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stems from the indirect nature of measurement of the extent of

the ion pairing, which often relies on heavy assumptions, such

as unity charges in the supporting equations. Previously, it was

shown35–40 that using unity charges for ILs is questionable, be-

cause a substantial charge transfer is taking place in ILs.35,36,39,40

By slightly shifting from the salt-like to a molecular liquid-like sys-

tem via the decreased charges, the charge transfer also fluidizes

the ionic liquid.35,36

The dynamics of ILs in terms of lifetimes was studied previ-

ously.16–18,20–22,41 In ab initio molecular dynamics (AIMD) sim-

ulations of [C2C1Im][SCN] (HB donor-acceptor-hydrogen atom

angle = 30◦), the geometric picture indicated a superior role in

terms of strength for the most acidic hydrogen bond (at H2, see

Fig. 1 for labelling) as compared to the two other hydrogen atoms

at the rear, in accordance with literature.17 However, the contin-

uous (def. see next section 2) hydrogen bond dynamics at H2 was

observed to decay faster than the corresponding dynamics at the

rear protons of the imidazolium ring (H4 and H5). Neglecting

the directionality led to a dynamics which reflects the geometri-

cal analysis and which is in accordance to a non-linear hydrogen

bond as discussed by Hunt and coworkers.27,29 Two movements

were identified, first, a fast (<0.3 ps) hopping of the anion above

and below the imidazolium ring and second, translational motion

of the anion away from the cation in-plane of the imidazolium

ring (5-10 ps).17

In a molecular dynamics simulation (MD) study of

[C4C1Im][PF6] (HB angle = 30◦) weak hydrogen bonds

were found as indicated by their short lifetimes, which resulted

from the fast rotational motion of anions.18 As the magnitude

of the activation energy related to the hydrogen bond relaxation

time was observed to be close to the activation energy for anion

reorientation, it was assumed that the rotation of the anion leads

to rapid breaking and forming/re-forming of hydrogen bonds.18

Comparing the hydrogen bond and the ion pair dynamics,20

the shortest correlation time for the continuous hydrogen bond

dynamics was again observed for the most acidic hydrogen atom

(H2) in [C4C1Im][Br] (studied at 360, 373, 402, 431, and 460 K

and at an 30◦ angle criterion), closely followed by the contin-

uous hydrogen bond dynamics of the rear hydrogen atoms (H4

and H5) in accordance with literature.16–18 The correlation time

for the continuous ion pair dynamics (for an ion pair consisting

only of one cation and its nearest anion) was only one order

of magnitude larger. If instead an ion cage dynamics based on

a distance criteria to include all neighbouring counter-ions was

applied, the dynamics was found to be another order of magni-

tude larger.20 Correlation times for the reorientation of the dif-

ferent cation parts were also considered and they were found to

be larger than the correlation times of the continuous hydrogen

bond dynamics and the correlation times of the continuous ion

pair dynamics.20 The largest correlation time for reorientation

was calculated for the imidazolium ring. It was observed to be on

the same time scale as the continuous cage dynamics.20

Using MD simulations, different charges on the cation and

anion of the [C4C1Im][Br] IL were studied.21 Increasing the

strength of the hydrogen bond led to a reduced mobility. Interest-

ingly, the extreme situation of the anti-hydrogen bond (negative

charge at the proton) also affected the properties at the other hy-

drogen atoms. Large effects of the altered charges were reflected

in the ion pair dynamics. This is probably due to the fact that of-

ten the next neighbour determining the IP was the one at the most

acidic proton for which the charge was altered. There were also

large effects in the IC dynamics if the total charge or the hydro-

gen bond situation was changed. The cage and ion pair dynamics

correlated well to transport properties.21

Pensado et al. found while comparing for AIMD dispersion-

corrected to uncorrected density functional theory41, that a given

cation of [C2C1Im][SCN] (398.15 K, HB angle = 50◦) preserves

its environment a longer time when dispersion is considered.

The relaxation times of the dispersion-corrected trajectory were

around twice those from the uncorrected trajectory. The effect

of including dispersion corrections led also towards slower inter-

mittent hydrogen-bond dynamics of the system. The HBs formed

survived for a shorter time when dispersion was not taken into ac-

count, suggesting that important interactions between the anions

and cations are omitted.41

HB dynamics have been investigated for [C2C1Im][Cl]

(450.0 K) and [C4C1Im][Cl] (353.15 K) by Hunt and cowork-

ers at the HB angle of 30 and 60◦.22 The average HB number

remained constant in a 100 K range, but the underlying dynam-

ics of the HB changed dramatically.22 The deformations of angles

were found to be more relevant than bond stretching in deter-

mining the dynamics of individual HBs. A decay occurred on

two time scales related to the magnitude of the deviation from

linearity. For the intermittent HB a strong temperature depen-

dent repeated breaking and reforming over a longer timescale

was observed. In [C2C1Im][Cl] (450.0 K) hydrogen bonding with

ring and alkyl chain hydrogen atoms occurred, ring reorienta-

tional dynamics was anisotropic and the corresponding dynamics

were similar to the intermittent HB dynamics. In [C4C1Im][Cl]

(353.15 K) ring hydrogen atoms dominated the hydrogen bond-

ing and intermittent HB lasted for ≈5 ns, ring reorientation oc-

curred on a much slower timescale. The [C2C1Im][Cl] (450.0 K)

favoured single HBs, but the individual ions often changed, while

the [C4C1Im][Cl] (353.15 K) favoured bifurcated HBs with the

same co-located ions.22

Very interesting model studies were carried out by Spohr and

Patey.42–44 They built up simple models in MD simulations. In the

first study, the influence of ion size disparity was investigated.42

The electrical conductivity first increased with size disparity, next

it remained constant, then it decreased such that the conductivi-

ties of the 1:1 and 5:1 (cation:anion) systems were similar. This

behaviour was explained by competing influences of both ion dif-

fusion leading to an enhancement and ion densities with the ef-

fect of reduction of conductivities at constant packing fraction.42

In the second model, the influence of charge location (cation

charge moved away from its centre of mass) on the structure and

transport properties was investigated.43 As the charge was moved

off centre, the electrical conductivity initially increased, and the

shear viscosity decreased. However, after a certain threshold this

behaviour was reversed. The formation of directional ion pairs

that possess lifetimes (the correlation function decays in this case

simply exponential) strongly influenced the liquid properties.43
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The further the charge was moved off, the longer the directional

ion pairs existed. These lifetimes ranged from 0.03 to 90 ps.

The authors concluded that the directional ion pairing explains

the anomalously low conductivities and high viscosities observed

for some ILs.43 A combination of both effects (size disparity and

charge location) were investigated in a third study.44 The upturn

in viscosity with larger size disparity and charge dislocation was

suggested to be mainly associated with directional ion pairs and

the formation of such pairs was mostly determined by charge dis-

location. This observation was further supported by the fact that

an increase in ion pair lifetimes coincided with the increase in

viscosity for all models,44 which is in turn in agreement with the

correlation of ion cage and ion pair dynamics to transport prop-

erties in a realistic IL system.21

A pragmatic approach to harvest this correlation between ion

pair dynamics and transport properties was recently suggested by

Maginn and coworkers.45 Based on previously established corre-

lations between certain dynamics (ion pair and ion cage) in ILs

and macroscopic properties21, they suggested to correlate the in-

verse of the ion pair dynamics in a single universal linear rela-

tionship to self-diffusivities and ideal ionic conductivities.45 This

relationship was independent of the type of IL and temperature.

Considering the variety of ILs which were studied, their observa-

tion strongly suggested that the dynamics of ILs follow a universal

mechanism governed by the formation and breaking of ion pairs

and ion cages.45

Similarly, a computational study of the molecular origin of vis-

cosity and subsequent correlation of the quantitative structure-

property relationship approach and molecular dynamics simula-

tions were carried out by Müller-Plathe and coworkers.46

HB dynamics of molecular liquids such as water (bulk and con-

fined) has been extensively discussed in the literature.47–59 For

an excellent overview see Ref.52. In the pioneering work of Luzar

and Chandler (Ref.51) it was demonstrated that the bond making

and breaking are simple processes characterised by well-defined

rate constants. What makes the HB dynamics apparently com-

plicated is translational diffusion that introduces a continuum of

time scales. They showed that this kinetics is understood in terms

of the interplay between diffusion and HB dynamics. In their phe-

nomenological model, translational diffusion determines whether

a specific pair of water molecules are neighbours, and hydrogen

bonds between such pairs form and persist at random with aver-

age lifetimes given by rate constants for bond breaking and re-

forming.51

Holm and coworkers were the first to determine reactive flux

hydrogen bond lifetimes16 for ILs (HB angle = 30◦) and found

them in the range of estimated values from the dielectric re-

laxation method. The following order of long lifetimes was ob-

served: [C2C1Im][Cl] (360 K) > [C2C1Im][NTf2] (288 K) >

[C2C1Im][BF4] (257 K), which is due to the distribution of par-

tial charges and the formation of networks in multi-atomic anion

ILs.16 Of course, the interactions of the anions and the imida-

zolium ring hydrogen atoms are stronger than those with the side

chain hydrogen atoms.16 The calculated hydrogen bond lifetimes

were in the same order of magnitude as those of pure water and

of some small primary alcohols.16

In this article, we evaluate the dynamics of one pure

IL ([C4C1Im][Br]) applying a polarizable and standard (non-

polarizable) force field. We investigate [C4C1Im][OTf] (3-

butyl-1-methylimidazolium trifluoromethanesulfonate) at differ-

ent temperatures and mixed with water. Difficulties when simu-

lating water and ILs have been discussed by Maginn and cowork-

ers.60 Furthermore we consider the dynamics in the IL mixture

[C4C1Im][Cl]/[OTf]. We reflect on the structure and then con-

sider dynamics. In the final section we consider a possible cor-

relation between intermittent as well as reactive flux IP dynamic

and experimental viscosities. We end the article with some con-

clusions.

2 Theory of reactive flux dynamics and def-

initions

In the following, the methodology to describe hydrogen bond

kinetics in liquid water introduced by Luzar and Chandler will be

shortly summarised, for a full description the reader is referred to

the original articles.50–52 The method relies on the definition of

a hydrogen bond population operator h(t), which equals unity if

a particular tagged pair of (water) molecules is hydrogen bonded

and zero otherwise. As described below, in our selected ILs the

cation is the hydrogen bond donor and the anion is the hydrogen

bond acceptor for the pure ILs and for the IL mixtures. For the

ILs mixed with water all three combinations cation-anion, cation-

water and water-anion will be considered. Furthermore, we will

also consider the population of ion pairs and ion cages as previ-

ously introduced by us.20,21

The time/ensemble average 〈h〉 (denoted by chevrons) of the

population operator can be interpreted as the probability that

a pair is hydrogen bonded. In an infinite or sufficiently large

system, that probability will be zero and it is often neglected;

in smaller systems, it won’t, thus it shall be explicitly consid-

ered here. Using h(t) or its fluctuation from equilibrium δh(t) =

h(t)−〈h〉, one can define a hydrogen bond time-correlation func-

tion

c(t) =
〈δh(t)δh(0)〉
〈

δ 2h(0)
〉 ≈

〈h(t)h(0)〉

〈h(0)〉
, (1)

where the approximation holds if the system is sufficiently large,

so that 〈h〉 ≈ 0, which implies δh(t) ≈ h(t). This function mea-

sures the fluctuations of hydrogen bond populations in time, in-

dependent of possible bond breaking events, i.e., it is an inter-

mittent time-correlation function, as introduced by Rapaport.49

It can also be interpreted as the conditional probability that an

initially hydrogen bonded pair is still or again bonded at a time

t later. Apart from these intermittent time-correlation functions,

we will also consider the corresponding continuous functions for

all dynamics (HB, IP and IC).49 Contrary to the intermittent func-

tion the HB is broken once donor and acceptor depart from each

other even for a short time only and even if they reform to HB

afterwards.

According to Onsager’s regression hypothesis, the same laws

that govern the time evolution of the hydrogen bond time-

correlation function, drive the decay of an initial non-equilibrium
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population δh(0) towards the equilibrium, with δh(t) = h(t)−〈h〉.

Thus

c(t) =
〈δh(t)δh(0)〉
〈

δ 2h(0)
〉 =

δh(t)

δh(0)
, (2)

where the overlines denote a non-equilibrium average. The rate

of relaxation to equilibrium is given by

k(t) =−ċ(t) =

〈

h(t)ḣ(0)
〉

〈

δh2(0)
〉 =−

〈

[1−h(t)]ḣ(0)
〉

〈

δh2(0)
〉 , (3)

which follows from the definition of c(t), by exploiting the time

invariance of time-correlation functions, and because of the iden-

tity
〈

ḣ(0)
〉

= 0. The quantity −ḣ(0) = −(dh/dt)t=0 is the inte-

grated flux departing the hydrogen bond configuration space at

time zero. The function k(t) measures the average of that flux

for those trajectories, where the bond between a tagged pair of

molecules is broken at a time t later, hence its name: reactive

flux hydrogen bond time-correlation function. Its zero time value

is the transition state theory estimate of the rate of relaxation,

kTST.48 In the reactive flux formalism kTST is corrected by a time

dependent transmission coefficient.61

In bulk water, k(t) reveals several motions leading to bond

breaking.50 A quick change on the time scale of 0.1 ps which is

primarily due to librations, followed by interoxygen vibrations

on time scales of 0.1 to 0.2 ps. Beyond that transient period of

∼ 0.3 ps, a continuum of timescales follows, resulting in a mono-

tonic, non-exponential decay. Luzar and Chandler showed51,52

that this behaviour can be understood with a simple diffusion

picture: After bond-breaking, a pair can drift apart, and simi-

larly, diffusion of two molecules towards each other can lead to

bond-reforming. In order to investigate this, they separated the

contributions to k(t) according to whether a pair did or did not

move apart after bond breaking i.e, by investigating the restrictive

reactive flux time-correlation function

kin(t) =−

〈

H(t)[1−h(t)]ḣ(0)
〉

〈

δh2(0)
〉 . (4)

The vicinity operator H(t) is responsible for that partitioning. It

is unity if the particular tagged pair has not yet drifted apart and

zero otherwise. Thus, in the case of water it is usually defined as

the oxygen atom–oxygen atom distance not further apart than the

first minimum distance of the radial distribution function (RDF),

thus 350 pm. The conditional probability that an initially bonded

pair is broken, but has not drifted apart at a time t is given by

n(t) =

t
∫

0

kin(τ)dτ =
〈H(t)[1−δh(t)]δh(0)〉

〈

δh2(0)
〉 . (5)

The probabilities c(t) and n(t) correspond to local populations that

can interconvert. A phenomenological description of their kinet-

ics that is consistent with simulation data is

−ċ(t) = k f c(t)− kbn(t), (6)

where the forward and backward rate constants k f and kb are

the rate constants of hydrogen bond breaking and forming. The

physical meaning of τHB = 1/k f is that of the average hydrogen

bond life time.

For our three dynamics, hydrogen bond, ion pair, and ion cage

we always define a population operator in analogy to Luzar’s51,52

hydrogen bond population operator h(t) as described above for

the hydrogen bond.

The events are populated

• as a hydrogen bond, if the donor-acceptor-hydrogen atoms

are arranged in an angle of less than 60 degrees (see also

Fig. 3 as an example) and if the acceptor and the hydrogen

atom are closer than the first minimum of the RDF. Further-

more, if we consider the reactive flux correlation function

the centre of ring of the imidazolium cation (c(R)) and the

centre of mass of the anion (c(A)) should be closer than the

distance of the first minimum in the RDF.

• as an ion pair, if cation and anion are nearest neighbours

with respect to the centre of ring of the cation and the cen-

tre of mass of the anion distance. Furthermore, if we con-

sider the reactive flux correlation function the c(R) and the

c(A) should be closer than the distance of the first minimum

in the RDF. Please note, this definition can be generally ap-

plied to centre of mass/ring. Although the name is not cor-

rect with respect to physics we keep it in order to be able to

compare to literature.

• as an ion cage, if the central ion is surrounded by counter-

ions in a radius smaller than the first minimum of the RDF

between the c(R) and c(A). Thus, more than one neighbour

is considered for the central ion.

3 Systems investigated

The extended description of the computational details can be

found in the supporting information (SI). We used the OPLS-AA

force field,62 which was extended by the parameter set for the

imidazolium ring unit and the halides.63 The applied parameters

for the triflate anions were taken from reference64. The charges

were scaled by a factor of 0.8 for all cations and anions. The

water model is chosen to be the nonpolarizable SPC/E65 for all

calculations. Details of the polarizable force field deviate and are

given in the SI.

In this study we consider the following IL systems:

• The [C4C1Im][Br] liquid for comparing non-polarizable (FF)

and polarizable force field (pol-FF)66,67 at 386 K.

• A temperature dependence at 293 K, 323 K, 353 K, 373 K,

and 393 K of [C4C1Im][OTf].

• The ionic liquid/molecular liquid mixture [C4C1Im][OTf]

water at four different mole fractions of the IL (0.39, 0.58,

0.66 and 0.82) taken from reference68 at 293 K.

• The ionic liquid mixture [C4C1Im][Cl]/[OTf] at x = 0.000,

0.192, 0.303, 0.402 mole fraction of [C4C1Im][Cl] at 298 K.
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Fig. 1 Labelling as used in the article. Left: 1-butyl-3-methylimidazolium

cation and right: trifluoromethanesulfonate (triflate, [OTf]) anion. (Brown:

carbon; blue: nitrogen; white: hydrogen; red: oxygen; yellow: sulphur;

green: fluorine)

Fig. 2 Cation-anion radial distribution functions (RDFs). Black: H2; red:

H4/5; dark green: RDFs between centre of ring c(R) and centre of mass

anion c(A). Solid line: standard force field; dashed line: polarizable force

field. Please note, for clarity we show only a range of the RDF, the full

functions can be found in the SI, these decay properly to 1.

4 Results: Structure

4.1 The effect of a polarizable force field on [C4C1Im][Br]

In Fig. 2 we present the radial distribution functions (RDF) for

the ring hydrogen atoms with a simple anion like [Br]−. The

location of the first maximum and minimum together with the

coordination number obtained from the corresponding number

integrals (at the distance of the first minimum) can be found in

Table 1. Obviously H2 forms stronger hydrogen bonds than the

H4/5, because it is more acidic,23,26 which is reflected in higher

peaks and larger coordination number per hydrogen atom. This

is in agreement with MD simulations and empirical refinement

to model experimental data by Bowron et al., where the authors

also found a more pronounced coordination at H2.69 Upon ap-

plying the polarizable force field larger distances are found, see

also Ref70. Furthermore, the coordination number decreases with

polarizable force field, see Table 1, but the relative behaviour re-

mains the same. The ions are surrounded by approximately five

counterions, also here the polarizable force field decreases the

Table 1 Distance of the first maximum r(max), first minimum r(min) (in

pm) and number integral (NI) at r(min) from the reference to the

observed particle in [C4C1Im][Br] for H2 and H4/5 as well as for centre

of ring-[Br]− (c(R)–c(A)). N̄I is the number integral from the observed to

the reference particle. If no number is given, NI=N̄I. “FF”: standard force

field; “pol-FF”: polarizable force field. T = 386 K.

H2-Br H4/5-Br c(R)–c(A)

r(max)/r(min)/NI/N̄I
FF 293/468/1.6 293/428/1.3/2.5 483/703/5.3
pol-FF 303/473/1.4 303/458/1.3/2.6 488/723/5.0

number slightly.

Unfortunately, the force field is unable to resolve distance dif-

ferences at the ring protons, which are, for example, observed in

AIMD simulations17 and experiments.71 Thus, the approach by

Maginn to treat the ring protons on equal footing when applying

FF for the MD seems reasonable.45 In the present work, we dis-

tinguish front (H2) and rear (H4 and H5) hydrogen bonding (see

Fig. 1).

4.2 Temperature dependency of the structure in

[C4C1Im][OTf]

Table 2 R(max) (pm), r(min) (pm), NI and N̄I as in table 1, in

[C4C1Im][OTf] for H2-O, H4/5-O and c(R)–c(A) at different temperatures.

T H2-O H4/H5-O c(R)–c(A)

r(max)/r(min)/NI/N̄I
293 263/403/2.7/0.9 258/373/1.9/1.2 528/793/6.0
323 258/408/2.7/0.9 258/378/1.9/1.2 528/793/5.9
353 258/403/2.6/0.9 258/373/1.7/1.2 533/793/5.8
373 258/403/2.5/0.8 258/378/1.8/1.2 533/798/5.8
393 258/403/2.4/0.8 263/383/1.8/1.2 533/798/5.8

The temperature dependent RDFs are shown in the supporting

information and the corresponding distances of first maximum

r(max), first minimum r(min) as well as the coordination numbers

from the number integrals are listed in Table 2.

Obviously, there is more variation in peak heights than in peak

positions (see SI). Since the uncertainty of the distances is ∼5 pm,

resolving these subtle changes in positions within the present

temperature range is not possible. However, a rough trend points

to a bond elongation with temperature, indicating a weakening

of the HB, in good agreement with the decrease in coordination

numbers and peak heights. The exception is the very low temper-

ature of 293 K, which is already close to the melting temperature

of 290 K measured by Tokuda et al.,34 and 286 K measured by

Brennecke and coworkers.72 Interestingly, the coordination num-

ber at 373 K and 393 K is much larger than that for the bromide at

386 K, which is probably due to the fact that three oxygen atoms

are available for coordination instead of only one bromide ion.

On average the cation is surrounded by 5.8 - 6 [OTf]− anions,

while it is surrounded by only approximately 5.3 [Br]− anions.

Hardacre et al. obtained similar results (at 323 K by MD and

neutron scattering) via integrating up to 750 pm from the ring

centre, namely 5.3 for [C4C1Im][PF6] 4.9 for [C6C1Im][PF6] and

4.4 for [C8C1Im][PF6] or 6.8 for [C1C1Im][PF6].73 Furthermore,

Bowron obtained (at 323 K from MD and neutron diffraction) 6.9
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for [C2C1Im][OAc] by integrating up to 700 pm.69

Fig. 3 CDFs for occurring HB geometries in [C4C1Im][OTf], HB angle

(αC−H−O) vs. the HB distance (rH−O).

In the combined distribution functions (CDFs), given in Fig. 3,

the occurrences of different HB geometries are shown for two

temperatures. It is apparent that for the IL the choice of donor–

acceptor-hydrogen angle of 60◦ is reasonable and the tempera-

ture dependency in the first (below 200 pm) but even more in

the second peaks (∼ 600 pm) is visible.

4.3 Mixtures of [C4C1Im][OTf] with water

The c(R)–c(A), c(A)–c(W) and the c(R)–c(W) (where c(R) is

the geomterical center of the cationic ring, c(A) is the center of

mass of the anion, and c(W) is the center of mass of the water

molecule) RDFs are shown in Fig. 4 colour-coded for different

mole fractions. It is apparent that all three functions display a

pre-shoulder. Post-peaks are also observable for the c(R)–c(A)

and the c(W)–c(A) function indicating a rather complex coordi-

nation pattern with multiple interaction sites.

Upon dilution, i.e., going from green to black, all functions

show a decrease in their first peak heights. In the case of the

cation-anion interplay this means that the cation-anion coordina-

tion decreases from 5.8 to 5.3, see table 3. The number inte-

grals for water-water (c(W)–c(W)) increase upon dilution. For

the mixed IL-water interactions (c(R)–c(W) and c(A)–c(W)) we

observe the same trends, see NI values in table 3, all coordina-

tion numbers increase when more water is added. The oppo-

site trend is observed for the water-IL interaction, reflected in the

N̄I values, which decrease slightly upon the dilution of the IL.

In other words, by the addition of the water to the system the

Fig. 4 RDFs of [C4C1Im][OTf]/water. Dashed-dotted: c(R)–c(A); Solid:

c(A)–c(W); Dashed: c(R)–c(W). Black: x=0.39 IL; Red: x=0.58 IL; Blue:

x=0.66; Green: x=0.82. Please note, for clarity we show only a range,

the full functions can be found in the SI. These decay properly to 1.

Table 3 R(max) (pm), r(min) (pm), NI and N̄I as in table 1, in

[C4C1Im][OTf]-water for c(R), c(A)) and c(W) for different mole fractions.

Temperature = 293 K. xIL gives the mole fraction of the IL. Ring

hydrogen functions are given in the SI. The last block shows the domain

count 14 and the number of molecules per domain/cluster.

xIL c(R)–c(A) c(W)–c(W)

r(max)/r(min)/NI/N̄I
0.39 528/783/5.3 273/343/2.1
0.58 533/788/5.6 273/348/1.6
0.66 528/793/5.8 273/353/1.3
0.82 528/788/5.8 273/348/0.8

xIL c(R)–c(W) c(A)–c(W)

r(max)/r(min)/NI/N̄I
0.39 463/703/5.8/3.8 443/513/1.9/1.2
0.58 458/703/3.0/4.0 443/513/1.1/1.4
0.66 458/703/2.1/4.1 443/513/0.8/1.5
0.82 453/713/1.0/4.2 443/523/0.4/1.8

Domain count
xIL Polar Nonpolar Water

0.39 1.0 (197) 5.9 (33) 24.8 (12)
0.58 1.0 (288) 6.8 (42) 53.0 (4)
0.66 1.0 (330) 6.8 (49) 59.1 (3)
0.82 1.0 (410) 6.6 (62) 52.8 (2)

number of water molecules around the IL ions increases, but the

water molecules are interacting more extensively with each other

than with the cation or the anion. This observation points to the

change in the size of hydrogen bonding networks of water clus-

ters and aggregates in the system upon dilution. According to

the number integrals, the cations are surrounded by many more

water molecules than the anions. The cations are indeed signif-

icantly larger than the anions, and therefore they could, in prin-

ciple, be in contact with more water molecules at a time. How-

ever, based on the general wisdom in the literature of IL/water

mixtures the anions interact stronger with the water molecules

than the cations, which — together with the altogether higher

and sharper and higher peaks in the anion-water RDFs compared

to those for the cation-water interplay — suggests that the dif-

ferences in number integrals do not reflect on the trends in the

strength of these interactions. In fact, since the anions are highly

correlated with the cations, the very broad peak in the c(R)–c(W)
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RDFs necessarily includes those water molecules that are in hy-

drogen bond with the anions, neighbouring the reference cation.

Accordingly, the number integrals in table 3 are not coordination

numbers per se.

Beside the local structure arising from hydrogen bonding and

other polar-polar interplay between the water and the IL and be-

tween the IL ions, the mesoscopic behaviour of the components

within the liquid must also be analysed to discuss and understand

the full structure of the IL-water mixtures, and the underlying

dynamic processes. With our newly developed domain analy-

sis tool14 it is possible to analyse how the defined logical units

(subsets) of the liquid are arranged in the system, that is, if they

are systematically connected to one another to form larger clus-

ters or domains. In this particular case we distinguished polar

(anions, and the imidazolium ring with the CH2 and CH3 units

connected to the nitrogen atoms), nonpolar (propyl group of the

cation) and water as subsets. The corresponding data is presented

in Table 3. Interestingly, the polar moieties stick together in all

simulations, even in the most dilute systems. In contrast, but in

agreement with previous simulations on pure ILs,5,11 the nonpo-

lar moieties do not form a continuous domain in the liquid, as the

spatial extent of the present side chains is not sufficient for such

behaviour. Instead, these alkyl groups apparently form smaller

islands in the liquid, each of which gradually increase in size over

the increase of the mole fraction of the IL in the solution. Finally,

and perhaps most interestingly, the water molecules remarkably

change their behaviour through the concentration range consid-

ered here. While in the case of the lowest mole fraction of the IL

the water molecules form large clusters, consisting of on average

12 molecules, at the other extreme of the concentration range

they are often present as single molecules in the solution, and on

average as dimers. This is in clear agreement with the number

integral data, as discussed above.

4.4 Mixtures of [C4C1Im][OTf] and [C4C1Im][Cl]

Fig. 5 Chloride mole fraction dependent H2-O/Cl RDFs of

[C4C1Im][OTf]/[Cl]. Please note, for clarity we show only a range, the full

functions can be found in the SI. These decay properly to 1.

In Fig. 5 the chloride mole fraction dependent RDFs are given.

Generally, the oxygen atoms coordinate with shorter distances to

Table 4 R(max) (pm), r(min) (pm), NI and N̄I as in table 1, in

[C4C1Im][OTf]/[Cl] for H2-O/Cl and H4/H5-O/Cl centre of mass/ring

functions. x = mole fraction of [C4C1Im][Cl]

x H2-O H2-Cl H4/5-O

r(max)/r(min)/NI/N̄I
0.000 258/403/2.7/0.9 − 258/373/1.8/1.2
0.192 263/403/2.2/0.9 278/438/0.3/1.5 258/373/1.4/1.2
0.303 258/403/1.9/0.9 273/438/0.5/1.5 258/373/1.2/1.2
0.402 263/403/1.6/0.9 273/438/0.6/1.5 258/373/1.0/1.2

x H4/5-Cl c(R)–c(OTf) c(R)–c(Cl)

r(max)/r(min)/NI/N̄I
0.000 − 533/793/6.0/6.0 −
0.192 278/423/0.3/3.0 533/788/4.8/5.9 468/558/0.8/4.2
0.303 278/418/0.4/2.9 528/783/4.2/6.0 468/558/1.3/4.2
0.402 278/418/0.6/2.9 528/783/3.6/6.1 463/558/1.7/4.2

the ring hydrogen atoms of the cations than the chloride, sim-

ply due to the difference in radius between oxygen and chloride.

Since the charge is highly delocalized in the triflate anion, the in-

teraction with the individual oxygen atoms are generally weaker

than with the chloride anion, represented by the remarkable dif-

ferences in peak heights in Fig. 5.

Upon dilution of the [C4C1Im][OTf] by the chloride, we ob-

serve a slight decrease in peak heights for both kinds of RDFs.

For the O-H RDFs his finding is somewhat unexpected, since the

by the dilution of the [OTf] anions the peaks should naturally

increase. Accordingly, these changes indicate that the stronger

interacting chloride anions remove the [OTf] anions from the

strongest hydrogen bond donor sites. Inspection of the coordina-

tion numbers in Table 4 shows that upon dilution the [OTf] anion

generally decreases while the [Cl] anion coordination increases

around the cation. Interestingly, the average number of [OTf]

anions around the cation decreases significantly more than the

increase in the number of [Cl] anions around the same species, in

agreement with the aforementioned trends in the peak heights.

5 Results: Dynamics

5.1 Pure [C4C1Im][Br] and [C4C1Im][OTf] systems

Since the peak positions in the RDFs have an uncertainty of

±5 pm, the distance criteria can be defined with a certain er-

ror for the dynamics results. In order to estimate the robust-

ness of the dynamics, we calculated the changes in the results for

[C4C1Im][Br] with a 1 pm, 5 pm, 10 pm deviation from our stan-

dard distance criteria. For the hydrogen bond lifetime we found

<0.25% deviation for both the continuous and intermittent func-

tions. For the cage dynamics the intermittent function changed

by <1% for all cutoff distances, while the continuous altered by

<6% for the 10 pm and only 3% for the 5 pm change in the cri-

teria. Influences from the angular criteria (not investigated here)

can be also expected.

In table 5 we list the continuous and intermittent dynamics for

the pure systems in order to compare to the previous simulations

data.17,20 As expected, with increasing temperature the dynam-

ics becomes faster, which fits well to the observation of increasing

bond distances and reduced coordination numbers discussed in

subsection 4.2. The application of the polarizable force field ac-

celerates the dynamics tremendously, even if the charge reduction
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Table 5 Continuous and intermittent dynamics of τH2: HB dynamics at

H2; τH4/5 at H4/5; τ IP ion pair dynamics and τ IC ion cage dynamics in

ps. Please note, the HB data are obtained from the 200 ps long

trajectory. All values in ps.

continuous/intermittent

system τH2 τH4/5 τ IP τ IC

[Br]−-FF 0.7/188 1.1/172 0.9/221 74.2/942
74.24 [Br]−-pol-FF 0.6/24 0.7/ 19 0.6/27 20.6/108

[OTf]−-293 0.9/1165 1.1/946 3.7/3069 169.9/14969
[OTf]−-323 0.7/365 0.9/309 2.5/996 139.2/4569
[OTf]−-353 0.6/180 0.8/144 2.3/490 112.0/2222
[OTf]−-373 0.6/109 0.7/84 1.9/293 93.1/1295
[OTf]−-393 0.5/78 0.6/60 1.7/205 84.8/896

should, in principle, compensate the slow dynamics in the stan-

dard force field, which it apparently does not. Generally, the IP

and HB dynamics are of the same order of magnitude. However,

the IP dynamics is slower than the HB dynamics, due to the lack

of directionality; the only exceptions are observed in case of the

H4/5 HBs in the [Br]− system. The ion cage dynamics (consider-

ing all IPs within the first minimum radius) is one order of mag-

nitude slower than both IP and HB in accordance with previous

observations.17,20 The difference between IP and IC is less pro-

nounced in the case of the pol-FF. The continuous dynamics is in

all cases faster for H2 than for H4/5. This trend is, interestingly,

the opposite for the intermittent dynamics. Considering that the

difference between these two functions is the handling of break-

ing and reforming of hydrogen bonds, this might indicate that

the “strength” of the HB at H2 lies in its frequent reformation,

which can make it, in that sense, longer living. This difference

can clearly rise from the well-known facile switch between the

“in-plane” and “on-top” positions of the anion at the H2 (shown

e.g. by the spatial distribution functions74), which allows the

frequent cleavage and formation of the corresponding HB. The

anions at the H4/5 position can, on the other hand, switch be-

tween these two ring hydrogen atoms at the rear. However, to do

so, the anions have to occur in the space between the H4 and H5

atoms, which is, according to the spatial distribution of the an-

ions around the cations in such ILs,74 not the case. This, together

with the continuous and intermittent dynamics data, allows us to

conclude that the change between the “on-top” and “in-plane” ori-

entation of the anion at the H2 is more frequent than the H4-H5

change.

The reactive flux hydrogen bond data is exhibited in table 6.

The increase in the dynamics with applying the polarizable force

field or increasing temperature is also apparent in the reactive

flux data. In all cases the lifetimes of the H2 are shorter than those

of H4/5. Differences in the breaking and reforming of the HB are

also visible when comparing the rates of the forward (breaking)

and the backward (reformation) reaction. Comparing the reactive

flux HB data with the IP results in table 7, we observe also for

these dynamics that IP is in general slower than the HB process.

Again, the breaking and re-formation process are not the same,

see forward and backward rates. However, here the differences

are much more pronounced than for the HB process. However,

the rate of relaxation, that is, kTST values are in all cases similar.

For the ion pair dynamics we also show the correlation func-

Table 6 Reactive flux HB lifetimes for the forward τHB
f (ps), the

backward reaction τHB
b (ps), and the transition state theory estimate of

the rate of relaxation, kTST (ps−1). All data are obtained from the 10 ns

trajectory.

system τH2
f τH2

b kTST

[Br]−-FF 52 110 1.77
[Br]−-pol-FF 14 25 2.05

[OTf]−-293 304 569 1.84
[OTf]−-323 107 204 1.89
[OTf]−-353 51 97 1.81
[OTf]−-373 27 51 2.01
[OTf]−-393 21 41 1.80

system τ
H4/5

f τ
H4/5

b kTST

[Br]−-FF 60 125 1.14
[Br]−-pol-FF 23 51 1.73

[OTf]−-293 443 924 1.26
[OTf]−-323 179 408 1.34
[OTf]−-353 99 236 1.49
[OTf]−-373 60 146 1.60
[OTf]−-393 41 101 1.64

Table 7 Reactive flux IP lifetimes for the forward τ IP
f (ps), the backward

reaction τ IP
b (ps), and the transition state theory estimate of the rate of

relaxation, kTST (ps−1). All data are obtained from the 10 ns trajectory.

system τ IP
f τ IP

b kTST

[Br]−-FF 52 190 8.92

[OTf]−-293 611 2674 1.73
[OTf]−-323 240 1120 1.61
[OTf]−-353 126 568 1.60
[OTf]−-373 76 320 1.71
[OTf]−-393 65 228 1.65

tions corresponding to the reactive flux dynamics in Figs. 6-8.

In Fig. 6 the semi-log plot of the ion pair rate function k(t) for

[C4C1Im][Br] exhibits the according decay. The rate function

k(t) and thus c(t) do not decay mono-exponentially, otherwise the

graph in Fig. 6 would be a straight line after the transient time

(Fig. 6 inset). Thus, the dynamics cannot be represented by a

simple decay process, and lifetimes cannot be determined simply

by integration. At short times of k(t) (0.35 and 0.5 ps in the inset

of Fig. 6), motions leading to ion pair breaking are visible. The

restricted rate function kin(t), from which by integration n(t) is

obtained, can be seen in Fig. 7.

In Fig. 8 we show the correlation plot relating the functions

c(t), n(t) (see SI) and k(t). At shorter times, the expected devia-

tions occur. However, at larger values there are also deviations,

which might origin from strong statistical uncertainties and which

show that further simulations have to be carried out with varying

simulation parameters in order to arrive at clearer behaviours of

the unity plot.

In the following sections we will concentrate solely on the reac-

tive flux data, since continuous as well as intermittent functions

are in general problematic. The continuous HB correlation func-

tions are ill-defined, because they strongly depend on the pre-

sumed location of the dividing surface. Thus HB lifetimes should

not be extracted from continuous HB correlation function, as their

values heavily depend on bond definition, as well as on the sam-

pling frequency. While intermittent HB correlation functions are

better defined in this respect, the caveat remains if these func-

tions do not relax exponentially (which they do not in our cases,
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Fig. 6 Semi-log plot of the rate function k(t) for the ion pair process in

[C4C1Im][Br]. In the analysis the long trajectory was selected. The inset

shows the analysis of the 200 ps trajectory, obviously at 0.35 - 0.5 ps a

transient period is visible.

Fig. 7 The restricted rate function kin(t) for the ion pair process in

[C4C1Im][Br]. In the analysis the long trajectory was selected.

see SI), reflecting the fact that different dynamic processes con-

tribute to the decay of these functions. Clearly, one should not

determine intermittent HB lifetimes from the zero frequency part

of the intermittent correlation function (i.e., the integral of it) or

by assuming a quasi-exponential decay of these functions. Such

determinations are arbitrary as the results depend on a specific

interval over which these functions were studied.

5.2 [C4C1Im][OTf]-water mixtures

The intermittent c(R)–c(A) IP lifetime at xIL = 0.39 is 2048 ps, at

0.58 is 2037 ps, at 0.66 is 2552 ps, and at 0.82 is 2696 ps.

It is interesting to observe that the water-water interactions ex-

hibit longer lifetimes in the IL-rich systems, which decrease grad-

ually toward the more moist solutions. This is somewhat sur-

prising, since with high xIL there is a higher number of available

anions, which are not in interaction with other water molecules,

suggesting that a cluster of water molecules would quickly break

the connecting hydrogen bonds in order to interact with the

stronger hydrogen bond acceptor anions instead. However, the

smaller clusters of water (see table 3) — often, in fact, a water

dimer — in these liquids have apparently a very immobile hydro-

gen bond, sticking the molecules together for a longer time. With

increasing water content, and therefore increasing size of water

Fig. 8 Correlation plot for the ion pair process in [C4C1Im][Br]. Both

axes are in ps−1. In the analysis the long trajectory was selected. The fit

to the line with unity slope was carried out from 160 to 8000 ps the

values obtained for kf and kb are 0.019 ps−1 and 0.005 ps−1, see also

table 5.

Table 8 Reactive flux ion pair interplay in [C4C1Im][OTf] water mixtures.

xIL gives the mole fraction of the IL. 1st block: forward reaction (ps), 2nd

block: backward reaction (ps); 3rd block: transition state theory (TST)

approximation to the rate, thus a lower bound to the average IP lifetime

(ps−1).

forward

xIL τ
c(R)−c(A)
f τ

c(R)−c(W)
f τ

c(W)−c(A)
f τ

c(W)−c(W)
f

0.39 399 270 287 146
0.58 454 351 328 232
0.66 487 454 387 238
0.82 500 459 407 663

backward

xIL τ
c(R)−c(A)
b τ

c(R)−c(W)
b τ

c(W)−c(A)
b τ

c(W)−c(W)
b

0.39 1546 1201 576 156
0.58 1948 920 731 184
0.66 2064 892 933 147
0.82 2128 420 1013 467

TST

xIL k
c(R)−c(A)
TST k

c(R)−c(W)
TST k

c(W)−c(A)
TST k

c(W)−c(W)
TST

0.39 1.56 2.57 1.14 22.20
0.58 1.56 1.70 1.69 14.12
0.66 1.64 1.28 1.86 10.61
0.82 1.62 0.68 1.95 3.37

clusters, the individual water-water hydrogen bonds become sig-

nificantly more mobile, which can be seen by the remarkable ap-

proximately four-fold increase in the lifetimes when the amount

of water is reduced.

In almost all cases adding water (from x=0.82 → 0.39) leads

to an acceleration of the ion pair (centre of mass/ring) dynamics,

see table 8. An exception is given by the backward reaction of

the c(R)–c(W) interplay. At low mole fraction of water, the c(W)–

c(A) dynamics is faster than all the others, while at high mole

fraction the water-water dynamics is the fastest. All the dynamics

involving water are faster than the cation-anion function.

Considering the individual HB dynamics (table 9) the lifetimes

involving ions are shorter compared to those from the centre of

masses. It is important to point it out here that the IL anion

has multiple oxygen atoms as hydrogen bond acceptors, and ac-

cordingly, while the centre of mass-centre of mass distance does

not change notably, the individual hydrogen bonds can flip from
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Table 9 Hydrogen bond dynamics in [C4C1Im][OTf] water mixtures. x

gives the mole fraction of the IL.

forward (ps)

xIL τH2−O(A) τH2−O(W) τH4/5−O(A)

0.39 183 174 271
0.58 203 201 311
0.66 224 186 349
0.82 248 211 371

xIL τH4/5−O(W) τH(W)−O(A) τH(W)−O(W)

0.39 149 119 175
0.58 176 127 228
0.66 193 150 264
0.82 217 181 258

backward (ps)

xIL τH2−O(A) τH2−O(W) τH4/5−O(A)

0.39 372 395 648
0.58 399 439 677
0.66 439 374 772
0.82 488 452 809

xIL τH4/5−O(W) τH(W)−O(A) τH(W)−O(W)

0.39 348 198 604
0.58 403 196 771
0.66 448 231 915
0.82 546 288 896

TST (ps−1)

xIL k
H2−O(A)
TST k

H2−O(W)
TST k

H4/5−O(A)
TST

0.39 1.87 2.55 1.40
0.58 1.70 1.84 1.37
0.66 1.88 2.13 1.49
0.82 1.85 2.15 1.34

xIL k
H4/5−O(W)
TST k

H(W)−O(A)
TST k

H(W)−O(W)
TST

0.39 1.79 2.20 0.87
0.58 1.60 1.27 3.24
0.66 1.94 2.16 1.65
0.82 1.98 2.33 6.12

one acceptor site to the other. Again, faster dynamics toward the

more moist systems can be observed (table 9). Clear trends can

be found for all forward lifetimes. In 2010, Feng and Voth pre-

sented diffusion coefficients of anions and water molecules in wa-

ter mixtures with [C8C1Im][BF4] and [C8C1Im][Cl]. They found

an overall trend of an exponentially increasing diffusion as a func-

tion of water mole fraction.75 Recently, Sharma and Ghorai dis-

cussed why addition of water decreases the reorentational times

for ions and increases their diffusion coefficients.76

5.3 Mixtures of [C4C1Im][OTf] and [C4C1Im][Cl]

The results from the reactive flux dynamics for the IL mixtures

are shown in table 10 and 11. Again, the backward process (ref-

ormation) is much slower in all cases than the forward process

(dissociation). Considering the differences between the melting

points of these two materials, it is expected that the addition of

the chloride salt will decrease the dynamics, and increase the life-

times. In agreement, all the dynamics involving the [Cl] anion

are slower than the analogous rearrangements with the [OTf] an-

ion. This is in qualitative accordance with the shape of the RDFs

shown in Fig. 5: The peaks related to the chloride-related interac-

tions are sharper and higher, followed by a lower first minimum,

indicating a certain barrier for the dislocation of the anion from

the cation, while for the [OTf] anion the peaks are broader, the

minima are shallower, indicating a facile movement.

Table 10 Lifetimes in [C4C1Im][Cl]/[OTf] at 298 K. Please note, we do

not distinguish the anion type. x = mole fraction of [C4C1Im][Cl].

forward (ps)

x τH2−O τH2−Cl τH4/5−O τH4/5−Cl

0.000 242 − 385 −
0.192 210 514 258 592
0.303 328 858 394 853
0.402 428 999 461 1036

backward (ps)

x τH2−O τH2−Cl τH4/5−O τH4/5−Cl

0.000 461 − 847 −
0.192 413 706 216 974
0.303 647 1323 334 1267
0.402 882 1406 398 1532

TST (ps−1)

x kH2−O
TST kH2−Cl

TST k
H4/5−O

TST k
H4/5−Cl

TST

0.000 1.86 − 1.32 −
0.192 1.96 2.17 1.45 0.99
0.303 2.05 2.40 1.35 1.14
0.402 2.37 2.24 1.57 1.06

Table 11 Lifetimes in [C4C1Im][Cl]/[OTf] at 298 K. Please note, we do

not distinguish the anion type. x = mole fraction of [C4C1Im][Cl]. τ

values in ps and kTST in ps−1.

int reactive flux
x τ IP τ IP

f τ IP
b kTST

0.000 2289 506 2252 1.51
0.192 2148 447 1731 2.14
0.303 3716 698 2625 2.79
0.402 4912 816 2920 3.21

Surprisingly, a slight decrease in the lifetime data is ob-

served upon the addition of small amounts of [C4C1Im][Cl] to

[C4C1Im][OTf], in agreement with the calculated viscosity val-

ues (see SI). The addition of further chloride species to the solu-

tion, however, decreases the dynamics, as the hydrogen bond and

ion pair lifetimes continuously increase. Albeit interesting, the

lifetimes showing a minimum at lower chloride concentrations

is in clear contrast with the corresponding experimental viscos-

ity values, which exhibit a continous increasing trend throughout

the whole concentration range. Thus, at this point, the detailed

discussion of the dynamics of these mixtures is premature, and

further comprehensive studies will be required for its full under-

standing.

6 Results: Correlation of the viscosity and

diffusivity with the ion pair dynamics

Correlations between lifetimes and diffusivity as well as between

the latter and viscosities have been established.21 Furthermore,

linear relationship between the calculated self-diffusivities and

the inverse of IP or IC lifetimes was observed by Maginn and

coworkers.45 A similar inverse linear relationship was also found

for ideal ionic conductivity and these relationships were found

to be independent of temperature and the nature of the IL.45

Maginn and coworkers conclude that these observations connect

macroscopic dynamic properties with local atomic-level motions

and strongly suggest that the dynamics of ILs are governed by a

universal ion pair or ion cage forming and breaking mechanism.

Thus, in order to design an ionic liquid with enhanced dynamics,
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Fig. 9 Correlating calculated τ IP (ps) with experimental viscosities (Pa

s). Zero intercept is enforced in this fit. Correlation coefficients are 0.859

and 0.821 for the intermittent and the reactive flux lifetimes, respectively.

Fig. 10 Correlating calculated inverse τ IP (ps) with experimental

diffusivities (10−12m2/s). Zero intercept is enforced in this fit. Correlation

coefficients are 0.995 and 0.997 for the intermittent and the reactive flux

lifetimes, respectively.

one should consider how to minimise IP lifetimes.45

Another way to change macroscopic dynamics is to mix the IL

with impurities such as water or investigate IL mixtures. For this

reason, we correlate the viscosity with the IP dynamics of all our

investigated systems.

All viscosities values are listed in the SI.34,77–83 The temper-

ature dependent values for [C4C1Im][OTf] were taken from the

group contribution model of Gardas et al.84 for 373K̃ and 393K̃.

Fig. 9 shows the correlation between the ion pair dynamics (in-

termittent and reactive flux) as well as the viscosities. There are

thirteen points for each curve, 4 pertain to different mole frac-

tions (diamonds), 5 to different temperatures (circles), and 4 to

the mixtures with water (squares). The correlation is satisfying

between the ion pair dynamics and the viscosity including not

only temperature dependency, but also the mixture with chlo-

ride. Obviously, the water mixtures deviate mostly from the fitted

curves. In this respect it will be interesting to further investigate

the reactive flux dynamics to reveal the detailed dynamics of IL

systems.

Similarly we correlated the diffusivities to the inverse life-

times in Fig. 10. The diffusivities has been measured by two

of the authors (Clark and Welton) for the temperature depen-

dent [C4C1Im][OTf] liquid and the [C4C1Im][Cl]/[OTf] mixture

at 298 K, see SI. In order to obtain one number we followed the

approach of Maginn and coworkers45 in which the avarage self-

diffusivitiy was obtained by taking the avarage of the self-diffusity

of the cations and anion in a system, D = (D+ + D−)/2, where

D+ and D− were measured as the diffusion coefficient of the H

atoms on the methyl groups and fluorine diffusion coefficients re-

spectively. Due to the lack of experimental data for the mixtures

with water we correlated only nine points. As stated above, this

leads to an improvement of the correlation.

7 Conclusions

In order to obtain a broad picture of the structure and dynamics,

we simulated several ionic liquids systems with the aid of flexi-

ble, atomistic, classical molecular dynamics simulations. In par-

ticular we studied the [C4C1Im][Br] liquid with a non-polarizable

and polarizable force field66,67 at 386 K. The following systems

were set up with a non-polarizable force field, namely a temper-

ature dependent investigation at 293 K, 323 K, 353 K, 373 K,

and 393 K of [C4C1Im][OTf]. This was supplemented by the

ionic liquid/molecular liquid mixture of [C4C1Im][OTf] water at

four different mole fractions of the IL (0.39, 0.58, 0.66 and 0.82)

taken from reference68 at 293 K. To complete the picture, simu-

lations of ionic liquid mixtures [C4C1Im][Cl]/[OTf] at x = 0.000,

0.192, 0.303, 0.402 mole fraction of [C4C1Im][Cl] at 298 K were

added.78

For the structure we observed the typical effects of a polarizable

force field, like larger distances compared to the non-polarizable

force field in accordance with previous studies.70 Also smaller

coordination numbers were observed for the polarizable variant.

The temperature dependent calculation revealed that with in-

creasing T the distances are slightly longer. The cation is ap-

proximately surrounded by 5-6 anions which also only slightly

changes to smaller numbers within the temperature range inves-

tigated here. The combined distribution functions clearly indicate

that a 60 degree angle is the right choice for defining the hydro-

gen bond together with the first minimum in the according radial

distribution function. In the moist IL system, adding water goes

along together with a decrease in cation-anion coordination, the

water-water coordination increases and so behave the IL-water

number integrals. The coordination of the ions around the wa-

ter decreases with added water in the IL. Our domain analysis

tool reveals14,85 that in all mole fractions the polar parts of the

ions form one connected domain. The nonpolar parts of the IL

ions become dispersed when water is added, and the water clus-

ters/molecules grow in size. In the mixture with the chloride the

coordination number changes between the two anions, but the

number integral of the cation around the anions remains con-

stant, about six around the trifluoromethanesulfonate anion and

about four around the chloride anion.

For the dynamics, we analysed the continuous and intermit-

tent functions in order to compare to literature, but we mainly
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focused on the reactive flux dynamics, because it can give infor-

mation about transient relaxation, showing when most of the dy-

namics in a system is over. It automatically gives the transition

state theory approximation to the rate, a lower bound to the av-

erage HB lifetime, that other methods extract from lengthy calcu-

lations, e.g. continuum HB correlation functions. The calculated

rate function, combined with appropriate phenomenology, gives

the actual HB lifetime (and even more, rate constants for both

processes, breaking and reforming), which are all independent of

the arbitrary HB definition in a simulation.

As expected, temperature accelerates the dynamics of all kinds

of associations (HB and ion pair and well as ion cage). The polar-

izable treatment of the interactions also accelerates the dynamics

and this occurs to such an extent that the charge reduction does

not compensate this behaviour. By observing opposite trends in

the continuous as well as the intermittent dynamics comparing

the ring protons of the imidazolium cation, one can infer that the

acidic H2 position provides more frequent breaking and reform-

ing HB than the rear protons. In almost all cases adding water

leads to an acceleration of the ion pair/centre of mass/ring dy-

namics. Finally, mixing the IL with the chloride anion leads to a

tremendous decrease of the ion pair dynamics, as also reflected

in the experimental viscosities. Thus, correlating the ion pair

dynamics with the viscosities provides a simple tool to estimate

whether new ILs or IL mixtures will have a decreased viscosity.
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Appendix

The computational details as well as a list of all methods and soft-

ware packages used in this work can be found in the supporting

information.34,62–67,77–99
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