 1027
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2.2 Simulation details

Runs for the modified water models were carried out at

298 K and p ¼ 0.001 kBar. A cubic box of about 40 Å was

used with 2040 molecules. The time step was 2 fs. The

long-range electrostatics were treated with the Ewald

summation with radius of reciprocal summation

kmax ¼ 10, convergence parameter a ¼ 0.2846, and a cut

off for the real space part of 10 Å. These parameters were

chosen to minimise the CPU time used and are based on a

precision in the Ewald sum of 1025. The NPT Nosé-

Hoover ensemble was chosen with relaxation times of

0.1 ps for both barostat and thermostat. After equili-

bration, configurations were saved every ps for subsequent

analysis. Radial distribution functions and tetrahedral

order parameters were calculated on the fly.

All the ionic liquid simulations were carried out at

450 K using a cubic box of about 23 Å containing 96 ion

pairs. The NVT Nosé-Hoover was used with a timestep of

0.5 fs and thermostat relaxation time of 0.1 ps. Electro-

statics were treated using the Ewald sum with parameters

kmax ¼ 16 and a ¼ 0.3288, corresponding to a precision

of 1028. The long-range cut off was set to 11 Å. Following

a short equilibration run, data were collected over a period

of 1 ns with configurations saved every 0.5 ps. All analysis

was performed post-run on the resulting trajectories using

simple Fortran code.

2.3 Calculation of distributions and order parameters

Three-dimensional probability distributions were calcu-

lated by taking each water molecule or cation in the

sample in turn, finding its local axis system and forming a

histogram of numbers of ring centres or oxygen sites in a

cubic box of side 15 Å and grid spacing of 0.5 Å.

For water, we use the tetrahedral order parameter Qtet

used by Errington and Debenedetti [18], which is based on

one introduced by Chau and Hardwick [19]. In this

measure, the local tetrahedral order at each oxygen site i is

defined by a sum over the angles ujik subtended by the four

nearest neighbours j, k at the oxygen site i

Qi ¼ 1 2
X6

j,k

3

8
cos ujik þ

1

3

� �2

: ð1Þ

The tetrahedral order Qtet of the liquid is defined as the

average of the Qi values at each site. Calculation of this

quantity was included in a modified version of DL_POLY

and computed at the same time as the radial distribution

function (in subroutine rdf0.f).

3. Case study 1 – water and modified water models

Figure 1 shows the OO radial distribution functions for

these two families. Considering first the hybrid family, one

sees that the first peak moves out and broadens, but the

second peak changes in a more interesting way—first

disappearing (model s15) and then reappearing (model s30)

at a greater distance. This change can be correlated with a

loss of tetrahedral structure. An ideal tetrahedral network is

characterised by a ratio of 1.63 between nearest neighbours

and next nearest neighbours, while in a Lennard-Jones

liquid, the second peak is at twice the distance of the first

peak. The figures in table 2 show that it is only in the SPC/E

model that this ratio has the value typical of tetrahedral

networks; in all other models the ratio is near 2. This is

confirmed by a steady decrease in the tetrahedral order

parameter in this family (see table 2).

Figure 2 shows the three-dimensional contours of

probability functions for finding oxygen sites around a

water molecule [20]. In the three members of the hybrid

family (left hand column—SPC/E, s15 and s30), the most

probable positions are along the OH bonds. In SPC/E

water, there are two other regions of high water density

behind the oxygen, giving an approximate tetrahedral

arrangement of neighbouring water molecules in the first

solvation shell. At lower probabilities (not shown), one

sees a build-up of probability above and below the OH

bonds which Svishchev and Kusalik [20] interpreted as

corresponding to a fifth water molecule penetrating the

inner shell. In the s15 model, the pattern is similar,

although the localisation of the neighbouring molecules

is less, with rather diffuse regions behind the molecule.

0

1

2

3

4

5

0 2 4 6 8

g(
r)

r/Å

SPC/E

s15

s30

Hybrid Family

0 2 4 6 8
r/Å

0

1

2

3

4

5

g(
r)

SPC/E

w90

w60

Bent Family

Figure 1. OO Radial distribution functions for the bent family of
models (above) and the hybrid family (below). In the bent family, the
peaks move out, but sharpen at 608, while in the hybrid family the second
peak first disappears and then reappears further out.
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Once one reaches the s30 model, the distribution of

molecules in the first shell is less well defined. The

maxima in the hydrogen-bonded positions remain, but

there is now a significant probability of finding

neighbouring molecules in a ring-shaped region above

and below the water molecule. Looking back at the radial

distribution functions (figure 1), one sees that these

changes are correlated with a broadening and shifting of

the position of the first shell.

Figure 3 complements this information by showing the

distribution of angles subtended at an oxygen site by pairs

of the four nearest neighbours. This is a three-body

property and gives some information about the local

network structure. In the SPC/E model, there is a

preference for the tetrahedral angle (cos u ¼ 20.33),

although the distribution is quite broad. There is also a

shoulder corresponding to an angle slightly less than 608,

(cos u ¼ 0.5), which is probably due to a new molecule

entering the first shell in order to displace an existing

molecule. In the hybrid models s15 and s30, the tetrahedral

peak flattens and a peak at about 638 (cos u ¼ 0.45) grows

in as the liquid becomes more Lennard-Jones like. This

peak corresponds to a triangular arrangement of molecules.

In the most extreme member of this family (s30) where g(r)

shows a second shell, one also sees a peak beginning to

grow in near u ¼ 1208 (cos u ¼ 20.5). Thus in the hybrid

family, there is decreasing tetrahedral structure in the first

shell. In the s30 model, where the hydrogen bond strength

has been reduced by about 30%, the tetrahedral structure

in the first shell is greatly reduced and does not propagate

into the second shell.

The changes seen in the local structure around the bent

family of models where the bond angle is reduced are

different from that seen in the hybrid family. The first peak

in g(r) (see figure 1) broadens in the w90 model (bond

angle 908) and then sharpens and moves inwards when the

bond angle is reduced to 608. The second peak behaves in

a similar way. This is due to the gradual replacement of the

tetrahedral structure by a more linear structure. Figure 2

shows what is happening to the local structure. In model

w90 (908 water), the probability distribution in the first

shell has a fairly diffuse structure and is similar to that

found in the hybrid model s15 although the two positions

corresponding to water molecules accepting hydrogen

bonds are at 908 rather than at 109.58. In 608 water, there is

a qualitative change as there is now only one region of

Figure 2. Views of three-dimensional contours of the density
distribution of molecules around a water for the two families of
models. Left—from top to bottom: (a) SPC/E; (b) hybrid model s15; and
(c) hybrid model s30. Right—from top to bottom: (d) bent model w90
(908 water); (e) and (f) bent model w60 (608 water). With the exception of
(f), contours are drawn at twice the average density; (f) shows contours at
1.5 times the average density. Grid interval shown is 2 Å.

Hybrid family
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Figure 3. Distribution of cosines of angles subtended by near
neighbours for the bent family (above) and the hybrid family (below).
A random arrangement of molecules would give a flat probability
distribution. The preferred arrangement changes from near tetrahedral
(SPC/E) through random to a preference for linear and triangular (608)
patterns in the bent family and to triangular for the hybrid family.
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density of molecules accepting hydrogen bonds and one

region for donating molecules. This is because when the

bond angle is as small as 608, a molecule can form a

double hydrogen bond to a neighbouring molecule,

leading to the formation of chains. The formation of

chains can be seen in the bottom right panel of figure 2

which shows the contour surface at 1.5 g cm23 rather than

2 g cm23. In this view (taken down the HH axis), one can

see evidence of chain formation. In the region in the lower

part of the figure, one sees two regions of enhanced

density corresponding to molecules accepting hydrogen

bonds in the first shell and second shell molecules in the

same chain. This chain formation also accounts for the

sharpening of the second peak in g(r) in 608 water. The

three-body angular correlations also show this (figure 3).

In 608 water, there is a maximum in the probability

distribution of cos u at cos u ¼ 21, corresponding to a

linear arrangement of three molecules. There is also a

maximum as well as near cos u ¼ 0.5, corresponding to

the bond angle of 608, showing that there are also triangles

of water molecules. The distribution of cos u for 908 water

is nearly uniform except for small angles where the

molecules exclude each other. Surprisingly, there is no

preference for angles of 908 (cos u ¼ 0) in spite of this

being the bond angle in the model.

We conclude that in the hybrid family of liquids, where

the hydrogen bond strength is reduced, the local structure

becomes less tetrahedral and more close packed. There is a

minimum order in the region of the second shell in this

family near model s15. This also corresponds to a

maximum entropy of the liquid. In the bent family of

liquids, on the other hand, the local structure becomes less

tetrahedral, but the new structure, which replaces it, has a

tendency to have chains of molecules when the bond angle

is decreased sufficiently that double hydrogen bonds can be

made between molecules. This local structure is reflected in

changes of macroscopic properties of the liquids [7]. For

example, in the hybrid family, the regions of anomalous

behaviour become smaller as the intermolecular potential

becomes more Lennard-Jones like.

Figure 4. Views of the three-dimensional contour surfaces of the density distribution of [C1mim] cations (light grey/blue in online version) and chloride
anions (dark grey/red in online version) about cations. Two views are given for each model. Results from the unmodified potential are shown in (a), while
(b)—(f) show the results of gradual reversal of the imidazolium C–H bond dipoles. Anion contours are drawn at 5 times the average density, while cation
contours are drawn at three times the average. Grid interval shown is 2 Å.
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4. Case study 2 – hydrogen-bonding interactions in

[C1mim]Cl

Figure 4 shows the effects of modifying the C–H bond

dipoles of the imidazolium ring while keeping the overall

charge on the cation equal to 1e. The reference

intermolecular potential is the force-matched forcefield

of reference [17], which gives anion probability functions

which are in good agreement with ab initio results. In the

figure, two views of the probability density of anions and

cations are given for each model. Even for models with a

small change in the C–H dipole (small d) where the

positive character of the hydrogen atoms is still retained,

there are notable changes in the anion density distribution.

In particular, the region of high anion density directly

along the unique C–H bond splits into two, each moving

out to a position between the C–H group and the methyl

groups. Similarly, the lobes associated with the hydrogens

at the bottom of the ring move upwards towards the methyl

groups. As long as the dipole is directed outwards along

the C–H bonds (d , 0.5), there is a region of high cation

density above and below the plane of the ring. However

once the dipoles are reversed, at d ¼ 0.6, this region has

disappeared and new lobes have appeared in the region

along the N-Me vector.

Approaching the complete reversal of the bond dipole

(d ¼ 0.8 and 1.0), we tend towards a model that has had its

three main hydrogen bonding sites removed and replaced

with new sites whose atomic charges actively repel

chloride anions. The original regions of high anion density

anion have shifted such that the main interaction between

cation and chloride is through weak association with the

methyl groups, in themselves poor hydrogen bond donors.

More striking is the replacement of cation density above

and below the plane of the ring with anion density. Of

course, the charges in the reversed C–H dipole model are

not realistic in a chemical sense, but it is important to note

that other forcefields, including that in reference [17], do

not show this feature and as such contrast with the neutron

data available. The three-dimensional distributions from

the neutron data, which are determined by fitting partial

structure factors by the EPSR method [21], suggest that

the anions can be found above and below the ring. We can

only reproduce this behaviour with unrealistically weak

hydrogen bonding which might indicate that the data may

need to be re-examined.

The changes that take place are well-illustrated in the

ion–ion radial distribution functions, figure 5, calculated

between the centres-of-mass of the ions. The single peak

in the cation–anion curve at 4.5 Å in the unmodified

model decreases as the C–H dipoles are reversed, splitting

into two separate peaks—one at 3.2 Å associated with the

anions above and below the ring and a second smaller peak

at 5.1 Å associated with anions interacting weakly with the

methyl groups. As observed in the three-dimensional

probability distributions, though, the structural differences

reflected through these radial distribution functions are

minimal for small d. Cation–cation structuring is weak

in the unmodified potential, resulting in a single broad

peak in the radial distribution function. Reversing the

C–H dipoles, however, promotes an increase in this

structuring with a well-defined (if slightly flattened) peak

appearing at 6 Å.

A plot of the same three-dimensional probability

distributions at a lower contour surface (figure 6) reveals

how, in the model where d ¼ 1.0, the positions of higher

density in the cation distribution are remarkably similar to

the positions of the anion lobes in the original model.

Instead of a distinct primary solvation shell of anions

followed by a secondary shell of cations, in the reversed

dipole model the cations visibly begin to encroach into the

primary shell. Average numbers of hydrogen bonds from

individual cations reflect this trend—for the unmodified
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Figure 5. Radial distribution functions of cations and anions about
cations in the ionic liquid [C1mim]Cl. Reversing the C–H dipoles has the
effect of splitting the cation-anion peak in two (a) and also promotes a
slightly stronger structuring of cations (b).
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potential the average is 6.2 compared to 3.6 when d ¼ 1.0

and defining a hydrogen bond as when rC – Cl , 4.0 anddCHClCHCl . 120:0. The number of interactions with methyl

hydrogens remains the same in both models, each

individual hydrogen involved in 0.6 H-bonds on average.

Small perturbations of the C–H bond dipoles (viz.

charges) in the model do not promote significant change in

the structural features in the system, suggesting that

there exists a “window” of atomic charge sets that will

give the correct liquid structure, but which may give

widely varying energetic and thermophysical properties.

Indeed, as seen in reference [17], a forcefield that

reproduces well the structure of the liquid can display

some error in the bulk density. However, the details of the

distributions from many classical forcefields such as the

original one of Hanke et al. [15] give anion distributions

which are somewhat more similar to the model with

d ¼ 0.2 than to the reference model (which gives good

agreement with the ab initio calculations). Beyond a

certain threshold, though, the liquid structure becomes

extremely sensitive to the local electrostatic potential of

the cation, so much so that cations that were previously to

be found above and below the plane of the imidazolium

ring are replaced with anions owing to the highly

disfavoured interaction now associated with the ring

hydrogens.

Since a modest amount of effort must be expended in

order to alter the ion structuring in the liquid, this indicates

that there is a significant amount of hydrogen bonding in

the liquid and that it is a dominant influence over the ionic

structuring in these systems.

5. Conclusions

These two case studies show the power of classical

molecular dynamics simulation to investigate the depen-

dence of local molecular structure on details of the

intermolecular potentials. In water, we have shown how

the local structure responds to either changes in hydrogen

bond strength or changes in the bond angle. In further

studies, we have looked at the consequent changes in

anomalous properties [7] and we are currently examining

solvation properties of the modified water models to see

the connection between local structure and solvation. In

the second case study, we have showed the response of the

local structure to the hydrogen bond strength of the ring

hydrogens in the cation. This approach is also being

applied to the charges of the ions and dynamical effects of

both modifications will be assessed.

Both studies have used the DL_POLY suite of programs

and subroutines with modifications that we have made to

suit particular problems or to suit our prejudices

concerning output files and their format. The availability

of the source code is a strength for the professional user.

Acknowledgements

We thank J. Kohanoff, M. Del Pópolo and T. Head-Gordon
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