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Compared with imidazolium-based ionic liquids (ILs), phosphonium-based ILs have been proven to be more stable in
thermodynamics and less expensive to manufacture. In this work, a kind of phosphonium-based IL, [PC6C6C6C14][Tf2N],
was studied under several conditions using molecular dynamics simulations based on both the all-atom force field (AAFF)
and the united-atom force field. Liquid density was calculated to validate the force field. Compared with experimental data,
good agreement was obtained for the simulated density based on the AAFF. Heat capacities at constant pressure were
calculated at several temperatures, and good linear relationships were observed. Self-diffusion coefficients, viscosities and
conductivities were also calculated to study the dynamics properties of this IL. The viscosity of this IL at 293 K was also
compared with experimental data, and the error was in a reasonable range. In order to depict the microstructures of the IL,
centre-of-mass and site-to-site radial distribution functions were employed. In addition, spatial distribution functions were
investigated to present the more intuitive features.

Keywords: molecular dynamics simulation; ionic liquid; force field

1. Introduction

Ionic liquids (ILs) have attracted much attention due to

their peculiar chemical and physical properties [1–9]. In

order to develop innovative processes using ILs, two

aspects have to be urgently considered. The first is the

need to synthesise more task-specific ILs to capture the

industrial demands, which is the foundation for studying

ILs. More and more kinds of ILs emerge. Although fewer

than 100 kinds of ILs were reported in the year 1995, and

about 300 kinds of ILs were synthesised in 2000, more

than 1800 kinds of ILs have now been reported [10]. The

second aspect is the need to understand the structures of

this medium. Although ILs have become one of the

research hotspots in both the academy and industry, many

basic rules are not clear. Understanding the nature of ILs

attracts much attention, and there are many challenges on

the road to discovery. Any process in this scope will bring

revolutionary development for ILs in both chemistry and

chemical engineering [11].

ILs are a new kind of solvent with many exciting

properties such as negligible vapour pressure, large liquid

range, high thermal stability, high ionic conductivity, large

electrochemical window and the ability to solvate

compounds of widely varying polarity [3,12]. Because of

their tempting properties, ILs have prompted extensive

research [13,14], and the rapid growth of research based on

ILs can be seen in Figure 1(a). However, nearly all the

attention has been paid to the imidazolium-based ILs,

which can be concluded from the classification of papers

about ILs published in 2008 (Figure 1(b)). Actually,

except for the imidazolium-based ILs, other kinds of ILs

have also been proven to have bright and exciting

prospects in industrial applications. For example, com-

pared with imidazolium-based ILs, phosphonium-based

ILs are proved to be more stable in thermodynamics and

less expensive to manufacture [15–18]. It is reported that

these ILs ‘offer greater practicality and scope than

imidazolium ILs and deserve far more consideration as

unique reaction media than has been afforded them in the

ILs field thus far’ [15].

In this work, molecular dynamics simulations were

performed for one of the phosphonium-based ILs, named

trihexyl(tetradecyl)phosphonium bis(trifluoromethylsul-

phonyl)imide ([PC6C6C6C14][Tf2N]). Both the all-atom

force field (AAFF) and the united-atom force field (UAFF)

were employed. Compared with the UAFF, the AAFF was

proved to be more effective for reliable results. Influence

of temperature on the thermodynamic and transport

properties was considered, and simulations were per-

formed at 273, 373, 473 and 573 K, respectively. Good

linear relationships were observed with increasing

temperatures for liquid density and heat capacities at

constant pressure. In addition, self-diffusion coefficients

(SDCs), viscosities, and conductivities were calculated to

study the dynamics properties of this IL. In order to depict

the microstructures, centre-of-mass and site-to-site radial
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distribution functions (RDFs) were investigated. The

spatial distribution functions (SDFs) were also studied to

provide more intuitive structures.

2. Molecular dynamics simulation

2.1 Force field

The AAFF provides parameters for every atom in the

system, including hydrogen, while the UAFF treats several

atoms as a single interaction centre, the most typical

example is the hydrogen and carbon atoms in methyl or

methylene groups. In this work, both the AAFF and the

UAFF were developed in the frame of the AMBER [19]

force field for the cation. All the atom types are shown in

Figure 2. Force constants for anions were derived directly

from the force field developed by Lopes [20]. Parameters for

cations including the bonds, angles and torsion force

constants were obtained based on our previous work [16].

Optimisation of the isolated ion structures was performed

using the Gaussian 03 package at the B3LYP/6-31þG(d)

level. Atom charges were obtained by fitting the electro-

static potential generated calculated at the B3LYP/6-

31þG(d) level, and one conformation, two-steps restraint

electrostatic potential method [21–24] was used for atom

charges. Van der Waal parameters for phosphorus atoms

were based on AMBER and the other parameters for united

atoms were derived from optimised potential for liquid

simulations force field. All the related parameters are shown

in Table S1 in the Supporting information, available online.

2.2 Simulation details

Molecular dynamics simulations were performed using the

MDynaMix program, version 5.0 [25]. The simulation

system contained 256 pairs of [PC6C6C6C14][Tf2N].

Nose–Hoover NpT ensemble [26] was adopted with the

coupling constant of 700 and 100 fs. Two time steps were

used with the long and short time steps of 4 and 2 fs,

respectively. The glass transition and decomposition

temperatures of [PC6C6C6C14][Tf2N] are 197 and 673 K

[17], and simulations were performed at 273, 373, 473 and

573 K, respectively. For each temperature, the equilibrium

simulation extended to 400 ps and each production period

lasted for 2–4 ns. The configurations of the system were

saved for further analyses every five time steps.

3. Results and discussions

3.1 Liquid densities and energy distributions

In this work, the liquid densities of [PC6C6C6C14][Tf2N] at

different temperatures were calculated based on both the

AAFF and the UAFF, and the results are shown in Figure 3.

It was found that, based on the two force fields, calculated

densities decrease linearly with increasing temperature within

the range of 300 K. All the AAFF densities are smaller than

the corresponding ones based on the UAFF, and that may be

caused by the steric effect. It is reported that the experimental

density at 293 K is 1.080 g/cm3 [17]. In order to decide which

force field describes the IL more effectively, we carried out

the molecular simulation at 293 K. The simulation details are

exactly the same as those described in Section 2.2. Although

the computed system was effectively reduced from nearly

30,000 atoms to 12,288 interaction sites when we performed

calculations based on the UAFF, the AAFF result

(1.083 g/cm3) is proved to be much more reliable compared

with the simulation result (1.137 g/cm3) based on the UAFF.

It is reported [27] that density based on the UAFF for

[bmim][BF4] was in good agreement with experimental

data; however, [PC6C6C6C14][Tf2N] is much larger

than [bmim][BF4] and the steric effect may not be ignored.
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Figure 1. Number of papers containing ‘ionic liquids’ or ‘ionic liquid’ in abstract, title and/or keywords according to ISI Web of Science
(a) classified by year; and (b) published in 2008 and classified by type of cation: a, imidazolium; b, ammonium; c, pyridinium;
d, phosphonium; e, guanidinium-based ILs.
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As a result, we preferred the AAFF to the UAFF in the

following parts.

These are two possible reasons for the differences

between the simulated and the experimental data.

The anion force fields may not be sufficient to accurately

represent the distribution of charges in the real systems.

It is also found that simulated densities and experimental

results for the ILs composed of ions with some polar

atoms, just like Tf2N2, are usually not fitted very well, as

our previous work proved [14]. Another crucial reason

is that the Lennard-Jones potential may not be realistic

enough to describe interactions within these systems

accurately, especially for hydrogen bonding.

The internal energies U were also calculated. As is

shown in Figure 4, we find that the UAFF internal energies

are all smaller than the AAFF ones. It may be caused by

the fact that the UAFF treats several atoms as a single

interaction centre, and that part of the total energy was

omitted. It is obvious that U increases linearly with

increasing temperature. Based on the internal energy, heat
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Figure 3. Liquid densities based on the two force fields.
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capacities at constant pressure were also obtained using

the estimation equation as below [28],

CpðT; pÞ ¼
›H

›T

� �
p

<
HðT þ DTÞ2 HðTÞ

DT

� �
p

; ð1Þ

where H is the enthalpy, and it can be calculated by

H ¼ U þ pV: ð2Þ

Thus, the Cp between 273 and 573 K is 1.606 kJ/mol/K or

2.078 J/g/K based on AAFF.

3.2 Transport properties

It is known that ILs can be used in extensive fields.

However, one of the bottlenecks is the sluggish dynamics

properties [6,29,30]. Designing task-specific ILs

with lower viscosities is important for both scientific

research and industrial technology. In this work, we

studied the SDCs, viscosities, and conductivities to

explore the dynamics properties of [PC6C6C6C14][Tf2N].

The translational SDCs can be determined by two

methods: mean square displacement (MSD) or velocity

autocorrelation functions. In this work, the SDCs were

obtained using the Einstein relation (Equation (3)) [6]

based on the MSDs recorded with the interval of 0.1 ps.

The start point and time region to a linear fit of MSD are

different from each other in the reported work [31,32], and

it is said that fitting should avoid the initial and final

regions [33]. Consequently, trajectories were dumped for

4.0 ns at 273 K and the range 500–3000 ps was used

for estimating the slope by linear regression. At the other

three temperatures, the range 500–1500 ps was used.

The evolution of the MSDs over time is plotted in Figure 5.

After skipping over the short-term nonlinearity in the first
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few pico seconds, a sub-diffusive regime with good

linearity was observed.

Dself ¼
1

6
lim
t!1

d

dt
jriðtÞ2 rið0Þjh i: ð3Þ

In order to make a comparison more clearly, the SDCs

for cations, anions and ILs are all shown in Figure 6.

As expected, all the diffusion coefficients increase and the

increase velocities become faster at the higher tempera-

ture. [Tf2N]2 is found to move faster than [PC6C6C6C14]þ,

and that may be caused by the smaller volume and freer

transfer of [Tf2N]2.

Viscosities hIL, molar conductivities LIL and conduc-

tivities kIL were all obtained based on the corresponding

equation listed below [8,34],

hIL ¼ hH2O

DH2O

DIL

; ð4Þ

LIL ¼
NLe

2

kBT
ðDcation þ DanionÞ; ð5Þ

kIL ¼ LIL £ ðr=MÞ ð6Þ

and the results are presented in Table 1. For DIL, it can be

calculated by 1/2 (Dcation þ Danion). Compared with the

viscosity of water, which is 0.9 mPa s [35], it is obvious

that the IL moves very slowly, especially at low

temperatures.

It is reported [17] that the viscosity is 450 cP for

[PC6C6C6C14][Tf2N] at 293 K. In order to test the proposed

force field, the MSD at 293 K was also recorded with the

interval of 0.1 ps for 2.0 ns. Based on the MSD, the SDF

and viscosity were obtained and are shown in Table 1.

Compared with experimental data, it seems that the error is

unacceptable. However, the transport properties are always

difficult to predict exactly. The biggest problem is the

computed time: as most of the ILs move very slowly,

it is difficult to obtain data in good agreement with the

experiment in a short period, e.g. several nanoseconds.

Another factor may be the purity of the product. It is

impossible to remove the impurities thoroughly in a sample,

and sometimes trace amounts of impurities such as water

can change the value of the viscosity dramatically [36]. For

example, the experimental viscosities for BmimPF6 are

reported to be 207 [37], 273 [38] and 450 cP [39] at 293 K,

respectively. Based on the simulated SDFs being

3.5 £ 10212 [33] and 11 £ 10212 m2/s [40], and according

to Equation (4), the corresponding viscosities are 591.43

and 188.18 cP, respectively.

RDFs between cations and anions at different

temperatures were studied in order to analyse the reason

for high viscosities. It is reported that the hydrogen bond

could be found between anions and HP in cations [16];

thus the interactions between the HP with C, F and etc.

were investigated. No matter whether the HP belongs to

hexyl or tetradecyl, differences can be found. Conse-

quently, only the RDFs for HP in tetradecyl are shown in

Figure 7. It is observed from Figure 7(a) that interaction

strength between HP in cations and O atom in anions is

strong (473 K), and hydrogen bonds may exist. In order to

investigate the temperature influence, the HZO RDFs at

the four temperatures are shown in Figure 7(b). It is

obvious that the interaction becomes weaker with

increasing temperature. The above results could be used

to explain the high viscosity at normal temperature and

lower viscosity at higher temperature.

3.3 Radial distribution functions

In order to analyse the organisation of the bulk, centre-of-

mass RDFs for cation–anion, anion–anion, cation–cation

and also the PZP RDFs at 473 K were first discussed.

As is shown in Figure 8(a), the association between

cation–anion and anion–anion is obvious. However, the

solvent shells of cation–cation and the P atoms around

themselves are nearly impossible to find. This may be an

implication that the interaction of cations is complex, and

the aggregation of cations may have some effect on the

distribution [41]. Centre-of-mass RDFs for cation–anion

and anion–anion at different temperatures are shown in

Figure 8(b). The solvent shells for anions around cations

and anions around anions expanded a little temperature

with increasing. After integrating the RDFs from zero
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Figure 6. Self-diffusion coefficients of [PC6C6C6C14][Tf2N].

Table 1. Transport properties of [PC6C6C6C14][Tf2N].

T
(K)

DIL

(10212 m2/s)
hIL

(1023 Pa s)
LIL

(1024 S m2/mol)
kIL

(1022 S/m)

273 2.08 994.24 0.17 0.02
293 2.81 735.74 0.20 0.03
373 10.27 201.54 0.62 0.07
473 85.71 24.15 3.68 0.47
573 421.44 4.91 14.96 3.83
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to the first minimum, we obtained the coordination

numbers in the first solvent shell. The coordination number

N can be calculated by [40]

N ¼ 4p

ðRmin 1

0

rgðrÞr 2dr ð7Þ

where r is the number density. It is found that each cation

is surrounded by about three anions in the first solvent

shell.

3.4 Spatial distribution functions

More intuitive structures were obtained from the SDFs,

which give the probability of finding an atom in the three-

dimensional space around a centre molecule, in contrast to

the average values given by RDF [40]. SDFs visualised

by the software package gOpenMol [42] are shown in

Figure 9, and the red and yellow contour surfaces are

drawn at 20 and 6 times of the average density. It is

obvious that the probabilitydistributionof the anion is around

the alkyl of the cation, and hydrogen bonds may exist in the

red region. As is seen in the figure, the red regions become

smaller in the order of 273 K . 373 K . 473 K, and nearly

no red region is observed in Figure 9(d). It is evident that the

interaction between cation and anion becomes weaker with

increasing temperature.

4. Conclusions

In this work, a kind of phosphonium-based IL [PC6C6C6

C14][Tf2N] was studied by molecular dynamics simulation

based on both AAFF and UAFF. It is found that simulated

densities decrease and internal energies increase linearly

with increasing temperature. Compared with the exper-

imental density, the AAFF result is proved to be much

more reliable. The SDC, viscosities, and conductivities

were investigated to explore the dynamics properties of

[PC6C6C6C14][Tf2N]. It is observed that all the SDCs

increase and that the increase in velocities becomes faster

when the temperature becomes higher. RDFs were utilised

to analyse the reason for the high viscosity at normal

temperature and lower viscosity at higher temperature, and
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it is found that HP in cations and O in anions could form

hydrogen bonds. Integrating the centre-of-mass RDFs, we

observe that each cation is surrounded by about three

anions in the first solvent shell. The visualised pictures of

the SDFs show intuitively the three-dimensional prob-

ability distribution of the anion around the central cation.

It is also found that interaction between ions becomes

weaker with increasing temperature.
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