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1 Computational Details

1.1 Classical Molecular Dynamics Simulations

Large systems and long simulation run times are needed to obtain correct dynamical proper-
ties of ionic liquids.! Therefore, all NVT simulations consisted of a cubic box enclosing 512
ion pairs and the simulation run time was 50 ns. A time step of 2 fs was selected in the pro-
duction run and data points were collected for the analyzed trajectories every 10 ps. The box
length was determined by NPT simulations of 2 ns run time which were equilibrated at least
2.5 ns. The obtained box length of each NVT simulation can be found in table 1. Tempera-
ture was kept constant by a Nosé—Hoover chain thermostat?™ in all simulations (T=400 K,
7=200 fs) and the SHAKE algorithm® was employed to constrain all C-H bonds during the
simulations. The particle-particle particle-mesh solver® was used to calculate Coulomb in-
teraction energies beyond the cutoff which was set to 1000 pm. All employed force field
parameters were taken from the OPLS-AA/AMBER all atom force field developed for ionic
liquids by Canongia Lopes et al.” ' LAMMPS!'? was used to carry out all classical molecular

dynamics simulations while TRAVIS!® was employed to analyze the obtained trajectories.'3

Table 1: Simulation box length ! in pm, density p in g/cm® of the NVT simulations

(T = 400 K), and abbreviations for all investigated systems.

systematic abbreviation!* abbr. l )
[CyCyim][C] pure-E  4870.0 1.079
[CC1im][C]] pure-H 5655.2 0.953
[CsCsCsC14P][C]] pure-P  8261.6 0.783

[Cgclim]o.l% [CGCGCGCMP]O.S?S [Cl] mix-E 7976.1 0.792
[Cgclim]o.mg, [C6C6C6C14P]0.875 [Cl] mix-H 8023.2 0.790




We have chosen [CyCqim]Cl instead of [C;C;im|Cl in our molecular dynamics simulations

for following reasons:

1. The negative entropy of dissolving [CyCiim]Cl in [CsCeCgC14P]Cl is still large
(—39.1 J/K-mol).'> Furthermore, the negative entropy decreases systematically with
increasing alkyl chain length at the imidazolium cation. Thus, it can be expected that
the structure motif responsible for the large negative entropy of dissolving [C;C;im|Cl
in [CgCsCsC14P]Cl is still conserved in [CoC1im]Cl. To prove this, we have simulated a
system consisting of 448 [CsCCC14P]Cl ion pairs and 64 [C;C;im]Cl ion pairs (mix-
M) for 5 ns at 400 K. The cubic box length was set to 7967.3 pm and every 10 ps was
collected one data point. The spatial distribution around the imidazolium cation of
mix-M is shown in Fig. 1 of the supporting information. The similarity of the shown

spatial distribution for this system to the one of mix-E is clearly visible.

2. At 400 K, about 10 mol % of [CyCyim]|Cl are soluble in [CsCsCsC14P]Cl while only
about 2 mol % of [C;C;im|Cl are soluble in [C4CsCsC14P]CLY Thus, the selected
composition of 1 [CoCqim] : 7 [C4CCsC14P] for the investigated mixture mix-E is
close to the experimental limit. If [C;C;im] is selected instead, the ratio should be
1 [C1Cyim] : 49 [CsCsCsC14P]. Thus, only about 10 imidazolium cations will be in a
simulation box of 500 ion pairs which will result in a poor sampling due to the high
viscosity of the phosphonium based ionic liquid and the small number of imidazolium

cations.

3. The melting point of [C;C;im|Cl is above 100 °C. Since we compared properties of
the pure compounds to the mixture, all simulations should be carried out at the same
temperature. Unfortunately, the solubility of [C;C;im]Cl in [CsCsCgC14P]Cl decreases
significantly with increasing temperature.'® Thus, increasing the simulation tempera-

ture further does not seem reasonable.

4. Tt is very well known that the chloride anion resides mainly close to the C2-H2 vector
but not in front of the most acidic proton H2 in the force field model of Canongia Lopes

et al. while it prefers a position in front of the acidic proton H2 in ab initio molecular



dynamics simulations.!%!” Therefore, a highly symmetric arrangement similar like in
cage-Im can not be obtained by the employed force field. Nonetheless, a recent study
has shown that the force field of Canongia Lopes et al. is most reliable for the hydrogen
bond structure compared to three other force field models of imidazolium based ionic
liquids.*® Since our study focuses on structure properties, we selected the force field of

Canongia Lopes et al.

Figure 1: Spatial distribution of chloride (green) and P (orange) around the imidazolium

plane of mix-M

1.2 Static Quantum Chemistry Calculations

The programs provided by the Turbomole-suite!® were applied for all calculations for which
the BLYP-D2%22 functional in combination with the 6-314++G** basis set?>2?* and the

25727 was employed. Several studies have shown that

resolution of identity approximation
Kohn-Sham density functional theory calculations with an empirical dispersion correction
produce reliable results.2®33 Solvation effects were considered by the COnductor-like Screen-

ing MOdel®* (COSMO) in which the dielectric constant € was set to co. Computational stud-
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ies pointed to strong charge screening in ionic liquids.?>3% Therefore, a dielectric constant
€ = oo was suggested as a more appropriate value than the small measured experimental

one to model ionic liquid solvation in computational models.?

2 Radial Pair Distribution Functions

Radial pair distribution functions (RDF) give the probability to find an atom at a certain
distance from another reference atom and, therefore, contain the information of the average
nearest neighbor distance and the structuring of the liquid. A value of one represents statisti-
cal distribution at the related distance. A comparison of the H2-CI-RDF's, the H4-Cl-RDF's,
the H5-C1l-RDFs, the P-CI-RDFs and the P-P-RDF's can be seen in Fig. 3 of the supporting

information. All atom labels can be found in Fig. 2.

Figure 2: Ball-and-stick model of all cations in the investigated systems with atom labels used

throughout this work. Rc is the geometric ring center of the imidazolium cation.



a) 25 H2"CI b) 251 H4'CI 4 C) 25 H5'CI

— pure-E — pure-E — pure-E
— pure-H — pure-H [ — pure-H
20 — mixE ] 20p — mix-E ] 20 — mix-E
— mix-H — mix-H — mix-H
151 151 151
—~10 =10 —10
= = =
o o o
5 5 5
0 L 0 L ! L 0 1 1 1 X 1 T
200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900 1000
r/ PM s— I/ pM e— r/pm
d) - P-CI - €) so- P-P
— pure-P — pure-P
— mix-E — mix-E
" 25 N
12 mix-H i mix-H
2.0
8- 4 150
= =
~ ~ 1.0
(=) (=2}
4
0.5
0 - “——"\"/ 0.0 I ; ! I
200 300 400 500 600 700 800 900 1000 400 600 800 1000 1200 1400 1600
r/ PN —— r/ P ——

Figure 3: Comparison of RDFs of the investigated ionic liquid systems
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