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Introduction 
Ionic liquids have attracted considerable attention in both the 
fundamental and industrial chemical community over the last 
decade as a result of their unique physiochemical properties 
such as low vapour pressure, high viscosity and good 
conductivity.  Proposed applications range from green industrial 
solvents, CO2 extraction media, through to rocket propellants.1-4  
A very considerable number of spectroscopic studies have been 
conducted on condensed phase ionic liquids (ILs) with the aim 
of developing analytical methods for characterising ILs as well 
as to investigate their fundamental structure.5,6  Such work has 
been complemented by gas-phase studies of IL vapours over 
recent years, following the discovery that certain ILs were 
sufficiently volatile to allow transfer into the vapour phase 
within a high vacuum environment.7,8  These studies indicate 
that the IL vapours typically consist of ion-pairs for aprotic 
ILs,9-11 and spectroscopic characterisation of such systems 
therefore provides an excellent opportunity for testing the large 
number of theoretical calculations that have been conducted on 
IL ion pairs.12-14 	  

	  

In this paper, we present UV laser photodissociation spectra of 
mass selected aggregate clusters of the [BMIM+][Tf2N-] and 
[EMIM+][Tf2N-] ILs, i.e. [BMIM +]n[Tf2N-]m and [EMIM 

+]n[Tf2N-]m where n ≠ m and n, m = 1, 2. Schematic structures of 
these ILs are displayed in Scheme 1.    

 

Scheme 1: Structures of the a) [BMIM+][Tf2N-] and b) 
[EMIM+][Tf2N-] Ionic Liquids. 

 

These spectra are the first such gas-phase UV spectra where the 
identity of the IL aggregate cluster can be definitively identified 
via mass selection prior to spectroscopic characterisation.  Our 
general strategy mirrors that recently employed by Johnson and 
co-workers in their IR laser spectroscopy study of 
[EMIM+]n[BF4

-]m n ≠ m aggregate ions.15  We have chosen to 
study the [BMIM+][Tf2N-] and [EMIM+][Tf2N-] systems for this 
work as both have recently been the subject of vapour-phase 
UV spectroscopy studies,16,17 allowing us to address the key 
point of how closely the spectra of our mass-selected aggregates 
resemble those of the vapour-phase ILs.  Wang et al. presented 
the first UV spectroscopic measurements of IL vapours 
(including the BMIM and EMIM systems) using high-
temperature vaporization of ILs into quartz cuvettes,16 while 
Ogura et al. subsequently acquired a UV absorption spectrum of 
vapour phase [EMIM+][Tf2N-] using cavity ring down 
spectroscopy.17  Cooper et al. have introduced [EMIM+][Tf2N-] 
into the gas-phase in a supersonic expansion and applied UV 
photofragmentation to the resulting (non-mass selected) jet-
cooled neutral clusters.18  In our current study, electrospray 
ionisation is used to transfer the ILs from the condensed phase 
into the gas-phase, prior to mass selection in a laser-interfaced 
mass spectrometer.  We present electronic spectra of the anionic 
and cationic aggregates for both ILs for comparison with the 
previous gas-phase studies.	  

Experimental 
Experiments were conducted in Bruker Esquire 6000 and 
Bruker AmaZon Quadrupole Ion Trap mass spectrometers that 
have been custom-modified for performing laser 
spectroscopy.19,20  The ILs were purchased from Aldrich and 
used without any further purification.  IL clusters were 
generated using positive and negative mode electrospray 
(100°C dry gas temperature) ionization of 10-4 mol dm-3 
(Esquire) and 10-6 mol dm-3 (AmaZon) solutions of the 
respective IL in acetonitrile, and specific mass-selected IL 
aggregates were isolated in the instrumental ion-trap and 
subjected to laser irradiation.  UV photons were produced by an 
Nd:YAG (Continuum Surelite) pumped OPO (Panther), 
producing ~1.5mJ across 220-300 nm, and by an Nd:YAG 
(Continuum Powerlite) pumped Sirah PRSC dye laser 
(Coumarin 440 dye).  220 nm is the high-energy limit of this 
laser.  Action spectra were recorded by monitoring the 
production of photofragments as a function of laser 
wavelength.21 All spectra are corrected for laser power.  UV 
spectra of 0.1 mM [BMIM+][Tf2N-] and [EMIM+][Tf2N-] in 
acetonitrile were acquired with a Shimadzu UV-1800 
spectrophotometer.  
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Results and Discussion 
Figure 1a displays the positive ion mode electrospray ionisation 
mass spectrum (ESI-MS) obtained by electrospraying the 
[BMIM+][Tf2N-] IL in acetonitrile.  The mass spectrum is 
dominated by the [BMIM+]2[Tf2N-] aggregate cluster peak, with 
the [BMIM+] cation also clearly visible.  Negatively charged 
aggregate clusters were observed when the instrument was 
operated in negative ion mode (Figure 1b), as illustrated by the 
strong appearance of [BMIM+][Tf2N-]2.  Similar spectra were 
obtained in positive and negative ion mode when 
[EMIM+][Tf2N-] was electrosprayed in acetonitrile.  The mass 
spectra obtained in this work resemble those observed in 
previous electrospray mass spectrometry studies of ILs.22-25  In 
this study we obtained spectra for the simplest aggregate 
clusters, i.e. the aggregates containing either two cations with 
an anion, [C+]2[A-], or two anions with a cation, [C+][A-]2.  
Higher aggregate clusters are present in the ESI-MS, but with 
considerably lower intensities.	  

	  

	  

Figure 1: a) Positive ion mode ESI-MS of the [BMIM+][Tf2N-] 
ionic liquid in acetonitrile, and b) corresponding negative ion 
mode spectrum.  The m/z values for the observed species are 
m/z [BMIM+] = 139, m/z [BMIM+]2[Tf2N-] = 558, m/z [Tf2N-] 
= 280, and m/z [BMIM+][Tf2N-]2 = 699.  
	  

All of the spectra presented in this study are action spectra, and 
it is therefore necessary to identify the photofragment ions prior 
to conducting spectral scans. Figures 2a and 2b present the 
photofragmentation mass spectra obtained upon 220 nm 
excitation of the mass-selected [EMIM+]2[Tf2N-] and 
[EMIM+][Tf2N-]2 from the [EMIM+][Tf2N-] IL.  220 nm is the 
high-energy limit of this laser.  Figure 2a illustrates that the 
cationic [EMIM+]2[Tf2N-] cluster photofragments with 
production of [EMIM+] as the sole ionic photofragment, 
presumably accompanied by loss of a neutral ion pair which is 
undetected in the mass spectrometer, i.e.	  

[EMIM+]2[Tf2N-]  → [EMIM+]    + [EMIM+][Tf2N-] [1a]	  

The anionic cluster [EMIM+][Tf2N-]2 similarly produces [Tf2N-] 
as the sole ionic photofragment (Figure 2b), again presumably 
along with an accompanying neutral ion pair:	  

[EMIM+][Tf2N-]2   → [Tf2N-]  +  [EMIM+][Tf2N-]  [1b] 

The cationic and anionic aggregates from [BMIM+][Tf2N-] 
(Figures 2c and 2d) were observed to photofragment in the 
same way as for [EMIM+][Tf2N-].  We note that the 
photofragmentation pathways mirror the cluster fragmentation 
patterns observed upon collision induced dissociation of ground 
state IL aggregates, which fragment with loss of a neutral ion-
pair unit.25	  

	  

Figure 2: Photofragmentation mass spectra of a) 
[EMIM+]2[Tf2N-], b) [EMIM+][Tf2N-]2, c) [BMIM+]2[Tf2N-] 
and d) [BMIM+][Tf2N-]2 recorded at 220 nm. The m/z values 
for the observed species are m/z [EMIM+] = 111, m/z 
[EMIM+]2[Tf2N-] = 502, m/z [Tf2N-] = 280, m/z 
[EMIM+][Tf2N-]2 = 671, m/z [BMIM+] = 139, m/z 
[BMIM+]2[Tf2N-] = 558, m/z [Tf2N-] = 280, and m/z 
[BMIM+][Tf2N-]2 = 699.	  

 

Figure 3a displays the photofragment action spectrum for the 
[EMIM+] fragment from [EMIM+]2[Tf2N-] across the spectral 
range from 220-245 nm.  The maximum photofragment 
production over this range occurs at 220 nm, the high-energy 
limit for our laser system, with the photofragment intensity 
falling away very rapidly to longer wavelengths (effectively 
zero above 230 nm).  Figure 3b shows the action spectrum for 
production of [Tf2N-] from [EMIM+][Tf2N-]2, again displaying a 
maximum value at 220 nm, but with a slightly less sharp fall-off 
in intensity towards longer wavelength.  The intensity of the 
anionic photofragment from excitation of the anionic aggregate 
was much smaller than that of the cationic fragment from 
photoexcitation of the cationic aggregate, with anion 
photofragment signals typically being on the order of 100 times 
smaller than the cation photofragment. 	  



	  

Figure 3: Cluster photofragment action spectra of a) [EMIM+] 
from the [EMIM+]2[Tf2N-] cationic aggregate and b) [Tf2N-] 
from the [EMIM+][Tf2N-]2 anionic aggregate. 

The corresponding action spectra obtained for the 
[BMIM+][Tf2N-] IL aggregates (Figures 4a and 4b) are similar 
to those of [EMIM+][Tf2N-].  The [BMIM+] fragment spectrum 
(Fig. 4a), is very similar to the corresponding [EMIM+] 
fragment spectrum (Fig. 3a), with the intensity falling away 
rapidly at wavelengths longer than 220 nm, while the decrease 
in the [Tf2N-] fragment (Fig. 4b) from excitation of the 
[BMIM+][Tf2N-]2 anionic aggregate is more gradual.  The 
intensity of the anionic photofragment was again significantly 
smaller than the cationic photofragment, as in the 
[BMIM+]n[Tf2N-]m aggregates.  

	  

Figure 4:  Cluster photofragment action spectra of a) [BMIM+] 
from the [BMIM+]2[Tf2N-] cationic aggregate and b) [Tf2N-] 
from the [BMIM+][Tf2N-]2 anionic aggregate. 	  

 

Solution-phase UV spectra (Figure 5) were recorded for both 
[EMIM+][Tf2N-] and [BMIM+][Tf2N-] for comparison with the 
gas-phase action spectra.  Each IL displays a strong UV band 
with an onset around 235 nm and absorption bands peaked 
around 220 nm (λmax = 211 nm for [EMIM+][Tf2N-] and λmax = 
210 nm for [BMIM+][Tf2N-]).  This band is associated with 
excitation of the π-π* chromophore which exists in imidazole-
type molecules in this region.26   

 

Figure 5:  Liquid phase UV absorption spectra of a) 
[EMIM]+[Tf2N]- and b) [BMIM]+[Tf2N]-.	  

Gas-phase spectroscopic studies of the isolated imidazole 
molecule have revealed the presence of a bright optical excited 
state that is coupled to a dark dissociative state, resulting in a 
broad absorption band.27,28  Although our photofragment spectra 
display maximum values at 220 nm, we are currently unable to 
assign λmax values for the gas-phase aggregate clusters due to 
the limitations of our laser system.  Figure S1 presents a second 
set of photofragmentation action spectra for the [EMIM+][Tf2N-

] aggregates, which have been recorded up to 215 nm with an 
additional laser system that provided photons deeper into the 
UV.  The photofragment intensity is still increasing at 215nm, 
indicating that λmax occurs at shorter wavelengths. 

	  

Figure S1:  Cluster photofragment action spectra of a) 
[EMIM+] from the [EMIM+]2[Tf2N-] cationic aggregate and b) 
[Tf2N-] from the [EMIM+][Tf2N-]2 anionic aggregate. These 
spectra were recorded with an Nd:YAG pumped OPO system 
that provided photons to 215 nm at the high energy limit.  The 
spectra display similar profiles to the spectra presented in 
Figure 3 of the main manuscript, with an additional scanned 
range from 220-215 nm.	  

 

The photofragment action spectrum for the IL aggregates 
displayed in Figures 3 and 4 display similar absorption profiles 



to the UV absorption spectra of these ILs recorded by Wang et 
al. for the IL vapour (557 K) contained in a quartz cuvette, i.e. 
broad onset above 240 nm with rising absorbance towards 200 
nm.16  Wang et al. recorded spectra at temperatures from 533-
573 K, showing that the absorption onset is displaced to longer 
wavelength at higher temperature.  The redder onset absorptions 
seen in the high-temperature vapour spectra are likely due to 
higher-energy conformations (of IL ion-pairs), as well as 
rotational and vibrational excitation.  The ESI aggregates 
studied in our experiment are thought to have temperatures of 
~373K,19 hence explaining the comparatively blue-shifted 
absorbance onsets.  Our [BMIM+][Tf2N-] photofragment action 
spectra are also very similar to those obtained for this IL by 
Ogura et al. using single-path absorption and cavity ring-down 
absorption spectroscopy.17  The spectra of Ogura et al. were 
obtained at temperatures (406-429 K) much closer to the 
temperature of our aggregates, and hence display absorption 
onsets (~233 nm at 418 K) closer to our value (230 nm). 
Finally, it is of interest to compare our [EMIM+]n[Tf2N-]m 
aggregate data to the spectra recorded by Cooper et al. in their 
photodissociation study of the IL [EMIM+][Tf2N-] in a 
supersonic expansion.18  Figure S2 displays our [EMIM+][Tf2N-

] data in the same form as the Cooper et al. data allowing a 
direct comparison.  Again, our data are very similar to the 
Cooper et al. results.  The overall picture to emerge from these 
spectroscopic comparisons is that the mass-selected aggregates 
studied in this work appear to behave as simple ion-pairs, with 
the excess charged unit (i.e. [EMIM+] in the cationic cluster and 
[Tf2N-] in the anionic cluster of the [EMIM+]n[Tf2N-]m 
aggregates) only weakly perturbing the photoexcitation and 
photodissociation dynamics. 

 

Figure S2:  Overlay of the cation (closed squares) and anion 
(open squares) photofragment action spectra from the cationic 
and anionic aggregates of [EMIM+][Tf2N-]. The anion and 
cation signals are scaled to be shown with the same intensity for 
the maximum points. 

	  

Further Discussion 
 

The similarity between the [EMIM+]n[Tf2N-]m aggregate 
photofragment spectra observed in this work, and the 
[EMIM+][Tf2N-] supersonic jet spectra measured by Cooper et 
al. suggest that similar photophysics may be present in 
photoexcitation of the aggregates as in the isolated ion-pairs 
that are thought to be present in the jet experiment.  Cooper et 
al. have proposed a mechanism that involves initial 
photoexcitation to an electronic excited state of the 
[EMIM+][Tf2N-] ion-pair.18  They postulate that the major 
pathway for decay of the excited state is predissociation by a 
charge-transfer state as seen by Leone and co-workers,29 
resulting in production of the [EMIM·][Tf2N·] radical pair, 
where the reduced cation moiety can then be ionized by a 

second photon to produce [EMIM+].  Thus, the dominant ionic 
photofragment is [EMIM+], produced in a two-photon process.    
In addition,  they suggest that a much more minor pathway 
exists corresponding to direct decay of the excited state back to 
the ground electronic state, from where ergodic dissociation 
occurs producing [EMIM+] and [Tf2N-] as minor ionic 
photofragment products. 

	  

The strong production of the cationic photofragments and 
comparatively weak production of the anionic photofragments 
observed following excitation of the IL aggregates in this work 
mirrors the observations of Cooper et al. and suggests that a 
similar mechanism may be operating.  For the cationic 
aggregates, [C+]2[A-], we propose that the mechanism of 
Cooper et al. would be modified as follows:	  

[C+]2[A-] + hν → ([C+][C+][A-])* 

→ [C+] + [C·] + [A·] + hν  → [C+] + [C+] + [A·] + e-             [2a] 

→  ([C+][C+] [A-])†  → [C+] + ([C+][A-])                        [2b] 

where [2a] corresponds to the dominant predissociation 
pathway followed by C· ionization (IEC· is thought to be ~3.9 
eV for [EMIM·]18) while [2b] is the minor excited-state to 
ground-state decay route.  (Note that the thermally excited 
ground-state cluster, ([C+] [C+][A-])†, will decay with loss of a 
neutral ion-pair unit as observed for collision induced 
dissociation of the ground state clusters.25)  Overall, the 
combined [2a]+[2b] pathways would lead to strong production 
of the [C+] ion, consistent with the experimental observation.  
We note that no anionic photofragment is produced in either 
step [2a] or [2b], but we are unable to test this in our 
experimental set-up as only cationic photofragments can be 
detected after isolating a cationic precursor.  The analogous 
pathways for the anionic aggregates would be: 

[C+][A-]2 + hν → ([A-][C+][A-])* 

→[A-] + [C·] + [A·] + hν →[A-] + [C+] + [A·] + e-                 [3a]	  

→[A-] + [C·] + [A·] + hν →[A·] + [C·] + [A·] + e-                  [3b]	  

 →  ([A-][C+] [A-])†  → [A-] + ([C+][A-])                 [3c]	  

where [3a] and [3b] correspond to the dominant predissociation 
followed by either C· ionization or [A-] photodetachment (the 
detachment energy of Tf2N- is calculated to be around 5.6 eV at 
the M06/6-311++G** level),18 whereas [3c] is a minor pathway 
that results in [A-] as the sole ionic photofragment. This 
photofragment would again be susceptible to photodetachment 
through interaction with a third photon during the time the ions 
are stored in the ion trap.  It is clear that [A-] is only likely to be 
observed as a weak photoproduct from the combined series of 
[3a]à[3c] pathways.	  

	  

Cooper et al. have performed power dependent measurements 
to support their proposed mechanism, but such definitive 
measurements that unambiguously determine the number of 
photons involved in production of each photofragment have not 
been performed in the ion trap instrument used in this study, 
since precursor ions and photofragment ions may undergo 
multiple interactions with different photons over the timescale 
that ions are stored in the trap.  Nonetheless, preliminary 
measurements of photofragment intensity versus laser power for 
the [BMIM+]n[Tf2N-]m  aggregates clearly revealed that the 
power dependence for production of the cationic 
photofragments is different from the anionic photofragments, 
consistent with distinctive fragmentation pathways. 



 

Summary 
Since the chemical and physical properties of ILs can be 
controlled by the combination of cationic and anionic 
components, ILs can be used for an increasingly wide range of 
technical applications.1-4  Given the wealth of possible cation-
anion combinations, it is highly desirable to be able to rationally 
predict the properties of an IL based on the constituents.30  Ab 
initio computational studies of ILs make a considerable 
contribution to this general effort, but such calculations are 
typically performed on isolated “gas-phase” systems.12-14  It is 
therefore important to be able to study IL building blocks (i.e. 
ion-pairs or aggregates) in the gas-phase. While IR vibrational 
spectroscopy of gas-phase ILs focus on characterising 
geometric structures, studies of the electronic spectroscopy of 
gaseous ILs are also of crucial importance for determining the 
intrinsic absorption and fluorescence behaviour of ILs both to 
clarify liquid-phase anomalies (e.g. additional charge transfer 
bands, contributions from clusters, and charge transfer to 
solvent bands in mixed media),17,31,32 and also to provide 
benchmark data for TD-DFT and other excited state 
calculations.30  

 

The experiments performed in this work demonstrate the 
feasibility of exploring the excited state photophysics of ILs via 
the study of mass-selected charged aggregates produced via 
electrospray ionisation.  The UV gas-phase absorption profiles 
measured in this way show that this technique provides a facile 
route to obtaining gas-phase UV spectra of ILs.   One 
considerable advantage of our technique over the previous 
methods is that there is no contamination of our spectra from 
impurities due to the mass-selection employed prior to laser 
excitation.  Indeed, the presence of impurities in IL samples can 
be substantial,33 and considerable effort needs to be expended to 
ensure that samples are pure prior to routine spectroscopic 
analysis. 

 

Numerous further experiments are possible from these initial 
spectroscopic measurements, and it will be valuable to move to 
cationic units that lack the dissociative excited state, and also to 
explore anionic units that possess a chromophore.  Further 
theoretical work is also certainly desirable to more accurately 
characterise the rich photophysics evident in these mixed charge 
gas-phase clusters, both as a basis for understanding the 
fundamental photophysics of other novel mixed charge systems 
but also to inform our understanding of UV processes in bulk 
ILs.31,32	  
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