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1.

Ionic Liquids (ILs) under investigation

The following imidazolium-based ionic liquids have been investigated:

1-ethyl-3-methyl-imidazolium dicyanmide
1-ethyl-3-methyl-imidazolium thiocyanate
1-ethyl-3-methyl-imidazolium nitrate
1-ethyl-3-methyl-imidazolium acetate

2.

The FTIR measurements were performed with a Bruker Vertex 70 FTIR spectrometer
equipped with an extension for measurements in the FIR region that consists a multilayer
mylar beam splitter and a room temperature DLATGS detector with preamplifier. The
accessible spectral region for this configuration lies between 30 and 680 cm™ (0.3 and
20.3 THz) Further improvement could be achieved by using a high pressure mercury lamp
and an silica beam splitter. This configuration allowed measurements down to 10 cm™ and

e

significantly better signal-to-noise ratios.
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FTIR measurements on imidazolium-based ionic liquids I-IV

Table 1. Masses of cations and anions, reduced masses and their square roots of ion-pairs
in the ILs I-IV. The masses are all given in atomic mass units (AMUs). Additionally, the
correction factors for the measured frequencies due to different reduced masses are given
relative to IL II.
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3. DFT calculation on ion-pair clusters for the ILs I-IV

The binding energies of ion-pair clusters n=1-4 for all four ILs were calculated at the DFT
level B3LYP, using the internal stored 6-31+G* basis set of the Gaussian 09 program."]

Afterwards they were corrected for the basis set superposition error (BSSE).!5"!
*[S12] = [50] in the manuscript

Table S12. DFT calculated binding energies per ion of ion-pair monomers, dimers,

trimers and tetramers of the ILs I-IV. The energies are given in kimol™.

1L monomer dimer trimer tetramer
I -159.5 -186.3 -191.2 -198.9
11 -170.4 -193.0 -199.6 -207.4
111 -180.7 -204.0 -215.0 -220.4
v -205.4 -221.5 -227.3 -232.5

4. DFT calculated Frequencies of ion-pair clusters of the ILs I-1V.

All optimized clusters were found to have only positive frequencies, demonstrating that they
are all true equilibrium species on the B3LYP/6-31+G* potential-energy surface. The
measured FIR spectra are nicely reproduced by the DFT (B3LYP/6-31+G*) calculated
frequencies obtained for IL clusters including four ion-pairs. Here, we would like to focus in
detail on the spectra for the IL [Comim][CH3COQO]. In Figure SI1 the measured and calculated
spectra are shown between 20 and 600 cm™. All the spectral features are reproduced in the
DFT calculated spectrum, the intramolecular frequencies above as well as the intermolecular
frequencies below 150 cm™.
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Fig. SI1 Recorded FIR (bottom) and calculated DFT (top) low frequency spectra between 20
and 600 cm™ of [Comim][CH;COOQ]. The calculated spectrum of an ion-pair tetramer for this
IL was obtained by using half-widths of about 20 cm™. The frequencies were not corrected for
the harmonic approximation. All spectral features are reproduced by the DFT frequencies.



5.

DFT calculated energies and far infrared frequencies of ion-pairs for

IIs I-IV with and without including dispersion forces

B3LYP/6-31+G*

Anion  |SP Cation |SP Anion Total Energies per 'ion-pair 1_1} Hartrees
(and per ion in kJ mol ")

N(CN), [-344.32739 |-240.38113  |-584.83193 |-0.12341 (-162.08)

SCN -344.32729 |-491.00052 |-835.45952 |-0.13171 (-172.90)

NO3 -344.32696 |-280.25536  |-624.72301 |-0.14069 (-184.69)

CO,CHj [-344.32552 |-228.41592 |-572.90262 |-0.16118 (-211.69)

Table SI3: Energies of cations, anions and ion-pairs along with binding energies calculated at
B3LYP level of theory given per ion-pair in Hartrees and per ion in kJmol™, respectively.

B3LYP-D3/6-31+G*

Anion  |SP Cation |SP Anion Total Encrgies ‘per‘ion—pair 1_r} Hartrees
(and per ion in kJ mol )

N(CN), -344.33758 |-240.38243 |-584.85729 -0.13728 (-180.21)

SCN -344. 33719 |-491. 00114 |-835.48057 -0.14694 (-186.72)

NOs -344. 33848 |-280. 25567 |-624.74109 -0.14694 (-192.90)

CO,CH; -344.33744 |-228. 41838 |-572. 92254 -0.16672 (-218.86)

Table S14: Energies of cations, anions and ion-pairs along with binding energies calculated at
B3LYP level of theory given per ion-pair in Hartrees and per ion in kJmol™, respectively.

N(CN), |SCN |NO; | CO,CHs
B3LYP-g09 | 149.1 1735 | 1654 | 189.2
B3LYP 148.9 1764 | 165.0 | 190.3
B3LYP-D3 | 146.3 1724 | 1659 | 192.9

Table SI5: Calculated intermolecular frequencies in cm™ of the various ion-pairs from three
kinds of calculations: the conventional B3LYP/6-31+G* level of theory as implemented in
GAUSSIANO09 [59] and TURBOMOLE,[60] and the B3LYP/6-31+G*/D3 as implemented in
TURBOMOLE.[60,61]

6. Literature

SI1 Gaussian 09, Revision A.1, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson,
H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng,
J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida,
T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E.

Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N.



Staroverov, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S.
S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B.
Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev,
A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V.
G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels,
O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox, Gaussian, Inc.,
Wallingford CT, 2009.

SI2  S. Boys, F. Bernardi, Mol. Phys. 1970, 19, 553—566

SI3  TURBOMOLE V6.4 2012, a development of University of Karlsruhe and
Forschungszentrum Karlsruhe GmbH, 1989-2007, TURBOMOLE GmbH, since 2007;
available from www.turbomole.com

SI4  S. Grimme, J. Antony, S. Ehrlich, H. Krieg, J. Chem. Phys. 2010, 132, 154104.



7. Geometries of the DFT calculated ion-pair clusters for the ILs I-IV with
Gaussian(09

[C;mim][N(CN),]

Monomer

7 0 -.852276 1.716201 .043399
6 0 -2.178074 1.763543 -.345150
6 0 -2.593374 .474576 -.514149
7 0 -1.516823 -.343424 -.228283
6 0 -.475618 .430945 .108450
6 0 -1.514062 -1.826843 -.266801
6 0 -.000530 2.878862 .347544
7 0 2.712711 -.737984 .516648
6 0 2.888192 .507005 .138268
6 0 -1.858813 -2.436271 1.090572
1 0 -2.243001 -2.109997 -1.031213
1 0 -.519161 -2.141275 -.603620
1 0 -.223053 3.666260 -.375272
1 0 -.215484 3.230985 1.360090
1 0 1.052260 2.586960 .257148
1 0 .507360 .076030 .390607
1 0 -2.699218 2.699152 -.477122
1 0 -3.546491 .073738 -.822939
1 0 -1.854613 -3.527282 .997673
1 0 -1.112493 -2.164841 1.844404
1 0 -2.848447 -2.123707 1.443639
6 0 2.182981 -1.625981 -.293462
7 0 1.645793 -2.475906 -.910473
7 0 3.010327 1.660965 -.074865

|
[

.088460 -2.498742 .402188

7 0 2.722503 -1.376910 0.380611
6 0 3.541745 -0.963283 -0.653521
6 0 3.538159 0.400448 -0.646689
7 0 2.716084 0.800528 0.390427
6 0 2.235582 -0.292355 0.997893
6 0 2.365289 2.198378 0.724063
6 0 2.372367 -2.771256 0.684157
7 0 -0.201523 -0.270695 3.074120
6 0 -0.732401 -1.418977 2.712917
6 0 3.522428 2.940273 1.390164
1 0 2.057567 2.664291 -0.216561
1 0 1.489927 2.157564 1.377386
1 0 1.998015 -3.230747 -0.234049
1 0 3.256986 -3.296911 1.053276
1 0 1.586806 -2.782192 1.441741
1 0 1.546453 -0.295771 1.840149
1 0 4.003409 -1.667560 -1.327224
1 0 3.997089 1.111431 -1.314937
1 0 3.207099 3.965346 1.612057
1 0 3.815372 2.462476 2.331450
1 0 4.400630 2.993127 0.736984
6 0 -0.757565 0.868999 2.722604
7 0 -1.141061 1.942120 2.422032
7 0 2

7 0 -2.721957 -1.377632 -0.380307
6 0 -3.541437 -0.964103 0.653677
6 0 -3.538420 0.399628 0.646515
7 0 -2.716468 0.799804 -0.390663
6 0 -2.235522 -0.293019 -0.997873
6 0 -2.366113 2.197723 -0.724504
6 0 -2.371347 -2.771899 -0.683641
7 0 0.201659 -0.271403 -3.074049
6 0 0.733170 -1.419337 -2.712677
6 0 -3.523618 2.939248 -1.390378
1 0 -2.058279 2.663795 0.216005
1 0 -1.490914 2.157068 -1.378056
1 0

|
[

.997089 -3.231212 0.234688
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