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The technique of low energy (0-30eV) electron impact spectroscopy, originally developed for gas phase molecules, is ap-
plied to room temperature ionic liquids (IL). Electron energy loss (EEL) spectra recorded near threshold, by collecting 0-2 eV
electrons, are largely continuous, assigned to excitation of a quasi-continuum of high overtones and combination vibrations of
low-frequence modes. EEL spectra recorded by collecting 10eV electrons show predominantly discrete vibrational and elec-
tronic bands. The vibrational energy-loss spectra correspond well to IR spectra except for a broadening (~ 0.04 eV) caused
by the liquid surroundings, and enhanced overtone activity indicating a contribution from resonant excitation mechanism. The
spectra of four representative ILs were recorded in the energy range of electronic excitations and compared to density functional
theory multireference configuration interaction (DFT/MRCI) calculations, with good agreement. The spectra up to about §eV
are dominated by 7 — * transitions of the aromatic cations. The lowest bands were identified as triplet states. The spectral region
2-8 eV was empty in the case of a cation without 7 and 7* orbitals. The EEL spectrum of a saturated solution of methylene green
in an IL band showed the methylene green EEL band at 2 eV, indicating that ILs may be used as a host to study nonvolatile

compounds by this technique in the future.

1 Introduction

ITonic liquids are finding an increasing number of uses, not
only in the well documented areas as solvents and in synthesis
and catalysis, but also in physical chemistry, 1> for example as
electrolytes in supercapacitors and batteries, > in solar cells, >
as propellants for solar-driven satellite engines,®” for plasma
deposition of nanoparticles on the surface of ionic liquids,®
and in environments with high levels of ionizing radiation. >
Many of these applications involve interactions of electrons
with ionic liquids and are thus related to the present study.
Ionic liquids are particularly suitable for the application of
electron spectroscopies because they are nonvolatile and thus
vacuum-compatible and at the same time conductive, avoid-
ing the problem of surface charging. The application of var-
ious kinds of photoelectron (photoemission) spectroscopies
has recently been reviewed.!! Information on occupied va-
lence levels, relevant to the present work, was derived for ex-
ample from ultraviolet photoelectron spectra (UPS) recorded
both in the gas phase'? and in the liquid,'>!* revealing no
dramatic differences between the two. Nishi ef al. comple-
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mented their UPS and XPS studies with inverse photoemis-
sion spectroscopy (IPES) characterizing both the occupied
and the empty states. They found that not only the top of
the occupied states but also the bottom of the unoccupied
states of [C4C;Im][BF4] (related to [C,C Im][BF4] of the
present study, but with ethyl replaced by butyl) are both de-
rived from the cation. This is in contrast to the case of al-
kali halides, where the energy gap is defined by the top of
the occupied states formed by the anion and the bottom of the
unoccupied states formed by the cation. Both cations and an-
ions were found to contribute to the topmost occupied states
for larger anion molecules such as [Tf,N], however.!! An
in-depth theoretical analysis of the photoelectron spectra of
[C>CiIm][Tf,N], of the constituent single ions, ion pairs and
of the water solution was presented. 1

Electronic excitation, relevant to the present study, was
studied by UV-VIS several times. Absorption of ILs closely
related to those studied here, [C4C1Im][Tf,N] (with butyl in-
stead of ethyl) and [CoCPyri][Tf,N] (with ethyl instead of
butyl), was recorded in neat ionic liquids, in their solutions,
and in the gas phase and it was found that transition en-
ergy shifts from vapor to neat liquid condition much less for
the pyridinium and imidazolium cations in the ILs than for
the comparable chromophores molecular pyrimidine and pyri-
dine.'® It was explained as a consequence of the large vol-
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Fig. 1 Structures, names and abbreviations of the compounds used
in this study.

ume of the ion pairs where the reaction field of the solvent has
much less effect than for small chromophores.

Absorption of [C,CiIm][Tf,N] was reported under neat
conditions as well as in methanol in a 10 um cell, revealing
a strong band at 200 nm (6.2 eV) and an about 2000 x weaker
band at 260 nm (4.77 eV), without dramatic changes between
the neat and solution spectra. !

Photodissociation of [C,C{Im][Tf,N] ion pairs in super-
sonic beam in the photon energy range 5.2-5.6eV was stud-
ied by action spectroscopy.]8 Both [C,CiIm]™T cations and
[TfoN]~ anions were observed at 5.6 eV, and it was proposed
that a bright electronically excited state at this energy is cou-
pled with a dark dissociative state. Less than 1% of the ion
pairs were found to directly dissociate into the component
ions.

We are aware of only one reported electron energy loss
(EEL) spectrum of an IL recorded with slow (< 20eV)-it
shows the vibrational excitation of [C,C;Im][Tf,N].'° More
EEL work has been done with Transmission Electron Micro-
scopes (TEM), using incident electron energies much higher
than the present work, 60-200 keV. Wang et al. 20 gtudied in
situ Li ion battery and recorded EEL spectrum of the inter-
face of an nanosized ion liquid bead with a SnO, nanowire.
They observed a plasmon loss peak at 22.7 eV, presumably as-
sociated with the SnO, nanowire. Lang er al.?! studied metal
oxide - IL interface under electrical bias, related to switch-
ing between conductive and insulating states achieved by an
applied bias. They applied analytical EEL spectroscopy, de-

Fig. 2 The experimental arrangement. The Molybdenum-wire loop
with the IL droplet is in the center. The electron beam arrives
vertically from the top. Electrons scattered at an angle of 135° with
respect to the incident beam are collected by a lens which is
partially visible on the top. The conical gas inlet nozzle is on the
right of the IL droplet. The black structures on the right and left of
the IL droplet belong to the magnetic angle changer.

tecting metal L- and M-edge energy losses of the order of 500-
1000 eV. The results were useful for detecting chemical reac-
tions between the oxide and the IL. Particularly relevant to the
present work is the study of Miyata et al.?> who measured
EEL spectrum of [C,CIm][Tf;N] in a TEM with a very im-
pressive resolution of 0.05eV in view of the 60keV incident
electron energy. They detected the energy-loss due to the ex-
citation of the C—H stretch vibration and to electronic excita-
tions in the valence range, at 5.8 eV and 7.6 eV.

Our method is surface specific and surface structure is there-
fore relevant for the interpretation of the results. The signifi-
cant body of literature on the ionic liquid-gas surface has been
reviewed.2>2* Specific aspects will be discussed in the appro-
priate sections of this work.

It is appropriate to mention that electron impact spectro-
scopies were applied also to various solid (thin film) samples,
with Refs. 25-27 being illustrative examples.

The present paper reports an exploratory study of processes
induced by impact of low energy (0-30eV) electrons with
representative ionic liquids. Electronically excited states are
studied by EEL spectra and by quantum chemical calcula-
tions. EEL spectra were recorded at a number of electron en-
ergies, yielding information about the nature of the excitation
process. Vibrational EEL spectra were recorded primarily to
prove authenticity of the samples. The possibility of study-
ing molecules embedded in the ionic liquid was explored by
measuring a solution of methylene green in [CoC{Im][BF4].
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2 Methods

2.1 Electron impact spectrometer

The measurements were performed using an electron-impact
spectrometer which has been constructed initially to study
gas phase molecules and has been described earlier.?32°
Schematic diagram of the instrument is given for example in
Ref. 30. It employs hemispherical analyzers to improve res-
olution, which was 0.02eV at an electron beam current of
300 pA. For the purpose of the present study a droplet of an
ionic liquid, suspended by a 2.5 mm diameter loop of molyb-
denum wire, was placed in the electron beam as shown in
Fig. 2. Scattered electrons were collected at an angle of 135°
with respect to the incident beam, that is, approximately at
the specular angle with respect to the droplet surface. The
droplet can be withdrawn from the collision region by means
of a stepping motor to allow ‘tuning’ of the instrument on ef-
fusive helium beam emanating from a nozzle, as described in
the gas-phase studies.?®?° The droplet is then returned to the
original position for measurements of the ionic liquid. The
droplet is periodically withdrawn and the quality of the elec-
tron beam and analyzer settings are verified on helium.

The present instrument has been constructed for gas-phase
studies where pumping speed (100001/s) had priority over
residual gas contamination and is pumped by diffusion pumps
to a base pressure of 10~/ mbars. In view of the modest vac-
uum it is essential to verify that the observed bands are due to
the ionic liquids and not to impurities such as water or pump
oil adsorbed on the surface of the droplet. The evidence which
we put forward is:

e Our vibrational energy-loss spectra agree well with the
published IR spectra of the ionic liquids as will be shown
in section 3.2 below, devoted to vibrational EEL spectra.

e No vibrational bands of water are found in the vibrational
energy-loss spectra—see also section 3.2.

o The energy-loss spectra are different for different ionic
liquids as will be shown in section 3.3 below.

e The energy-loss spectra do not vary with time, even over
the longest period which we tested which is about a week.

A steady state equilibrium between adsorption and desorption
is thus reached, where the adsorbed molecules do not measur-
ably contribute to the spectra.

The energy scales were calibrated on helium to within
+0.01 eV when the droplet was withdrawn. The zero of the
energy-loss scale was calibrated on the elastic peak, the en-
ergy of the incident electrons on the 19.365eV %S resonance
in helium.3! The surface of the ionic liquid droplet is likely
to have a potential different from the empty space which the

electron beam feels when the droplet is removed. This should
leave the energy-loss scale unchanged, and this expectation
is confirmed since we observed that the elastic peak in the
energy-loss spectra of the ionic liquid appeared at 04+0.01 eV
after the energy-loss scale was calibrated on helium. The in-
cident and residual energy scales will, on the other hand, be
shifted by the droplet surface potential and we do not have
an independent way of calibrating it. We verified on helium,
however, that our analyzer was capable of collecting electrons
with energies down to about 0.020 eV, and assuming that this
capacity persists when the droplet is moved into the beam, we
calibrated the residual energy scale on the onset of the scat-
tered electron current. This required a shift of the order of -
0.3 eV (i.e., the droplet surface has a negative potential), which
depends slightly on which ionic liquid is used, and this shift
was applied where required. We assume that the energy-loss
scale is accurate to within £0.010 eV, the incident and residual
energies scale to within £0.3 eV.

The ionic liquids were purchased from Sigma Aldrich with
a stated purity of 97%. They were not further purified except
for the intrinsic removal of water and other volatile impurities
by the vacuum.

2.2 Experimental Method

The spectrometer directs a beam of quasi-monoenergetic elec-
trons with a variable incident energy E; onto the sample, which
is either the ionic liquid droplet or effusive helium gas beam
for calibration. Scattered electrons are collected at an angle
of 135° with respect to the incident beam and passed through
an energy analyzer, where only electrons of a given residual
energy E, pass to reach the detector, a channel electron mul-
tiplier. The electron energy loss is given as AE = E; — E,.
Various types of spectra can be recorded depending how are
E; and E, scanned.

Electron energy loss spectra recorded with constant in-
cident energy. The energy loss AE is varied by keeping E;
constant and sweeping E,. An example of such a spectrum is
given in the Supplementary Information.

Electron energy loss spectra recorded with constant
residual energy. The energy loss AE is varied by sweeping
E; and keeping E, constant. This type of spectrum is more
appropriate for our purpose of characterizing spectroscopy of
the target, because the character of the excitation process (i.e.,
spin or dipole forbidden or allowed) depends primarily on
how far above threshold the excitation happens, i.e., on E,.
Constant E, spectra are recorded at the same energy above
threshold across the entire energy loss range so that the char-
acter of excitation is kept uniform across the whole EEL spec-
trum. This is particularly relevant for spectra recorded near
threshold, which is our case. The electronic excitation is gov-
erned by two rules. Dipole selection rules apply in the limit
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of high E; and forward scattering.3? These conditions are re-
alized in energy loss measurements in transmission electron
microscopes, which detect electrons scattered in the forward
direction, use E; in the range 60-200 keV, and are consequently
limited to dipole and spin allowed transitions. In contrast, our
experiment detects near backward scattering and slow elec-
trons, mostly E, = 10eV. Under these conditions spin and/or
dipole forbidden transitions may also be detected, in addition
to the dipole allowed transitions. A qualitative explanation
is that the excitation occurs by electron exchange whereby a,
for example, spin up electron is captured by the target and a
spin down electron is ejected, leading to a triplet excited state.
This is much more likely when the wavelength of the incom-
ing electron matches the wavelengths of the valence electrons
in the target.

Excitation functions. Both E; and E, are swept in this ex-
periment, keeping AE constant. This experiment thus mea-
sures how does the probability to excite a given vibrational or
electronic state varies with the incoming electron energy. This
experiment yields information about the excitation mecha-
nism, in particular whether intermediate transient anions (res-
onances) are involved as intermediates. Examples of excita-
tion functions are given in Supplementary Information.

2.3 Theory

All geometries in this study were optimized at the dispersion-
corrected®33* hybrid density functional level of theory.
The resolution of identity approximation was used through-
out.¥37 We employed the PBEO functional®®3° together
with the spherical, atom-centered def2-TZVP basis set, 4041
This combined level of theory will be abbreviated as PBEO-
D3(BJ)/TZ. These geometries were verified as minima by har-
monic frequency calculations at the same level of theory. For
the geometry optimizations and frequency calculations, the
TURBOMOLE suite of programs*>*3 was used (numerical
integration grid m4). We performed calculations on the indi-
vidual ions [CoC{Im]*, [C4CPipe]™, [C4CPyri]l™, [BF4]™,
and [Tf,N] .

Based on these geometries, single-point calculations em-
ploying the hybrid functional BHLYP*#® were performed
using TURBOMOLE. For this purpose, the def2-TZVP(-f)
(i.e., Ahlrichs’ def2-TZVP*%*! without f-functions) with four
additional diffuse functions (2s2p) on each boron, nitrogen,
and oxygen atom was used. We abbreviate this basis as
mTZ. From this ground-state reference, singlet and triplet
excitations were computed by the density functional multi-
reference configuration interaction (DFT/MRCI) method.*’ In
the further context, we will simply refer to this approach as
DFT/MRCI, implying that the underlying reference was ob-
tained at the BHLYP/mTZ level. 20 singlet and triplet states
were computed for each ion (10 for [Tf,N]7). Symmetry was

exploited if possible. The DFT/MRCI method has been cho-
sen instead of, e.g., TD-DFT, since it yields accurate singlet
as well as triplet excitation energies within 0.2eV.4"4 TD-
DFT may perform well for singlet excitations but is unreliable
in the description of triplet excitations.*3 The reason why
we used a different level for the geometry optimizations (i.e.,
PBEO-D3(BJ)/TZ) than for the excited state treatment is due
to the fact that the DFT/MRCI method is only parametrized
for the BHLYP functional and there are no analytic gradients
for DFT/MRCI. The BHLYP functional by itself, however, is
not a good choice for geometry optimizations, therefore we
prefer the PBEQ functional for this. For the intensities of sin-
glet excitations, the length form of the oscillator strengths is
used. Computed UV/Vis spectra are obtained by broadening
the singlet intensities with Gaussian shape functions using a
full width at 1/e maximum of 0.4 eV. Triplet states are simply
visualized as stick spectra with a fixed oscillator strength.

Count Rate (1000 c/s)
)

rrr g rrrrr T
r [’\\‘/* ’ 1 [CZCIIm][TfZN] 1
200 . FoC—§-N=8-CF; .
L 6 O i
10 n
0"
20F
10F
30
20
10

Energy Loss (eV)

Fig. 3 Energy-loss spectra recorded at various residual electron
energies.
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Fig. 4 Vibrational energy-loss spectra. Red curves represent the
electron-energy loss spectra, the vertical bars the infrared spectra,
and the turquoise curves the infrared spectra convoluted with
Gaussian functions whose width was chosen to fit the elastic peak.

3 Results and discussion

3.1 Overview spectra

Fig. 3 shows EEL spectra of [CoCiIm][Tf,N] recorded at
four different residual energies. At the lowest residual energy
E, =0.2¢eV the spectrum is largely continuous, both in the vi-
brational energy-loss region up to 4 eV, and in the electronic
excitation/ionization region above 4.5 eV. The excitation of a
quasi-continuum of high-lying overtones of low-frequency vi-
brations without selectivity for certain vibrational modes, fol-
lowed by emission of a slow electron is reminiscent of the “‘un-
specific’ excitation of large molecules, examples of which are
given in Ref. 51 and in earlier references given therein, and
the theoretical description of which was presented by Gauy-
acq.”? The liquid thus behaves as a very large molecule and
the quasi-continuum presumably consists of both intramolec-
ular and intermolecular vibrations. The excitation of low-
frequency modes is related to intramolecular vibrational re-
distribution (IVR) whereby the incoming electron is initially
coupled to a single high vibration but fast IVR into a bath of
low frequency vibrations occurs before the electron departs.

[CoCIm][BF,]

[CoCIm][TE,N]

[C4CPipe][THN]

\/\CH3
JL\L k [C4CPyri][TEN]
AN Y Y TN N AN AN NN AN R AN
0 2 4 6 8 10 12

Energy Loss (eV)

Fig. 5 Comparison of EEL spectra of the four ionic liquids
indicated. Their UV absorption spectra measured in methanol are
shown by green lines. (The ordinate shows scattered current and
absorbance, in arbitrary units.)

Multiple scattering is also likely to contribute to high vibra-
tional energy losses.

The excitation of the quasi-continuum is progressively re-
duced with increasing residual energy and discrete features
appear and become dominant at £, = 10eV, both in the vi-
brational (AE < 4eV) and the electronic (AE > 4¢eV) exci-
tation domains. The trend of decreasing continuum contin-
ues at the even higher residual energy of E, = 20eV which
is an advantage for observing discrete spectral features, but it
does not improve by much, and it is at the price of decreasing
count rate. An example of an EEL spectrum recorded with
E, =20eV is given in the Supplementary Information. The
choice of E, = 10eV is thus a meaningful compromise and
means of selecting those electrons which have in their major-
ity not undergone multiple collisions, and where spectroscopic
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data, governed by the Franck-Condon principle, can be gath-
ered.

Multiple scattering limits the distance which the elec-
trons can travel, as expressed by the inelastic mean-free-path
(IMFP), and thus defines the surface specificity of the present
study. The IMFP values in the literature are given mostly for
much higher energies. It has been pointed out that calcula-
tions using the many-pole models, developed for these high
energies, grossly overestimate the IMFP for electron energies
below about 20eV.3* The value most relevant to the present
study appears to be that of Swiderek and co-workers (Ham-
mann et al. ®) who measured the vibrational energy-loss spec-
tra of a self assembled monolayer of 11-Mercaptoundecene
under ammonia films of variable thickness, with electrons of
5.5eV energy. They found that the 11-Mercaptoundecene
bands become very weak with more than 4 monolayers of am-
monia, indicating an IMFP of 5-10 A. Mean free path has also
been derived from Low Energy Electron Transmission (LEET)
experiments.? As an example, the value of 8 A was quoted for
benzene at 15 K and for electrons in the 1-10eV range.>*

As another indicator, IMFP has been measured to be about
5 A for an Fe film, nearly constant for electrons in the 4-18 eV
range> and about 3 A for Cu.’3 The IMFP is likely to be
longer in the IL than in a metal, because of the possibility
of many low-lying inelastic electronic excitations in the metal
which are not possible in a wide band gap material like the IL,
leading to an estimate compatible with the 5-10 A based on
the ammonia study.

The excitation functions, i.e., scattered signal for the elas-
tic scattering and representative vibrational and electronic
energy-losses were also recorded as a function of incident
electron energy and examples are shown in the Supplemen-
tary Information. Excitation functions in isolated molecules
generally exhibit narrow features caused by resonances, but
no narrow features were found in the ionic liquids. Energy-
loss spectra were also recorded for higher energy-losses up
to 50eV. The spectra are continuous, without structure, and a
representative example is shown in the Supplementary Infor-
mation.

3.2 Vibrational spectra

Representative vibrational spectra are shown in Fig. 4. The
spectrum of [CoCiIm][Tf,N] is in an excellent agreement
with the energy-loss spectrum recorded for the same IL with
an incident electron energy of 20eV at room temperature by
Krischok et al. '° The spectra in Fig. 4 were recorded with the
relatively high residual electron energy of 10 eV to reduce the
contribution of multiple scattering as discussed above. Pub-
lished>*37 infrared spectra are shown by vertical bars and also
convoluted by Gaussian functions. Reference 57 lists vibra-
tional frequencies only down to 0.07 eV, for lower frequencies

only those of the Tf,N anion were found>® and are therefore
shown in Fig. 4; the cation frequencies below 0.07 eV are not
shown.

The agreement of the EEL and IR spectra is satisfactory. In
particular the peak at 0.074 eV in the lower spectrum is miss-
ing in the upper spectrum, in agreement with the IR spectra.
The normal mode analysis reveals that many of the vibrations
in this energy range are due to the Tf,N anion. The band at
0.297 eV in the lower spectrum, and also the signal at about
the same energy (without a pronounced band) in the upper
spectrum, as well as the bands at 0.530 and 0.523 eV are likely
due to overtone and combination vibrations, which are gener-
ally excited more strongly in EEL than in IR spectroscopies
(0.297eV = 2 x 0.151eV). For isolated molecules, overtone
excitation is a manifestation of resonances, i.e., a residence
time of the incoming electron longer than a normal passage
time. The prominence of overtones thus indicates resonances,
although they must be strongly lifetime broadened because
they were not observed in the excitation functions as already
mentioned above. Hot bands are observed on the left of the
elastic peak.

The good agreement with IR spectra confirms that our EEL
spectra are due, at least to a great majority, to the ionic lig-
uids and not to adsorbed impurities. Note in particular that
no water bands, which would be at 0.453 and 0.466 ¢V, can
be discerned. Water is, according to a measurement with a
residual gas analyzer, the major residual gas in our system.

3.3 Electronic excitation

Fig. 5 shows the EEL spectra of four representative ionic lig-
uids. UV absorption spectra which we recorded for dilute so-
lutions of the ILs in spectroscopy grade methanol are shown
under the EEL spectra for comparison. The UV spectrum
of [C4C,Pipe][Tf,N] is not shown because it was essentially
empty, with only very weak absorption presumably due to im-
purities. The interesting points are:

e The spectra of [CoCIm][BF4] and [C,CIm][Tf,N] are
nearly identical in the 4-8 eV range, although they dif-
fer in the 0-1eV vibrational range as shown in Fig. 4.
This indicates that the four bands in the 4-8 eV range are
due to electronic excitation of the 7-system of the imida-
zolium ring. There is a slight difference above 8 eV—the
scattered current intensity is higher in [C,C;Im][Tf,N]
than in [C,CIm][BF4]. This extra intensity must thus be
due to the [Tf,N]~ anion.

o [C4CPipe][Tf,N] has a wide ‘empty’ energy-loss range
between 2 and 7 eV, reflecting the absence of a T, T* sys-
tem on the cation. This may make [C4C;Pipe][Tf,N] a
suitable host for electron-collision studies of embedded
compounds as discussed below.
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e The discrete bands in the 3.5-8eV range of
[C4CPyri][Tf,N] differ clearly from those of
[CoCiIm][Tf,N] and [C,CiIm][BF4], further con-

firming that these bands are due to the 7, 7* system of
the cation.

e The lowest EEL bands of the three ILs with a 7 system
on the cation have no counterparts in the corresponding
UV absorption spectra. This identifies the lowest EEL
bands as due to spin-forbidden transitions, i.e., to triplet
states localized on the cation.

Revealing is the comparison of the [C,CiIm][Tf;N]
spectrum in Fig. 5 with the EEL spectrum of the same
compound recorded with 60 keV incident electron energy
in a TEM by Miyata et al.>> They observed bands at 6
and 7.6 eV which agree well with our 5.93 and 7.68 eV
bands, but they did not see the 5.0eV. This is a conse-
quence of the different conditions of measurement. They
measured in forward direction, i.e., electrons which tra-
versed a liquid drop placed on a carbon mesh grid, and
the EELS spectra were taken from a relatively thin area,
which was estimated to be ~2-20 nm thick. The selection
rules for EEL spectroscopy in the limit of forward scat-
tering and large electron energies converge to the limit
of dipole selection rules.3? The conditions of Miyata et
al. essentially reached this limit and their observation is
consequently limited to dipole-allowed transitions, i.e.,
to the equivalent of the UV absorption spectrum. Our
measurement was performed with much slower electrons
(~15eV in Fig. 5) and in the backward direction. Dipole
and/or spin forbidden transitions can be observed under
our conditions.

3.4 Comparison with theory

The absence of anion-related features in the 4-8 eV range al-
lows us to calculate the cations and anions separately. We
computed 20 singlet and 20 triplet states (10 within A’ and A”
each) of the C; symmetric [C,C;Im]™ cation by DFT/MRCI
and the results are listed in Table 1 and shown in Fig. 6.
The lowest computed singlet state with non-negligible oscil-
lator strength is the 2'A’ state at 6.07eV. The experimen-
tal EEL bands of [C,C;Im][BF4] and [C,C;Im][Tf,;N] at
5.96 and 5.93 eV, respectively, are thus identified as singlet
n* transitions to the 2'A’ state. Additionally, the slightly
lower-lying triplet state 3°A’ is very likely contributing to the
signal intensities on the low energy flanks of the 5.94 and
5.96eV experimental EEL bands. Our computation further
permits the assignment of the 5eV band in the EEL spectra
of [C2CIm][BF4] and [C>C{Im][Tf,N] to the 134’ and 2°A’
triplet states, calculated just below 5eV and both originating
from excitations within the 7 orbitals.

Table 1 Excited states of the [C,C;Im]* cation computed by
DFT/MRCI. The vertical excitation energy (VEE) is given for the
singlet and triplet states. For the singlet states, the oscillator
strengths obtained from the dipole length formalism (fL) is given as
well.

singlet states triplet states

state VEE (eV) fL state VEE (eV)
204 6.07 0.1437 154’ 4.73
314’ 6.83 0.0004 234’ 4.99
1a” 7.41 0.0160 334’ 5.74
4ty 7.91 0.9381 434 7.05
514/ 8.10 0.2270 134" 7.24
214" 8.12 0.0171 234" 8.00
3147 8.34 0.0047 334" 8.19
414" 8.49 0.0007 434" 8.36
514" 8.58 0.0030 534" 8.39
6'A’ 8.89 0.0212 534’ 8.55
64" 9.01 0.0016 634" 8.85
7tA" 9.07 0.0005 734" 8.93
gla” 9.13 0.0172 634’ 8.93
9lq” 9.22 0.0020 834" 8.97
-y 9.34 0.0191 934" 9.12
1014” 943 0.0002 1034” 9.30
gla’ 9.71 0.0085 734’ 9.57
9la’ 9.83 0.0248 834/ 9.62
1014’ 10.10 0.0040 934’ 9.83
1114’ 10.21 0.0189 1034’ 9.92

The experimental EEL band at around 6.5eV in both
[C2CIm][BF4] and [C,C{Im][Tf,N] could be assigned as the
singlet £x* state (3'A’). The oscillator strength of this transi-
tion is very low and it therefore does not appear as a visible
black stick in Fig. 6 (it is marked by a dashed stick), but it
can appear in the EEL spectrum because electronic excitations
by electron impact are not limited by dipole selection rules.
The most intense band in the EEL spectrum is at 7.6-7.7eV.
DFT/MRCI calculations identify the 4'A’ state (1 — 7*) to
be at the origin of this band. Its computed energy of 7.91 eV
is within the typical error range of the DFT/MRCI method
(=0.2eV). Additionally, the low-energy side of the experi-
mental band is enhanced by the lower lying 1!A” singlet and
13A" triplet wo™* states.

A remark should be made about the recent calculation !’
on the [C,CIm][Tf,N] ion pair which, using the B3LYP>%-6
method, yielded a charge-transfer (CT) state around 5.0eV
which was proposed as an interpretation of a very weak
260 nm (4.77eV) UV absorption band (about 2000x weaker
than the 210 nm band), reported in the same publication. Our
5.0eV EEL band cannot be assigned to this CT state because it
is at the same energy for two different anions with different gas
phase vertical detachment energies (VDE), namely 7.34 eV ¢!
for BF, and 6.74eV 15 for [Tf,N]~. In fact, we note that the
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Fig. 6 Results of the DFT/MRCI calculation for the [C,CyIm]™
cation. Black sticks show the singlet states with heights indicating
the molar absorption coefficients &, blue sticks show the triplet
states. The 31A’ state has a negligible oscillator strength but is
indicated as a dashed stick because it is proposed as an assignment
for the 6.52 ¢V band. The A’ states are 7 — 7%, the A” states

7 — ¢*. The dotted curve shows the experimental EEL spectrum of
[C2C11m] [szN]

calculated CT state of Ref. 17 should be taken with caution
because such CT states tend to appear as artifacts due to the
low amount of Fock exchange in B3LYP. More details on the
problems linked to the study of CT states with semi-local den-
sity functionals can be found in Ref. 62. A range-separated
functional or hybrids with about 50% Fock exchange are nec-
essary to properly describe CT states in such systems. ®

We have also computed the 10 lowest singlet and triplet
states of the [C,CiIm][BF4] ion pair for comparison (see
Fig. S6 and Table S1 in the ESI). The position of all states
below 8 eV is hardly affected by the presence of the anion and
the induced shifts are smaller than the intrinsic accuracy of
the DFT/MRCI method. Thus, for the excited states <8¢V,
we consider it reasonable to restrict the study to the separated
cations. There are small changes which slightly improve the
agreement with the experiment, however. The most intense
peak, at 7.91eV for the isolated cation, shifts to 7.71eV in
the ion pair. Although this change is within the intrinsic ac-
curacy of the DFT/MRCI method, it improves the agreement
with the experiment (Fig. S7 in the ESI). The counter anion
further slightly increases the oscillator strength and decreases
the energy of the nearly forbidden 3'A’ transition at 6.8 eV,
shown as a dashed stick in Fig. 6, further improving the agree-
ment with the experiment.

Fig. 7 compares theory and experiment for the second aro-
matic cation of this study, [C4C1Pyri]". The computed states
are listed in Table 2. Similarly to the [CoCiIm]" case, the
lowest EEL band at 4.06 eV, without a counterpart in the UV

Wavenumbers/ 10% em™
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Fig. 7 Results of the DFT/MRCI calculation for the [C4C; Pyri] ™
cation, shown in the same format as in Fig. 6. The grey dotted line
on the right shows the calculated singlet states of the [C4C1Pipe]Jr
cation.

spectrum (Fig. 5), can be assigned to the two &x* triplet states
1°A and 2°A. The 4.70 and 5.85 eV EELS bands, with coun-
terparts in the UV spectrum (Fig. 5), can be assigned to the
nm* transitions 2'A and 3'A, respectively. The triplet states
3°A and 4°A are located just below these two singlet bands
and are likely to contribute to the signal intensities of the EEL
spectrum. Several singlet and triplet states contribute to the
most intense band in the EEL spectrum at 6.80 eV. The main
contributor, also in best agreement with the experimental EEL
maximum in terms of energy, is the 5'A £ — 7* state. There is
no noticable effect of different orientations of the butyl chain
in [C4C1Pyri]" on the excitation pattern in the energy range
< 8¢V (see Fig. S7 in the ESI).

The Gaussian-broadended singlet states of the saturated
[C4C1Pipe]t cation are also plotted in Fig. 7. No bands are
calculated below ~8 eV, thus rationalizing the wide ‘empty’
range in the experimental EEL spectrum in Fig. 5.

The measured EEL signal of [C4C;Pipe][Tf,N] at and be-
yond 7eV coincides with excitations in the [Tf,N]~ anion,
the computed singlet and triplet states of which are, together
with those of [BF4]™ anion, shown in Fig. 8. For both an-
ions the excitations are at energies higher than those of the
aromatic cations [CoCiIm]*t and [C4C Pyri]*. The order is
reversed in the case of the saturated [C4C1Pipe]™ cation, how-
ever, where the lowest states of the [TfoN]™ anion lie below
those of the cation. The signal close to 7eV in the EEL of
[C4C1Pipe][Tf,N] in Fig. 5 is therefore due to excitations in
the [Tf,N]~ anion.
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Table 2 Excited states of the [C4C;Pyri]™ cation computed by
DFT/MRCI. The vertical excitation energy (VEE) is given for the
singlet and triplet states. For the singlet states, the oscillator
strengths obtained from the dipole length formalism (/1) is given as
well.

singlet states triplet states

state  VEE (eV) 7L state  VEE (eV)
214 4.90 0.0819 1°A 3.89
3lA 5.69 0.0471 234 4.18
414 6.60 0.1708 3°A 4.60
514 6.82 0.0054 434 5.61
6'A 6.86 0.5928 5%A 6.38
1A 7.05 0.5188 634 6.68
8la 7.11 0.0431 734 7.01
9lA 7.30 0.0016 83A 7.13
1014 7.43 0.0022 9%A 7.25
1114 7.65 0.0188 10°A 7.36
1214 7.82 0.0052 1134 7.55
1314 7.92 0.0060 1234 192
1414 7.93 0.0384 1334 7.78
1514 8.18 0.0228 1434 8.01
1614 8.21 0.0080 154 8.05
1714 8.32 0.0137 16°A 8.16
1814 8.34 0.0117 173A 8.21
1914 8.39 0.0770 1834 8.24
2014 8.47 0.0028 19°4 8.31
2114 8.48 0.0154 20°4 8.39

3.5 Imbedded compounds

The above results show that ionic liquids could serve as a
host for electron-impact studies of nonvolatile compounds.
As a proof of principle we present in Fig. 9 the spectrum
of a saturated (about 1mol/L) solution of methylene green
in [CoC1Im][BF4]. The presence of methylene green clearly
gives rise to a new band the energy of which coincides with
that of the methylene green UV absorption.

The EEL band has an onset which coincides with that of
the UV band but is nearly twice as broad on the high energy
side. This is presumably due to simultaneous excitation of
vibrations, either by non-Franck-Condon excitation due to re-
laxation during the time of presence of the incoming electron,
or by multiple collisions.

The methylene green EEL band at 2eV becomes weaker
during the measurements and nearly disappears after around
1 hour, indicating that it is bleached by the incoming elec-
trons whose energy is sweeping in the 10-15 eV range. This
is remarkable, because with our current of only about 200 pA,
focused to a spot of 0.25 mm diameter, the dose during this
time span is only about 200 electrons per nm”. The droplet
which we recovered after the EEL measurements had an un-
changed UV spectrum, indicating that the bulk of the solu-
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Fig. 8 Results of the DFT/MRCI calculation for the [Tf,N]~ and
[BF4]~ anions. The curves show simulated UV spectra, i.e., the
singlet states convoluted by Gaussians of 0.4 eV width at 1/e
maximum. Triplet states are indicated by vertical sticks.

tion remained unchanged. The bleaching thus occurs only
on the surface, is very efficient, and the bleached molecules
remain on the surface, they are not replenished from the
bulk. An attempt to make use of the wider ‘empty’ spec-
tral range of [C4C;Pipe][Tf,N] to record a wider EEL spec-
trum of methylene green failed. Although the concentra-
tion of the solution of methylene green in [C4C;Pipe][Tf,N]
was also about 1mol/LL and was optically equally dark as
that in [C,C1Im][BF4], no methylene green band appeared
in the EEL spectrum (Fig. S5 in the Supplementary Informa-
tion). In view of the surface specificity within about 1 nm the
most probable explanation is that the depth profile of methy-
lene green concentration is very different in the two solvents,
with methylene green exposed to the incoming electrons in
[C2C1Im][BF4] but hidden in [C4C; Pipe][TfaN].

This experimental results can be discussed in relation to the
existing knowledge in the gas-IL surface structure.?? Various
studies indicate that the alkyl chain orientation at the outer
surface is upright and that they form, together with the CF;
groups if [Tf,N]~ is present, an ionophobic layer.>>%* The
orientation of the alkyl chains depends on their length and on
the nature (size) of the anions. The packing density of alkyl
chains is lower than a full monolayer, however. Methylene
green is a salt, the chromophore is a cation and is likely to be
found in the ionic underlayer or the bulk of the IL, below the
alkyl chains and CF; groups. The longer alkyl groups in and
presence of CF3 groups in [C4C Pipe][Tf>N] as compared to
[C2C1Im][BF4] could make the ionophobic layer thicker and
denser, providing a shielding of the Methylene green chro-
mophore from the incoming electrons. Methylene green is
a salt and the question of ion association must therefore be

This journal is ©@ The Royal Society of Chemistry [year]
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Fig. 9 Spectrum of a saturated solution of methylene green in
[CoC{Im][BF4]. EEL spectrum of neat [C;C{Im][BF,4] and a
conventional UV-absorption spectrum of methylene green in
methanol are shown for comparison.

posed. Lui er al.% have shown that ionic liquids are “super-
dissociating” solvents because they completely divorce the so-
lute cations and anions from each other. That implies that
our EEL band is that of methylene green cation solvated by
[BF4]™ anions. The methylene green transition is local on the
cation, little affected by the anion (unlike the charge-transfer
transition of Kosower’s salt used by Lui et al.), and our exper-
iment does not, unfortunately, provide indication on the nature
of the anion.

4 Conclusions

This paper reports an exploratory study of extending low-
energy (0-30eV) electron-impact studies, as they have been
widely applied to gas phase molecules, to ionic liquids. Two
groups of scattered electrons were found. There is an intense
group of low energy electrons which have excited mostly a
structureless quasi-continuum of high overtones and combi-
nation vibrations of low-frequency modes. This behavior re-
sembles a similar effect (unspecific vibrational excitation) in
molecules, where it becomes more pronounced with increas-
ing size of the molecule. The ionic liquid thus behaves like a
very large molecule in this respect. This quasi-continuum be-
comes weak for electrons scattered with higher energies, 10-
20eV, and discrete vibrational and electronic losses become
dominant. The elastic peak appears 0.04 eV wide in the spec-
trum, wider than the experimental resolution of 0.02 eV, in-
dicating that the elastic and vibrational energy-loss bands are
broadened by simultaneous or consecutive excitations of low-
energy, presumably in part interionic, vibrations. The vibra-
tional energy-loss spectra are compatible with the known in-
frared spectra. The excitation functions (recording the elastic,

or vibrationally or electronically inelastic peaks as a function
of the incident electron energy) have not revealed any structure
which would be due to negative ion resonances, ubiquitous for
free molecules. But prominent excitation of vibrational over-
tones does indicate resonant excitation mechanism in addition
to the dipole mechanism.

Electronically excited states for four ionic liquids were
characterized by energy-loss spectra and DFT/MRCI calcula-
tions, with good agreement, permitting the assignment of the
observed bands. It is shown that the spectra of the ionic lig-
uids where the cations have 7 and * orbitals are dominated by
(m,7*) transitions of the cations up to about 8 eV. The lowest
energy loss bands were assigned to triplet states. The spec-
trum is essentially empty up to about 7eV for the saturated
piperidinium based ionic liquid [C4C;Pipe][Tf,N]. The signal
at 7eV and above in this ionic liquid is assigned to transitions
of the [Tf,N]~ anion.

Spectrum of methylene green dissolved in [C,C{Im][BF4]
was observed, demonstrating that ionic liquids may serve as
hosts for nonvolatile compounds, thus extending the range of
applicability of low energy electron spectroscopic techniques.
The methylene green energy-loss band is slightly broadened
to higher energies compared to a UV spectrum, presumably
by co-excitation of vibrations of the liquid, but the onset of
the band in not noticeably shifted. The methylene green band
was bleached by a surprisingly low dose of 10-20 eV electrons
and the bleached methylene green was not replenished from
the bulk. The absence of the methylene green band in the
energy-loss spectrum of a solution where [C,C;Im][BF4] was
replaced by [C4CPipe][Tf,N] indicates that it is displaced
from the surface in this case.

This exploratory effort indicates that a wide range of phe-
nomena may potentially be studied by this technique, going
beyond the detection of spin-forbidden and energetically high-
lying electronic transitions which are the focus of the present
work. To name a few, the surface specificity and capacity
to distinguish between ionic liquids and ionic solutes (even
though high concentration is required) allow study of surface
distribution of solutes. Study of electron-driven chemistry in
ionic liquids, similar to the studies in solids,?® and possibly
using focused electron beams®® to create nanostructures, is
likely to be interesting. The electronic excitation studied here
is, together with dissociative electron attachment, an impor-
tant intermediate of the electron-driven chemistry.
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