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Abstract: 

This study explores at the molecular level the interactions underlying the IR spectra of 

the ionic liquid [NC4111][NTf2] and its deuterated isotopomer [d9-NC4111][NTf2] by first isolating 

the spectra of charged ionic building blocks using mass-selective CIVP spectroscopy and then 

following the evolution of these bands upon sequential assembly of the ionic constituents. The 

spectra of the (1,1) and (2,2) neutral ion pairs are recorded using superfluid helium droplets as 

well as a solid neon matrix, while those of the larger charged aggregates are again obtained with 

CIVP. In general, the cluster spectra are similar to that of the bulk, with the (2,2) system 

displaying the closest resemblance. Analysis of the polarization-dependent band intensities of the 

neutral ion pairs in liquid droplets as a function of external electric field yields dipole moments 

of the neutral aggregates. This information allows a coarse assessment of the packing structure of 

the neutral pairs to be antiparallel at 0.37 K, in contrast to the parallel arrangement found for the 

assembly of small, high-dipole neutral molecules with large rotational constants (e.g., HCN). 
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The role of an extra anion or cation attached to both the (1,1) and the (2,2) ion pairs to form the 

charged clusters is discussed in the context of an additional remote, more unfavorable binding 

site intrinsic to the nature of the ionic IL clusters and as such not anticipated in the bulk phase. 

Whereas for the anion itself only the lowest energy trans conformer was observed, the higher 

clusters showed an additional population of the cis conformer. The interactions are found to be 

consistent with a minimal role of hydrogen bonding.  
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I. Introduction 

In recent years, room temperature ionic liquids (IL) have generated considerable interest 

in both basic science and industrial applications. These can be considered organic salts, and 

exhibit remarkable properties that make them an ideal platform for the generation of tailored 

materials. For example, because ILs have both low melting points (< 373 K) and very low vapor 

pressures, they are considered environmentally friendly.1 And because their bulk properties (e.g. 

liquid range, heat capacity, viscosity, etc.,) are highly dependent on the detailed molecular 

structures of the ionic constituents, different combinations of cations and anions provide a 

common platform for a large variety of controlled solvents.2-4 Applications for ILs include 

organic and inorganic synthesis, catalysis5-9 (including bio-catalysis),10-12 electrochemistry and 

CO2 processing.13-15 In the energy sector they play a role in batteries,16-18 fuel cells,19-22 and even 

rocket fuels.23 Despite the fact that almost a decade has passed since their first successful 

distillation by Earle et al.24 in 2006, the local molecular interactions that underlie the 

macroscopic properties of the bulk material remain a challenge and are presently under vigorous 

investigation.25-28 For example, although Coulomb forces are clearly the strongest interactions 

among the ionic constituents of an IL, hydrogen bonding and dispersion forces have also been 

invoked to rationalize the local structural motifs.29-31 

Here we are concerned with the intramolecular 

distortions and docking arrangements at play in the n-

butyltrimethylammonium 

bis(trifluoromethylsulfonyl)imide [NC4111][NTf2] 

system, with molecular structures of the ionic 

constituents displayed in the Scheme.  

Fig. 1 presents the bulk FT-IR absorption 

spectrum of liquid [NC4111][NTf2] at room temperature. 

The observed bands appear in well-separated, localized 

regions of the spectrum, with those arising from the 

(NTf2)⁻ anion colored blue while those from the 

(NC4111)
+ cation colored red, with the various groups 

primarily responsible for transitions indicated at the top. 

 
 

Scheme. Structure of the cation (top) 
and anion (bottom) ionic constituents 
of the room temperature ionic liquid 
[NC4111][NTf2]. The numbering 
scheme for the carbon atoms in the 
cation is shown in red. 
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The Raman spectrum of partially crystallized [NC4111][NTf2] has also been reported and 

analyzed in the frequency range up to 1100 cm-1 by Ribeiro et al., 32 who noted that different 

crystalline structures could be prepared by changing the cooling rate. The spectral differences 

could then be explained by the spectral signatures associated with the specific anion-cation 

docking arrangements kinetically trapped in the heterogeneous mixtures. In our approach, we 

isolate cold, composition-selected (NC4111)
+

n (NTf2)⁻m clusters and analyze their vibrational 

spectra in order to reveal how the features in the spectrum of the bulk liquid evolve from the 

intrinsic behavior of the ions, first through local perturbations caused by the close packing of the 

ionic constituents in small clusters. We focus on the [NC4111] [NTf2] system as an archetypal IL 

for which hydrogen bonding plays a minimal role due to the low acidity of the alkyl CH groups 

on the (NC4111)
+ cation.33 The selection of (NTf2)⁻ as the counterion was driven by the fact that 

this species is the anion of choice in contemporary IL research.34,35 We first report the vibrational 

spectra of the individual ionic components, information that allows us to follow the evolution of 

the spectra as the components are assembled incrementally into neutral ion pairs and then 

charged clusters with an odd number of ionic constituents. This study thus adds to the rapidly 

increasing body of work characterizing the interactions at play in ILs using cold cluster methods, 

with previous reports being primarily concerned with quantifying the extent of H-bonding in 

imidazolium-based (e.g., EMIM) systems.36-39
 A recent comparison of IR and UV_VIS  bulk 

spectra of 1-Ethyl-3-methylimidazolium bis(trifluormethylsulfonyl)imide with DFT and MP 

calculations for  the gas phase and in a continuum solvent yielded an –surprisingly- an improved 

agreement of the gas phase preditions with the experimental bulk spectra.40,41
 

The authors concluded that for a descrition of bulk spectra in ionic liquids the influence 

of the surrounding ion pairs cannot be adequately described as an effective dielectric medium. In 

the present workd we have therefore decided to perform an experimental bottom-up approach to 

unravel the nature of intermolecular binding in case of ionic liquids.  

Spectra of the charged species were obtained by mass-selective cryogenic ion vibrational 

predissociation CIVP spectroscopy,42,43 while those of the neutral ion pairs were obtained with 

helium nanodroplet44-47 and solid matrix isolation methods.48 CIVP uses weakly bound 

messenger tags to perform composition-selected, infrared action spectroscopy on charged 

building blocks of the type (NC4111)
+

n (NTf2)⁻m, with n = m ± 1. Helium nanodroplet 
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spectroscopy accesses the infrared spectra of neutral ion pairs and clusters of two or more ion 

pairs in a superfluid helium matrix.37,49 Neon matrix isolation spectroscopy was also used to 

characterize the neutral clusters, where the species are embedded in a solid layer of condensed 

neon cooled to cryogenic temperatures. Thus, by combining the complementary spectroscopic 

capabilities of several different laboratories, we obtain a complete, “bottom up” picture of how 

the individual ions and local perturbations contribute to the spectrum of the bulk material. 

  

II. Experimental Details 

N-butyltrimethylammonium bis(trifluoromethylsulfonyl)imide [NC4111][NTf2] was 

purchased from Sigma-Aldrich. Nonadeuteriobutyltrimethylammonium 

bis(trifluoromethylsulfonyl)imide [d9-NC4111][NTf2] was synthesized by ChiroBlock GmbH. 

IR-spectra were recorded in the Bochum helium cluster machine which is described in 

detail elsewhere.50 Helium nanodroplets are formed by expanding precooled Helium (12.7 K) 

under high pressure (50 bar) through a 5 µm nozzle into vacuum, cooling down to 0.37 K by 

evaporative cooling and shaped into 

a molecular beam by a skimmer. In a 

second chamber [NC4111][NTf2] is 

evaporated in a cylindrical stainless 

steel oven with an inner hole 

diameter of 5 mm which can be 

heated with a heating band up to 600 

K. Sample temperature and oven 

surface temperature are monitored by 

a PT100 temperature sensor placed 

near the reservoir and a type K 

thermocouple between the steel 

cylinder and the heating band. Test 

measurements yielded an oven 

 
Figure 1. Bulk FT-IR spectrum of 300K [NC4111][NTf2]. 

Parts of the spectrum which are attributed to anion and cation 

IR bands are marked in blue and red, respectively, along with 

crude assignments to functional groups indicated at the top. 
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temperature of 450(1) K as optimal temperature for the pick-up of single ion pairs of 

(NC4111)
+(NTf2)⁻, since no mass signals of fragments of larger clusters could be observed at this 

temperature. 

The seeded beam is further guided through the multipass chamber which consists of two 

parallel gold mirrors used to intersect the clusters by a tunable Aculight Argos continuous wave 

Optical Parametric Oscillator (OPO) laser system. By simultaneously ionizing the droplets by 

electron impact the ion intensities are monitored through a Pfeiffer QMS4224 quadrupole mass 

spectrometer. When the frequency of the OPO is tuned to a vibrational transition of the IL, the 

absorbed energy is transferred to the helium droplet which loses the excess energy by 

evaporation of He atoms. Shrinking of the nanodroplets directly translates into the reduction of 

the ionization cross section, leading to depletion of ion signal. To monitor the reduction of signal 

intensity the QMS can either be used as a high pass filter with the lowest mass set to m/z = 8 

amu/e or set to a specific mass-to-charge ratio. Tracking of the ion signal as a function of photon 

energy from 2800 to 3100 cm-1 results in the IR spectra of the ion pair in that frequency range. 

The laser beam is amplitude modulated by a chopper at a frequency of about 20 Hz for phase 

sensitive detection and the signal is demodulated by a lock-in amplifier connected to the QMS. 

For the measurement of the permanent dipole moment and the vibrational transition moment 

angle (VTMA)51 the multipass cell is equipped with two electrodes orthogonal to the mirrors and 

spaced 6.3 mm apart where a voltage of up to ±20 kV can be applied. 

Cryogenic ion vibrational predissociation (CIVP) IR-spectra were recorded using the 

cryogenic ion spectrometer at Yale University. This machine is described in detail elsewhere and 

only a short summary of the technique will be given here. A 2 mM solution of [NC4111] [NTf2] in 

acetonitrile was ionized via electrospray ionization. The resulting (NC4111)
+

n(NTf2)⁻m clusters 

were then guided by RF only quadrupoles and electrostatic ion optics into a Paul trap where they 

were stored for 90 ms, cooled down to 25 K and tagged with N2 by pulsing a buffer gas into the 

trap. The tags were ejected into a TOF mass spectrometer. When the OPO/OPA laser system is 

scanned over an infrared transition of the ion, the excess energy is redistributed via IVR 

eventually leading to the loss of the lightly bound messenger tag. IR-spectra in the range of 600 

to 3400 cm-1 are recorded by monitoring the evaporation of N2 as a function of laser frequency. 
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Matrix isolation experiments were performed using a Sumitomo compressor and cold 

head, which can be cooled down to 4 K. The IL was heated in an oven up to 480 K. Single ion 

pairs were deposited with large excess of Ne (Neon 5.0, Air Liquide) on a cold CsI window 

attached to the cold head, by heating a sample of [NC4111] [NTf2] in a sublimation oven 

consisting of a quartz tube with a diameter of 7.5 mm and a length of 50 mm, heated electrically 

with a tantalum wire wrapped around the tube. The drop of ionic liquid was kept in a smaller 

quartz tube inside the oven. A Bruker IFS66 FT-IR spectrometer was used to record the infrared 

spectra in the frequency range between 400 and 4000 cm-1 with a resolution of 0.5 cm-1. FT-IR 

spectra of the bulk liquid were recorded with a commercial PerkinElmer Spectrum 100 FT-IR 

spectrometer at a resolution of 4 cm-1. The measurement cell had a thickness of 50 µm and was 

equipped with diamond windows. 

III. Computational Methods 

Ab initio calculations were carried out using the Turbomole package.52 Minimum energy 

structures were obtained by geometry optimization of 300 random structures of the bare anion 

and cation using the B3LYP functional53,54 with the aug-cc-pVDZ basis set.55,56 In the same way, 

1000 random structures of the neutral ion pair were optimized at the B3LYP/SVP57 level of 

theory. For all DFT calculations,  the dispersion correction58 was used as implemented in the 

Turbomole package 59. The calculated structures were  reoptimized at the MP2 level of theory 60 

as implemented in the Turbomole package59 and the harmonic frequencies were calculated61-63.  

We chose the cc-pwCVTZ basis set 64 for the isolated anion and the cc-pVTZ basis set for the 

isolated cation 65,66. Calculations on the ion pair were carried out with the aug-cc-pwCVDZ basis 

set64. As typical when comparing calculated and experimental spectra, the predicted frequencies 

were scaled according to different spectral regions (bare anion: 0.968; bare cation (2000-3100 

cm-1): 0.940; bare cation (600-1500 cm-1): 0.979; ion pair (2800-3100 cm-1): 0.945). These 

factors were chosen in order to match key IR transitions, where a definite assignment was 

possible. The predictions for the permanent dipole moment and the vibrational transition moment 

angle (VTMA) of the neutral ion pair were also obtained by the MP2 calculations. 

Quantum mechanics molecular dynamics simulations ( QM MD) were carried out at 500 

K with the ChemShell code67,68 using Turbomole for the QM region which was formed by the 
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ion pair and treated at the B3LYP/SVP level of theory, using dispersion correction.   The time 

step was 1 fs, and the total length of the simulation 15 ps. A temperature of 500 K was chosen 

which corresponds to the evaporation temperature of the IL before pick up. Choosing for a 

higher temperature allowed to sample the entire conformational space of the ion pair.  

 

IV. Results and Discussion 

IVA. Characterization of the isolated 

ionic components  

IVA.1 The NC4111
+
 cation 

Figure 2 presents the lowest 

energy isomers recovered for the bare 

(NC4111)
+ cation at the MP2/cc-pVTZ 

level of theory. The conformation of 

the cation’s butyl group is labeled 

following the Klyne-Prelog 

nomenclature,69 e.g. the linear 

conformer where all dihedral angles 

are 180° is labeled anti-

periplanar/anti-periplanar (ap/ap) with 

respect to the N-C4-C5-C6 and C4-C5-

C6-C7 dihedral angles. After the zero 

point vibrational energy correction, 

the antiperiplanar/antiperiplanar 

(ap/ap) arrangement was determined 

to be the minimum energy isomer. This conformation of the butyl moiety is also called 

trans/trans or anti/anti in other publications and is found to be the minimum energy structure in 

the 1-butyl-3-methylimidazolium tetrafluoroborate [BMIM][BF4] and N-butyl-N-methyl-

pyrrolidinium bis(trifluoromethylsulfonyl)imide [P14][NTf2] ionic liquids.70,71 Higher energy 

 
 

Figure 2. Local minimum conformers of the bare cation 

obtained with MP2/cc-pVTZ. The structures are labeled 

according to their N-C4-C5-C6 and C4-C5-C6-C7 dihedral 

angles, as indicated in the Scheme, with each ZPVE 

corrected electronic energy shown on the right hand axis. 
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structures for (NC4111)
+ denoted 

ap/sc, ac/ap, sc/ap, ac/sc and sc/sc 

configurations are calculated at 

+2.79, +9.84, +10.6, +12.2 and 

+12.9 kJ·mol-1, respectively. While 

the difference in energy of the ap/sc 

conformer compared to the ap/ap 

groundstate is still in the order of 

thermal energy (kT = 3.74 kJ·mol-1) 

even at the elevated evaporation 

temperature of 450 K all other 

conformers should be much less 

populated. 

 

The experimental CIVP 

spectra (black) of two (NC411)+ 

isotopomers (all H and all D 

substitution of the butyl group) 

are displayed in the middle of Fig. 

3, along with the harmonic 

predictions red, top and bottom) for 

the (ap/ap) structure indicated in 

Fig. 2. Several key vibrational 

motifs are color-coded with block 

rectangles according to their 

assignments to particular groups. The methyl CH bending motions between 1400 and 1500 cm-1 

(green) are predicted to be dominated by the asymmetric in-phase and out-of-phase (δa) 

collective motions of all three CH3 groups at 1486 cm-1 and 1468 cm-1, where the latter is 

overlapped by the in-phase bending of only two methyl groups. A third band at 1409 cm-1 is 

assigned to the symmetric out-of-phase bending of all three methyl groups. The only other bands 

 
Figure 3. From top to bottom: harmonic spectrum (red) of 

the ap/ap (NC4111)
+ conformer obtained at the MP2/cc-pVTZ 

level (scaled by 0.979 between 600-1500 cm-1 and 0.94 

between 2000-3100 cm-1); CIVP spectra of the undeuterated 

(1,0) and deuterated d9-(1,0) cation; predicted spectrum (red) 

of the ap/ap conformer of the deuterated cation obtained at 

the same level and scaling. Features are color-coded for each 

type of vibration: methyl CH stretches, νsm and νam in 

orange, butyl stretches, νsb and νab, in blue, and methyl CH 

bends, δ, in green. Note that the vertical axes are arbitrarily 

scaled on either side of the break in the abscissa. 
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in the fingerprint region of the spectrum carrying sufficient intensity for an assignment include 

the amide-butyl stretch at 893 cm-1 (*) and the near degenerate in and out-of-plane nitrogen 

shuttle between two methyl groups at 963 cm-1 (#).  

The contributions to the 2800 to 3100 cm-1 range of the vibrational spectra originate from 

either the methyl groups (m, orange) or the butyl chain (b, blue) and are further divided into 

asymmetric and symmetric stretching collective modes, νs and νa. A complete list with all band 

assignments of this spectral region is provided in Table 3 of the SI. The large intensity of IR 

features containing the butyl CH stretches complicates unambiguous identification of CH 

stretches associated with the methyl groups. Therefore, selective deuteration was used in which 

all nine hydrogens of the butyl group were replaced by deuterium atoms, thus removing all butyl 

contributions from this spectral region while leaving the methyl bands intact. The IR spectrum of 

the heavier d9-(1,0) cation is plotted against that of the undeuterated species as the inverted black 

trace in Fig. 3, along with the red stick harmonic prediction, displayed in the bottom trace. As a 

spectral verification of the successful deuteration, we observed a slight red-shift of the amide-

butyl stretch (*, Fig. 3) due to the increased reduced mass, while the in-plane nitrogen shuttle (#) 

undergoes a blue-shift as the heavier butyl forms a more rigid base for this motion. Both shifts 

clearly demonstrate the fact that only the hydrogens of the butyl chain are substituted for heavier 

deuterium isotopes. The CD stretches of the d9-butyl group strongly red-shift, completely 

exposing the decongested pattern of methyl CH stretches and thus allowing a better 

understanding of the underlying molecular physics taking place in the methyl groups. 

Bands in the spectrum of the deuterated 

d9-(1,0) cation at 3041 cm-1 and 3055 cm-1 can 

be assigned with confidence to the in-phase, νa
i.p 

and an out-of-phase asymmetric stretch vibration 

νa
o.p. of the methyl groups attached to the central 

nitrogen, respectively. Surprisingly, however, 

the experimentally observed band at 2983 cm-1 

(marked by †), is not reproduced by the 

electronic structure calculations. Theory predicts 

the symmetric methyl stretching fundamental 

 

 Figure 4. The local minimum conformers of 

the bare anion obtained with MP2/cc-

pwCVTZ with each ZPVE corrected 

electronic energy shown on the right hand 

axis . The cis and trans notation refers to the 

C-S-S-C dihedral angle.  
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νsm at 2920 cm-1, in a region where no IR activity is present in the experimental spectrum. One 

explanation for this deviation is that strong quartic coupling gives rise to the 65 cm-1 blue shift 

(i.e., negative anharmonicity), while it is also possible that the observed 2983 cm-1 band is 

actually due to overtone and combination bands involving CH bends, with their corresponding 

fundamental located at 1486 cm-1. Such a situation was pervasive, for example, in a previous 

report of the bands in the imidazolium based ionic liquids (e.g., EMIM).37 Without further 

anharmonic analysis beyond the scope of this paper, this assignment must be considered an open 

question at this time, and thus not particularly useful in our structural characterization of the IL 

interactions which is our primary focus.  

Returning to the all-H cation, the bands 

between 2800 and 3100 cm-1, which are not present in 

the spectrum of the heavier isotopologue, necessarily 

originate from motions containing the n-butyl group. 

Hence, based on the harmonic predictions, the doublet 

at 2999 cm-1 and 2981 cm-1 and the broad features 

around 2959 cm-1 are assignable to the in-phase and 

out-of-phase vibrations involving the entire butyl 

chain and the asymmetric CH stretches of the terminal 

CH3 group, respectively. The calculations indicate that 

the doublet centered at around 2893 cm-1 likely results 

from the symmetric butyl vibrations, where the feature 

higher in energy involves the CH2 group next to the 

amide center. 

IVA.2 The NTf2⁻ anion 

Ab initio calculations of the anion (NTf2)⁻ at the MP2/cc-pwCVTZ level of theory 

yielded two stable conformers with C-S-S-C dihedral angles of 175° and 41°, labeled ‘trans’ and 

‘cis’ in Fig. 4, respectively. The trans conformer is predicted to be more stable, with the 

minimum cis isomer predicted to lie 3.47 kJ mol-1 higher in energy (after ZPVE correction). This 

result is in agreement with previous theoretical results by Brouillette et al. and Herstedt et al.72,73 

 

Figure 5. Comparison of the calculated 

harmonic spectra of the two minimum energy 

conformers, cis and trans, to the experimental 

CIVP spectrum of (NTf2)⁻. Block color bars 

correspond to a displacement of normal modes 

labeled at the top. Key bands near 600 cm-1 of 

particular importance in the determination of 

the conformer composition are denoted εcis 

εtrans, respectively.  
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Fig. 5 presents the predicted vibrational spectra of the cis and the trans anion conformers along 

with the experimental CIVP spectrum of the bare anion. Vibrations in the calculated spectra are 

labeled according to the largest contributions of specific bond motifs in the normal mode 

analysis. 

The harmonic transitions of the trans and cis conformers show a very similar pattern 

except for the low frequency range between 600 and 670 cm-1 and a pronounced feature labeled 

α at 1133 cm-1. For the trans conformer an intense band is predicted at 616 cm-1, assigned to a 

combined motion involving the CSN bending deformation δ(CSN) and the out-of-phase umbrella 

motions of the CF3 and SO2N groups, nearly isoenergetic with a second weaker feature at 615 

cm-1 involving δ(SNS) and δ(NSO) bending. For the cis conformer, these two bands split 

significantly, where the latter δ(SNS) bend blue shifts to 642 cm-1 gaining intensity, while the 

δ(CSN) deformation loses intensity and red-shifts to 595 cm-1. The α band is due to the 

symmetric SO2 stretch (νs(SO2)) and is much stronger in the cis spectrum. In the experimental 

CIVP spectrum, a single intense peak at 626 cm-1 is observed at low energy and there is no 

significant activity near the telltale α band, together leading to the conclusion that the 

uncomplexed bare anion predominately exists in the trans configuration.  

IVB. Comparison of bare ion spectra with that of the room temperature IL 

 Before engaging the behavior of the 

assembled ions, it is useful to first establish to 

what extent the spectra of independent ions are 

preserved in that of the bulk material. Figure 6 

compares the spectra of the NC411
+ (blue) and 

(NTf2)⁻ anions (red) with the FTIR spectrum of 

the bulk IL at room temperature (black). It is clear 

that many of the bulk bands are, indeed already 

present in the independent ions, and as such are 

not useful in the analysis of the intermolecular 

interactions beyond their qualitative implication 

that the ions are essentially intact even when 

 
Figure 6. Comparison of the individual ionic 

liquid constituents (NC4111)
+ (blue) and (NTf2)⁻ 

(red) to the bulk FT-IR, (top black). The peak 

labelled α is anticipated for the cis (NTf2)⁻ 

conformer, while the β feature arises from the 

butyl group in bare (NC4111)
+ ion and is not 

evident in the bulk spectrum.  
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closely packed in the condensed phase. Two transitions labeled α and β in Fig. 6, are 

significantly different in the bare ion spectra compared to that of the higher clusters and thus are 

clear reporters of the interactions at play. One of these, the β band in the cation near 3000 cm-1, is 

missing in the bulk spectrum and was already assigned to the asymmetric CH stretching motions 

on the butyl group through the selective H/D isotopic substitution study (νab in top of Fig. 3). 

This suggests that these transitions are red shifted into the main envelope of the bulk absorption, 

which in turn indicates that this group is 

strongly interacting with the anion. The 

α transition, on the other hand, is not 

present in the spectra of either of the 

independent ions, but is interestingly 

close to the calculated band for the 

higher energy cis isomer of the anion, 

thus raising the interesting scenarios 

where the conformers are either trapped 

in metastable states in the condensed 

phase or are stabilized by complexation 

with a counter ion. With these 

observations in mind, we next turn to the assembly of the ions, first into ion pairs and then the 

tertiary ionic clusters. 

IVC. The neutral ion pairs  

Observation of the detailed evolution of the isolated ion IR bands with the incremental 

addition of the ionic constituents provides an excellent opportunity to understand the 

fundamental molecular physics of the electrostatic interactions driving the microscopic 

assembly. To set the stage, we first consider the structure of the (1,1) ion pair. Identification of 

likely binding motifs was accomplished using the QM MD simulation at the B3LYP-D/SVP 

level of theory at a temperature of 500 K, for which a 15 ps animation of calculated frames with 

1 fs time intervals can be found in the SI. Here, the cation mostly adopts the ap/ap conformation, 

but all isomers depicted in the SI were observed, indicating a potential energy surface with many 

local minima. Fig. 7 shows the optimized structures for the ion pair with the anion in trans and 

 
 
Figure 7. [NC4111][NTf2] with the anion in transoid (left) and 

cisoid (right) and cation in ap/ap conformation. The energies 

shown are the relative ZPVE corrected electronic energies. 

Page 13 of 27 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



14 

 

cis orientation. Note that while the cation 

remains in its energetically favored ap/ap 

configuration, the energies of the two 

isomers are now much closer in energy 

(3.47 vs. 0.3 kJ/mol), suggesting that the 

higher energy cis isomer can play a larger 

role in the equilibrium ensembles even at 

low temperature. The vibrational modes 

of the unscaled predictions for both 

geometries are listed in Tab. 1 in the SI 

for the bands associated with motions of 

the anion. 

Figure 8 highlights two regions of 

the IR spectra displayed by the ion pair in 

helium droplets (denoted Helium (1,1)) 

and in the neon matrix( denoted 

Neon(1,1)), and compares these patterns 

with those observed for the ionic (1,0), 

(2,1) and (3,2) clusters and finally to the 

room temperature FT-IR bulk spectrum 

(FTIR (bulk)). Note that ion pairs 

corresponding to the (1,1) and (2,2) 

compositions were obtained using the 

helium droplet approach and will be 

formed following rapid cooling. In 

particular, by monitoring the abundance 

of m/z = 512, which corresponds to the 

mass of an ion pair plus a cation in a 

helium droplet, the spectrum of a neutral 

complex comprising at least two ion pairs 

 
Figure 8. a) FT-IR bulk spectrum of [NC4111][NTf2], 

b) IR spectrum of neutral ion pairs including at least 

2 ion pairs detected mass selective on m/z = 512 in 

helium droplets at an oven temperature of 510(1)K 

(Helium (2+,2+)), c) IR spectrum of the ion pair 

[NC4111][NTf2] in a neon matrix (Neon (1,1), d) 

(1,1) Ion pair monitored in helium droplets at m/z ≥ 

8 , the oven temperature was set to 450(1)K, where 

1:1 clusters dominate the spectrum (Helium (1,1)), 

e)-f) CIVP spectra of the (1,0), (2,1) and (3,2) 

clusters, respectively. The peak labelled β is 

assigned to the butyl group of the bare cation. The 

arrow in e) marks the position of the VTMA 

measurement in the next section. Note that the 

vertical axes are arbitrarily scaled. 
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is extracted and is therefore labeled Helium (2+,2+) to emphasize that three or more pairs may 

contribute to the observed spectrum. In order to be able to form higher clusters, the oven 

temperature had to be increased from 450 K to 510 K, which increases the vapor pressure and 

thus the probability of the pick up of more than one [NC4111][NTf2] ion pair. Interestingly, the 

(2+,2+) neutral ion pairs in helium droplets yield a CH stretching pattern in closest agreement 

with the bulk FT-IR. The pattern is already evolved from that displayed by the helium (1,1) 

spectrum with a closer spacing of the strongest asymmetric CH stretches of the butyl chain, 

suggesting that while electrostatic Coulomb interactions dominate the binding mechanisms in 

these type of ILs, a further contribution must be attributed to higher order electrostatic 

interactions, e.g.by dipole dipole, quadrupole –dipole or quadrupole-quadrupole interaction or 

conformational reorganization upon addition of further charged species.  

To further explore the role of pairwise interaction, we invoked measurements of the 

neutral ion pair in neon and argon matrices. In solid neon, the strongest butyl stretch exhibits a 

similar peak shape as in helium (1,1), whereas the red-shift found in the bulk is not observed. 

Measurements in neon and in argon matrices yielded very similar spectra, excluding specific 

matrix site effects as the cause for 

the appearance of additional 

bands. 

 

IVC.1 VTMA in helium 

nanoparticles 

To further explore the 

assembly motifs in play in the 

neutral ion pairs, we carried out a 

series of Stark field experiments 

which yield additional information 

on the magnitude of the dipole 

moment and the relative 

 
Figure 9. Recorded intensity ratio with field on/off as a function of 

the electric field strength for the 3054 cm-1 νam band marked with 

arrows in Fig. 6 and 7. Results for the laser polarization 

parallel/perpendicular to the electric field are displayed in green and 

red, respectively. 
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orientation of the dipole moment and the vibrational dipole moment in the isomers of the (1,1) 

ion pair and the (2,2) pair. 

For these measurements we focused on the νam band at 3054 cm-1, marked with an arrow 

in Fig. 8, which is expected to have the least overlap with other bands. The field dependence of 

the peak intensity is recorded using a laser polarization which is parallel and perpendicular to the 

direction of the applied electric field. This method was first used by Miller and coworkers.47,74,75 

The field dependence can be used to fit the following two parameters; The permanent dipole 

moment μp and the relative orientation of the vibrational transitional dipole moment ∂μ/∂xj , 

where ∂μ/∂xj describes the derivative of the dipole moment in respect to the respective normal 

coordinate. Based upon our predictions we expect for the transoid ion pair conformer shown in 

Fig. 7, a band at 3054 cm-1 with a VTMA of 18° and a permanent dipole moment μp of 14.8 D. 

For the cis ion pair conformer we predict a band at 3059 cm-1 with a VTMA and dipole moment 

of 43° and 13.8 D, respectively. Fig. 9 shows the recorded intensity dependence on the applied 

electric field. The laser polarization was chosen to be either parallel with respect to the electric 

field (green points) or perpendicular (red points). The error bars correspond to one standard 

deviations after averaging several measurements. We fit the experimental data to two parameters 

the VTMA α and the permanent dipole moment μp, following the paper of Choi et al. 
45. As a 

result, we obtain α =44(1)° and μp = 12(3) D. Using these results ( (α ±∆α) and (μp,±∆ μp,)) as 

input parameters we predict a field dependence within the shaded area in Fig. 9. For the 

deuterated ion pair (d9-NC4111)(NTf2) we obtain α =46(1)° and μp=10(2) D at the same IR 

transitions which are in very good agreement.  

The experimental data are in agreement with the predictions for the cis ion pair: α=43° 

and μp=13.8 D. This is surprising in view of the fact that under the conditions of rapid cooling 

(which should apply in helium clusters) for the supercooled crystallized IL a dominance of 

(NTf2)- in transoid configuration has been reported before.32 However, one has to keep in mind 

that for the predicted energy barrier between the distinct conformers in the (1,1) cluster is very 

small and several conformers as well as the overlap and mixing of bands might be a problem for 

an accurate prediction of α. The observed large dipole moment of more than 10 D agrees well 

with the formation of single polar (1,1) ion pairs in the helium droplet in line with the results for 

[EMIM][NTf2].
37 
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Additional measurements at 2890 cm-1 and 2950 cm-1 in the undeuterated ion pair and at 

3029 cm-1 and 3045 cm-1 in the deuterated cation yielded no field dependence within the 

experimental uncertainty.  

Furthermore, we recorded the electric field dependence upon increasing the temperature 

in the oven from 490 K to 515 K, thereby increasing the vapor pressure and hence the relative 

formation of the (2,2) cluster versus the (1,1) cluster. As a result, we obtain at the same 

frequency (3054 cm-1) a dipole moment of 4(1) D (see Fig. S3 in the SI) . This field dependence 

resembles a mixture of (1,1) , (2,2) and higher clusters which implies that in the (2,2) cluster the 

dipole moments of the two ion pairs are preferentially aligned almost antiparallel.  

At first glance this might be surprising, since the aggregation of building blocks with a 

large dipole moment (3D for HCN) has resulted in the formation of chain like structures for 

HCN aggregates.76 This can be explained as a result of long-range dipole-dipole forces acting 

between two polar molecules which result in the self-assembly of noncovalently bonded linear 

chains. Dipole dipole interactions will favor the formation of a cluster with a total dipole moment 

of 2 µp (by aligning the dipole moments) yielding the energetically most favorable structure at 

long range. This long range electrostatic steering at low temperatures has served to explain 

cluster formation in many cases freezing out even local rather instead of global minimum 

structures.77  

Based upon these results one might expect the formation of an ion pair cluster, where the 

large dipole moments of each ion pair are aligned. However, we have to take into account that 

even at temperatures of 0.37 K, several rotational levels will be populated due to the small 

rotational constants of the ion pairs (all rotational constants are less than 0.01 cm-1). This implies 

that the dipole-dipole interaction will be motionally averaged scaling as 1/R6 , with R being the 

distance between the dipoles (integrated over all angles) instead of scaling as to 1/R3 , thereby 

greatly reducing its range. As a result, dipole-dipole interactions will play a less important role 

for the (2,2) ion pair aggregation compared to the case of small polar molecules, where dipole-

dipole interaction dominates at long distances and at ultracold temperatures in helium droplets. 

This also holds for the CIVP measurements of anion-cation clusters where the cluster formation 

takes place at higher temperatures with a subsequent cooling of the aggregate.  
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Hence, for higher clusters we expect a less directional van der Waals type like interaction 

to be structure determining. The averaged electrostatic interaction will lead to a structure with 

the two dipoles being antiparallel aligned which also corresponds to a local minimum for the 

dipole-dipole interaction and thus probably to the favored structural motif for the (2,2) building 

block. The same (rotational averaging) holds in any liquids and might explain why the FTIR IR 

spectrum of the room temperature ionic 

liquid agrees very well with the spectrum of 

the (2,2) cluster.  

IVD. The charged clusters  

IVD.1 Survey of the trends in the context of 

inter-molecular interactions between the 

ions 

We next turn to the structural 

implications of the CIVP spectra of the 

charged tertiary clusters, which we consider 

in the context of adding either a cation or 

anion to the neutral ion pair discussed above. 

The relevant spectra are presented in the 

lower traces of the series presented in Figs. 

10 (anions) and 11 (cations). For both charge 

states, the major trends in the anion-based 

bands is a red-shifting in the asymmetric 

SO2 stretches new 1400 cm-1 and the 

emergence of the α feature near 1150 cm-1 in 

both the (1,2) and (2,1) ions. Interestingly, 

the transitions throughout the fingerprint region of the (1,2) cluster occur as a series of doublets, 

most of which were not observed in any of the other complexes investigated here. Those 

doublets are similar to those present in the CH stretching regions of the (2,1) cation (Fig. 8, 

second trace from the bottom), hinting that this doubling has a common origin. An obvious 

 
Figure 10. Calculated harmonic spectra for cis (a) 

and trans (b) conformers of NTf2, c)-e) 

experimental CIVP spectra of the mass-selected 

anions with compositions (NC4111)
+

n (NTf2)⁻n+1, 

(0,1), (1,2), and (2,3), respectively, f) FTIR of 

room temperature liquid and g) FTIR spectrum of 

1:1 binary complex in a neon matrix.  

Page 18 of 27Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



19 

 

rationalization for this behavior is to infer that, in the (1,2) case for example, the two (NTf2)⁻ 

anions are bound to the cation at two different sites. It is plausible that one anion adopts the 

preferred configuration established in the formation of the ion pair, forcing the second anion to 

attach at a less favorable site. A weaker pairwise interaction would thus yield a small red shift of 

the key SO2 stretching bands and thus appear as doubled features in that spectral region. A 

comparison with the neutral ion pairs in the neon matrix supports the situation in that one peak of 

the (1,2) doublets has a corresponding matrix feature [e.g., νa(SO2) near 1348 cm-1 and νa(SN) 

near 1025 cm-1] while the other does not. Note that addition of the second pair manifests itself in 

a red-shift of the lower energy, in-phase SO2 stretching modes, asymptotically approaching the 

bulk limit.  

Bands shifts of features associated with the various functional groups also signal the 

nature of the local interactions between the counter ions. For example, the red-shift of the 

asymmetric SN stretch (νa(SN)) indicates that the cation preferentially binds to the SO2 groups. 

Here, a surplus of cations, as is the case in the overall cationic clusters, shifts the SN stretch red 

by 9 cm-1 relative to its bulk value of 1055 cm-1. A lack of (NC4111)
+ counterparts in the anionic 

cluster results in a splitting of this band to one transition at the same position as in the bare anion 

and the other red-shifted towards the bulk limit. 

Bands associated with the stretches of the CF3 group at around 1200 cm-1 are not strongly 

affected by cluster growth. The spectrum of the liquid phase appears featureless in this region 

with a breadth of nearly 100 cm-1. Nevertheless, the extensive band splitting observed in the (1,2) 

cluster supports a picture where the deficiency of positive charge carriers forces the second anion 

to engage in an energetically unfavorable binding geometry, involving the terminal CF3 groups. 

In the opposite case, where the anion is sandwiched in between two cations, e.g. the (2,1), the 

spectrum reproduces the bulk FT-IR spectrum remarkably well, again supporting the role of the 

excess charge carrier adopting a rather remote, passive position within the cluster, minimally 

perturbing the core (1,1) ion pair. This differential binding situation is also consistent with the 

telltale CH stretching modes on the cation, which contribute the pronounced β feature at 2878 

cm-1 in the bare ion that is conspicuously missing already in the spectrum of the (1,1) complex. 

The β feature returns in the (2,1) spectrum (Fig. 6) as would be expected if this feature red-shifts 

and merges with the lower energy bands when the ion locks into the preferred binding site, 
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leaving the second, more remote cation evidenced by the persistence of the β band. The 

sensitivity of the butyl CH stretching band to aggregation points to its important role in the 

overall cluster arrangement, as noted earlier in the context of the co-crystallized domains 

following slow cooling.32 One could imagine, for example, a case in which the terminal C7 

methyls of both ion pairs are tethered to the SO2 and the nitrogen of the excess anion.  

IVD.2 Remarks concerning the cis-trans conformations of the anions 

An important issue raised earlier is whether the trans configuration of the anion, which is 

most stable in the isolated ion, remains the dominant constituent in the bulk. A telltale feature in 

this regard is the 625 cm-1 band, εtrans, which is unique to the trans isomer and is largely due to 

the shuttle of the N atom between the SO2 groups. This feature is essentially unshifted, but is 

significantly enhanced upon addition of ion pairs to form the anionic (1,2) and (2,3) clusters. As 

such, we conclude that the trans form of the anion continues to be the dominant conformer in the 

negatively charged species. For the larger cluster, however, a small feature is evident around 670 

cm-1 close to the calculated feature (εcis) for the cis conformer, which is also present as a high 

energy shoulder in the matrix spectrum of the (1,1) complex. These bands could be identified as 

a higher energy cisoid conformer by subsequently heating IL which was initially frozen out on a 

CsI window at 4 K up to 300K. In particular, a shoulder at 621 cm-1 (next to the transoid anion 

band at 624 cm-1) and the additional band at 670 cm-1 ( next to the cisoid anion band at 656 cm-1) 

gained in intensity after thermal cycling and were thus assigned to higher energy conformers of 

the trans and cis configurations, respectively. The behavior of the cationic clusters (2,1) and 

(3,2) is displayed in Fig. 10. In agreement with the assumption that higher energy conformers are 

populated in the charged species the εtrans band undergoes a stepwise red-shift towards the bulk 

limit of 617 cm-1 upon addition of the second ion pair while a new band appears close to that 

expected for εcis.  

Herstedt et al. used the relative intensities of the εtrans and εcis features as a measure for 

the relative population of the two conformers.72 Following that approach, the ratio of the 

integrated intensities weighted by the predicted harmonic transition dipole moment for the (2,3) 

cluster give a value of Rexp = I669 / I625 = 0.09. In order to estimate the average number c of 

anions in cis conformation, we use Rexp = (c ·Icis) / [(3-c) · Itrans], for a cluster containing a total 
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of three anions, yielding c=0.6. This analysis indicates that some clusters contain all trans anions 

while others have least one cis and two trans conformers. On the average 0.6 out of 3 anions 

(20% of all anions) will be in the cis 

conformation. 

In the neon matrix spectrum, two 

doublets centered at 623 cm-1 (621 cm-1 and 

624 cm-1) and 664 cm-1 (656 cm-1 and 672 

cm-1) could be assigned to the trans and 

conformers, respectively. Thus we conclude 

that both are present already in the binary 

complex. Additional temperature dependent 

measurements confirmed that for each 

doublet, one peak corresponds to a higher 

energy conformer trapped in the matrix due 

to the rapid cooling process. Thus, for the 

(1,1) cluster in the neon matrix we find a 

significant population of the cis anion, 

analogous to the situation in the frozen IL.  

The effect of pairwise interaction might explain the occurrence of the cis conformer in 

the (2,3) and (3,2) and its absence in the smaller (1,2) and (2,1) complexes: the larger ionic 

clusters already contain two interacting ion pairs in an antiparallel configuration, dominated by 

higher order electrostatic or van der Waals interactions while the smaller aggregates are 

dominated by dipole-charge interaction. The latter ones do not show the presence of the cis 

isomer (resembling more the anion itself). This has to be compared to previous results where 

anion interaction with the polar part of the cations resulted in polar domains with a preferred 

population of the trans anion conformer while less directional van der Waals interaction between 

the carbon side chains yielded nonpolar domains with more cis anion contribution.32 

The FT-IR spectrum reflects a thermal average of neutral ion pairs in more than one 

geometric configuration and thus has as well contributions from the cis as well as from the trans 

 
Figure11. From top to bottom: CIVP spectra of the 

bare anion (0,1), (2,1) and (3,2) cations, and room 

temperature FTIR spectrum of the bulk IL. εtrans 

and εcis denote key features used to quantify the 

contributions of the cis and trans conformers of the 

NTf2 anion in the cluster ensembles.  
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conformer as does the (1,1) spectrum in neon matrix. In the previous Raman measurements, it 

was stated that the population of the cis conformer goes along with a higher flexibility of the 

butyl binding conformations. It is thus not surprising that also in the cation frequency range the 

(1,1) spectrum in neon resembles already that of the bulk at room temperature. Isomers of the 

neutral ion pair include both structural changes of the individual cations and anions followed by 

a change of the local docking geometry.  

V. Summary 

This study explores the molecular level motions underlying the IR spectra of the ionic 

liquid [NC4111][NTf2] and its deuterated isotopomer [d9-NC4111][NTf2] by first isolating the 

spectra of charged ionic building blocks using mass-selective CIVP spectroscopy and then 

following the evolution of these bands upon formation of the neutral ion pairs using superfluid 

helium droplets as well as a solid neon matrix. Site-specific deuteration of the entire butyl chain 

yielded spectroscopic isolation of the associated stretches from the motions originating from the 

methyl groups, a key advantage to identify the primary involvement of the latter, when the cation 

is complexed with the counter anion to form larger neutral and charged clusters. 

Larger charged aggregates were then studied again with CIVP. The intrinsic spectra of the 

isolated ionic constituents, which had previously only been calculated, were obtained with CIVP 

and compared to ab initio electronic structure calculations to identify two different conformers 

and establish unambiguous assignments for key features arising from each isolated charge 

carrier. Upon formation of larger clusters with compositions (NC4111)
+

n(NTf2)⁻m, with n,m = 0-3, 

we observe minor band shifts indicating weak and likely non-directional electrostatic 

interactions, consistent with a minimal role for hydrogen bonding. The effects of limited ionic 

constituents, inevitable in charged clusters, led to the population of a remote unfavorable 

position on the (1,1) core. In general, the cluster spectra are similar to that of the bulk, with the 

(2+,2+) system displaying the closest resemblance. In the (2,2) arrangement, the ions adopt an 

antiparallel configuration with less directional interaction. The role of an extra anion or cation 

attached to both, the (1,1) and the (2,2) ion pairs, is discussed in the context of an additional 

remote binding site intrinsic to the nature of the ionic IL clusters and as such not anticipated in 

the bulk phase.  
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