International Journal of Mass Spectrometry 353 (2013) 19-25

journal homepage: www.elsevier.com/locate/ijms

Contents lists available at ScienceDirect

International Journal of Mass Spectrometry

lon-induced fragmentation of imidazolium ionic liquids: @CmsMﬂk

TOF-SIMS study

Nenad Bundaleski?, Stefano Caporali®, Sergey P. Chenakin¢, Augusto M.C. Moutinho?,

Orlando M.N.D. Teodoro®?, Alexander Tolstogouzov ®:*

2 Centre for Physics and Technological Research (CeFITec), Dept. de Fisica da Faculdade de Ciéncias e Tecnologia (FCT), Universidade Nova de Lisboa,

2829-516 Caparica, Portugal

b Dipartimento di Chimica, Universita di Firenze, Via della Lastruccia 3, 50019 Sesto Fiorentino, Italy

¢ Institute of Metal Physics, NASU, Blvd. Akad. Vernadsky 36, 03680 Kiev-142, Ukraine

ARTICLE INFO ABSTRACT

Article history:

Received 19 March 2013

Received in revised form 20 May 2013
Accepted 20 May 2013

Available online 7 June 2013

Keywords:

Imidazolium ionic liquids
TOF-SIMS

lon-induced fragmentation
Ga* primary ions

Stopping power

An upgraded TOF-SIMS VG lonex IX23LS was used to study the fragmentation patterns of a series of
asymmetric imidazolium ionic liquids [C,mim][Tf,N], where n = 2,4, 6, and 8, under bombardment by Ga*
ions with energies of 10-20keV. Analysis of positive and negative secondary ion mass spectra showed
that fragmentation of cations and anion proceeds via both one- and two-bond cleavage of molecular
backbone. In addition, formation of methylene adducts [C,mim(CH;)]*, where x=1-3, and associates
containing anion constituents [C,mimO]* and [C,mimF]* was revealed. Lengthening of alkyl chain was
found to result in a stronger fragmentation of cations, while the extent of ion-induced fragmentation of
anion decreased with an increase of the n-value and with a decrease in the projectile impact energy.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

“Surface science goes liquid” [1] and room temperature ionic
liquids (ILs) attract much attention as highly promising subjects
of research [2-4]. The extremely low vapor pressure makes ILs
compatible with ultra-high vacuum conditions; in the past decade,
many studies on them have been carried out using various surface
sensitive techniques [3-6] (to name but a few works).

In general, ionic liquids comprise organic cations [R]* paired
with organic or inorganic anion [A]~. According to the current the-
oretical and experimental concepts (see, e.g., [7,8] and references
therein), ILs are nanostructured fluids with polar regions consisting
of cation head groups and anion, and nonpolar regions, which are
composed of alkyl side chains of cations. It means that ILs cannot be
considered as a homogeneous mixture of cations and anions. Using
different mass spectrometric techniques with additional density
functional theory calculations [9-12], it was found that ionic liquids
vaporize mainly in form of neutral ion pairs {[R]"[A]~}m, where
m>3, with subsequent dissociation to lower order molecular
complexes.
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In secondary ion mass spectrometric investigations, using either
light atomic projectiles such as He* [3] and Ga* [5] or heavier bis-
muth atomic or cluster ions [13-15], no peaks attributed to ion
pairs were revealed in the mass spectra recorded in both positive
and negative polarities. In the case of positively charged secondary
ions, the most intense peak was [R]*, whilst in negative spectra
[A]~ was the dominant peak. Many low-mass fragments were reg-
istered, especially if He* primary ions were used [3]. High molecular
mass clusters of general formulas {[R][A]}m[R]* and {[R][A]}m[A]-,
where m=1, 2, were observed under the bombardment by Ga*
ions [5] and Bi* clusters [14,15]. In most cases, samples studied
were imidazolium ionic liquids with 1-alkyl-3-methylimidazolium
cation (the short name is [C,mim]*") and different anions, mainly
bis(trifluoromethylsulfonyl)imide (the short name is [Tf;N]~).

Very recently, Hutter and co-authors [14,15] published the
results of the comprehensive time-of-flight secondary ion mass
spectrometry (TOF-SIMS) study on imidazolium ILs with [bmim]*
cation (n=4)and different anions including [Tf,N]~. They used Biq*
(g=1-7)and Big** (q=3, 5, 7) projectiles with impact energies ran-
ging from 3.57 to 25 keV per incident Bi atom. For [bmim [ Tf, N] salt,
the lowest total intensities of positive and negative ion fragments
relative to the intensities of intact cation and anion were observed
for Big* clusters with an energy of 4.17 keV atom~! [14]. In princi-
ple, this is a rather predictable result since the lowering of impact
energy (i.e., the energy which is deposited in the near-surface
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Fig. 1. Schematic representation of imidazolium ionic liquids studied in this work
(n is the number of carbons in alkyl chain of cations).

layers) by increasing the number of atoms in the bombarding clus-
ters should result in a lower fragmentation of analyte molecules.
However, the relative yield of all positively charged fragments for
Big* projectiles was high enough, ca. 50% with respect to the inten-
sity of intact [bmim]* cation. Moreover, for Bis* with an energy of
8.33keVatom™! the yield of all positive fragments normalized by
intensity of cation was found to be 6.2 (Table 1 in [14]). Similar
results were obtained for the negative fragments.

In the present work, we report the results of TOF-SIMS investiga-
tion of four asymmetric imidazolium ionic liquids [C,mim][Tf;N]
with n=2, 4, 6, and 8 ([emim]*, [bmim]|*, [hmim]*, and [omim]*
cations, respectively) using Ga* primary ions with energies of
10-20keV. To the best of our knowledge this is the first systematic
TOF-SIMS study on imidazolium ILs with different cations com-
bined with the same anion [Tf,N]~. We aim to understand how the
length of alkyl chain in cations, i.e., the number n of carbon atoms
in this chain, influences the cleavage of cation and anion moieties
under ion-beam bombardment.

2. Experimental

All ionic liquids studied in this work were pure salts (assay
>99.5%) purchased from Merck (Darmstadt, Germany [16]); we
used them as received samples without additional purification.
The appellations/abbreviations, chemical formulas and molecu-
lar weights of ILs and their components are shown in Table 1.
Schematic structures of ILs are presented in Fig. 1, and some phys-
ical properties (melting points, heats of vaporizations, viscosities,
etc.) can be found e.g., in [17,18].

For analysis, a small volume of ILs (ca. 0.2-0.3 cm?) was spin-
coated onto a Si (100) substrate for 30s at 1000 rpm. Prior to
spin-coating, a silicon substrate was cleaned with ethanol in an
ultrasonic bath. Asample of 5mm x 5 mm n size was loaded into an
introduction chamber and degassed in high vacuum at RT for 1-2 h.
The measurements were carried out using an upgraded TOF-SIMS
VG lonex IX23LS (Burgess Hill, UK). The details about the instru-
ment and our upgrading can be found in [19,20]. In brief, positive
and negative secondary ions are analyzed with a Poschenrieder-
type mass spectrometer. Typical mass resolution is 300 (full width
at half maximum) and mass range is 0.5-1000 m/z. Extraction of the
secondary ions is performed along the normal to the sample sur-
face by applying +5 kV to the sample holder. A pulsed (6 kHz/40 ns)
Ga* liquid-metal ion gun MIG 300PB produces a focused beam of
mass separated ions incident on the sample at an angle of 60° to the
surface plane (neglecting the change of the ion-beam direction due
to the accelerating-retarding electric field in the space between the
sample surface and extraction electrode). No sputter cleaning of the
samples was performed in order to conserve the molecular infor-
mation of the samples. During analysis the Ga* beam was scanned

with a frequency of 10 kHz over 500 wm x 500 pm area at a reso-
lution of 128 x 128 pixels; each mass spectrum was collected for
2 min with a total dose of the primary ions of ca. 5 x 10'2 jons cm—2
that is well below the static SIMS limit [21]. No charge compensa-
tion was needed since the samples were conductive enough. The
positive and negative TOF-SIMS spectra were collected in three dif-
ferent points for each sample with further averaging of the peak
intensities. The integral area (within +0.5 m/z) of a particular peak
in the mass spectra was taken as a measure of the emission inten-
sity of corresponding secondary ions. During the measurements,
vacuum in the analysis chamber was better than 5 x 10~° mbar.

3. Results and discussion

Representative positive ion mass spectra measured for the
[emim][Tf,N], [hmim][Tf,N] and [omim][Tf,N] samples under the
10keV Ga* ion bombardment are shown in Fig. 2; each spectrum
displays the mass range with the main peaks of interest. The peak
intensities are normalized by the intensity of [emim]*, [hmim]* and
[omim]* cations, respectively. The insets in the panels (a) and (b)
show the peaks of molecular ions of low relative intensities. As can
be seen, the intact cation is the dominant peak in each spectrum.
Similar results were also obtained for the [bmim][Tf,N] sample.

It is known that electron-, photon- and field-induced decompo-
sition of imidazolium cations occurs mainly via the breaking of the
C—Cbonds in alkyl chain with a loss of methyl groups [22-25]. Such
process is often accomplished by transfer of a hydrogen atom to the
residual group and results in the production of a series of fragment
ions.

Ion bombardment of the ionic liquid samples gives rise to a
series of low molecular weight positive ion fragments with m/z=15,
27,29,41,43,55 which are mainly the products CH3*, CoH3*, C;Hs ™,
C3Hs*, C3H7*, C4H7* of one-bond cleavage of the alkyl backbone in
cation. The relative yield of these species (normalized by the cation
peak intensity) in general increases with increasing the alkyl chain
length (cf. panels(a),(b)and (c)in Fig. 2). For the [emim][Tf, N] sam-
ple, the most intense peak is at m/z 29 (Fig. 2a) which is believed
to be composed of two contributions C;Hs* and NCH3™*, with the
latter species being produced by two-bond scission of imidazolium
ring (C(2)-N(3)-C(4), see Fig. 1). The high probability of two-bond
cleavage of the ring in [emim]* cation is also indicated by two other
strong peaks at m/z 28 and 42 and low-intensity peaks at m/z 41
and 56 attributed to NCH,*, N(CH,),*, NC,H3*, and HC-NCyHs™,
respectively. Note that the attribution of the peaks at m/z 41 and
42 to NCoH3* and NCyH,4* is univocal because they cannot be pro-
duced by scission of ethyl chain (m/z 29) and result solely from
cleavage of two bonds of the ring (C(2)-N(1)-C(5)). For the other
ILs, the emission at m/z =28, 42 is very low. The most intense peaks
in the [bmim][Tf,N], [hmim][Tf;N] and [omim][Tf,N] samples are
at m/z=29, 43 and 41, respectively, which may include not only
the contributions from CyHs*, C3H;* and C3Hs* aliphatic groups
but also imidazolium ring fragments NCH3*, NCoHs* and NCoH3 ™.
In the [omim][Tf;N] sample, the relative yield of ion fragments at
m(z=27, 29, 41, 43 attains about 10-20% of the cation peak.

In the medium mass range of all samples, the most intense
peak at m/z 83 can be attributed to protonated 1-methylimidazole
ions [Hmim]* (H-NC3H3NCH3). Emission of [mim]* fragments (m/z
82) and protonated imidazolium ring ions [Hyim]* (H-NC3H3N-H;
m/z 69), [Him]* (NC3H3N-H; m/z 68) is also observed but it is less
intense than that of [Hmim|* ions (by factors of about 2, 12 and 30,
respectively (Fig. 2¢)). Interestingly, there are groups of ion peaks
in the range from m/z 82 ([mim]*) to cation peak [C;Hy;+1 mim]|*
(n=2,4,6,8)which are separated by Am/z=14 and form a distinc-
tive fragmentation pattern corresponding to the sequential loss of
methylene units (Fig. 2b and c).
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Table 1
Ionic liquids under study.

No Appellation/abbreviation [R]*[A]~

[R]*[A]~ Mol. weight, g/mol

[R]* Mol. weight, g/mol [A]~ Mol. weight, g/mol

1 1-Ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide
[emim][Tf,N]

2 1-Butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide
[bmim][Tf,N]

3 1-Hexyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide
[hmim][Tf;N]

4 1-Octyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide
[omim][Tf,N]

CgH11N304S,Fs 391.31

CioH15N304S5,Fs 419.36

Ci2H19N304S,Fs 447.42

Ci4Ha3 N304S,Fg 473.47

CeHyi1N2 11117 N(SO,CF3), 280.14
CgHys5Np 139.22

CioHi9N; 167.28

Ci2Ha3N; 195.33

Fig. 3 shows the yields of some positive fragment ions
normalized by intensity of cation peak sputtered from ionic lig-
uids. These fragments represent the series of [C Hymim]* ions
(k=0-10; m/z=82 + 14k) with increasing number of CH, groups and
also [Him]* (m/z 69) and [Hmim]* (m/z 83) ions. As can be seen,
the fragmentation pattern depends on the type of ionic liquid, and
the probability of ejection of a given fragment ion significantly
increases with increasing the length of alkyl chain in cation. For
instance, in going from [emim]* to [omim]* the relative yields of
[Hmim]* and [CHymim]* (m/z 96) ions increase by factors of ca. 100
and 400, respectively.

In series of [C,H,,mim]* ions, [mim]* ions devoid of alkyl chains
(k=0) and deprotonated cations (k=2, 4, 6, 8) exhibit the highest
yield for all ILs. With increasing the number k of methylene groups
attached to the [mim]* ion the probability of ejecting a fragment
[CxHymim]* from the given IL (k=1 for [emim], k=1-3 for [bmim],
k=1-5for [hmim]and k = 1-7 for [omim] cations) decreases (Fig. 3).
Thus, bombardment induced scission of the (1)N—C bond causing
removal of the whole alkyl chain and formation of the [mim|* frag-
ment turns out to be about an order of magnitude more probable
than scission of the C—C bond with removal of a single terminal CH3
group.

Similar fragmentation trends are also observed in series of
[CkHor_ymim]* ions (k=1-10; m/z=95 + 14k), with the yield of the
latter fragments being typically larger than that of correspond-
ing [CHymim]|* moieties by a factor of 1.5-4.5 (depending on
IL). The fragmentation patterns in series of [C,Hy;_;mim]* and
[CxHymim]* ions are akin to variations of intensity of the respec-
tive ion peaks associated with sequential loss of CH, units from the
alkyl chain which were observed in [25] under electron ionization
of vapors of ionic liquids [C,mim][Tf,;N] (n=2, 4, 6, 8; k<n).

It is worth noting that ion bombardment of ionic liquids
gives rise to appreciable emission of positive molecular ions
heavier than cations which correspond to series of [C;Hp,_;mim]*,
[CxHymim]* and [CpHypymim]* ions with k>n (Figs. 2b and 3).
These species can be attributed to adducts formed via methylene
(carbene) addition to or insertion into alkyl chain or/and imid-
azolium ring. In contrast to CH, losses the most intense adduct
peaks belong to the [CiHyi.ymim]* (cation) series (k>n). With
increasing the number of extra methylene groups attached to intact
and deprotonated cations species [C;Hy,+1 mim]*, [CyHy,mim]*,
[ChHz,_1mim]* the probability of ejecting such adducts sharply
decreases (Figs. 2b and 3). Actually, we revealed emission of adducts
with 2 or even 3 (for the [hmim] and [omim] samples) extra
methylene groups. To the best of our knowledge, the occurrence
of methylene adducts has not been reported so far in the previous
SIMS studies of ionic liquids [C,mim][Tf,N]. The peaks of positive
molecular ions with a mass larger than the mass of cation can be
seen in TOF-SIMS spectrum shown in [5] for [emim][Tf;N] ionic
liquid bombarded by 25keV Ga* projectiles, however these ions
were not related to methylene adducts. Contrary to SIMS results, no

molecular ions heavier than cations were observed under electron
ionization of vaporized [C,mim][Tf,N] ionic liquids [25].

In addition to methylene adducts, for all the ionic liquids
we revealed emission of positive complex ions which can be
attributed to [C;Hy,mimOH]* (or [ChHp+1 mimO]*), [ChHp,mimF]*
and [CyHyp+y mimF]* associates (see inset in Fig. 2b). These molec-
ular ions may be assumed to result from bombardment induced
dissociation of ion pairs via scission of terminal O and F atoms
in anion, which are probably covalently bonded to parent cations.
Formation of [bmimF]" and [omimF|* ions was also observed in
[25] for vaporized [bmim][BF4] and [omim][BF4] ILs but not for
[Comim][Tf,N].

Molecular ions corresponding to ion pairs {[R][Tf,N]}*, where
[R] is [emim]*, [bmim]*, [hmim]* and [omim]* cations, were not
detected in our experiments. On the other hand, we observed emis-
sion of the cluster ions {[R][Tf;N]}[R]* although with very low
intensity. The relative yield of these ions increased more than by an
order of magnitude with increasing the alkyl chain length in cation.
Note that for all the ionic liquids we did not observe the peaks of Ga*
primary ions. It is interesting that the positive mass spectra of sec-
ondary ions collected in this work are rather like the mass spectra
of the same ionic liquids measured under their thermal evapora-
tion at T=225 °C using Knudsen effusion mass spectrometer with
20eV electron ionization [22].

The negative mass spectra presented in Fig. 4 for the
[emim][Tf;N] and [omim][Tf,N] samples were recorded under
17 keV Ga* bombardment. For all the ILs studied, emission of the
intact anion [Tf,N]~ was not as intense as that of the intact cations
[Cnmim]* which may be assumed to originate from bombardment
induced dissociation of the ion pair [12]. The dominant peak in the
negative mass spectra was F~. This may be associated with several
factors such as a lower probability of ejection of high-mass anion
and its low detection efficiency as compared to cations and a much
lower ionization probability of the anion due to low electron affin-
ity as compared to fluorine. Other intense peaks in the negative ion
mass spectra resulted from both single-bond cleavage (O—, OH-,
CF3~ at m/z 69, SO,CF;~ at m/z 133, NSO, CF3~ at m/z 147) and
two-bond cleavage of the intact anion (0,~ (S7), CF,~ and CF,H~
at m/z 50, 51, NSO,~ at m/z 78, SO,NSO,~at m/z 142). Some ions
(H-, C;—, CoH, and CyH; ) originated also from the cation frag-
mentation. Like in positive mass spectra, rather intense emission
of ions with m/z 83, which can be assigned to protonated alkyl-
free methylimidazolium [Hmim]~, was observed. Similar negative
ion fragments, although with different intensities, were observed
for [emim][Tf,N] under 25keV Ga* bombardment [5], and for
[bmim][Tf,N] under 25keV Big* cluster irradiation [14,15]. In
the latter studies, F~ was also the dominant peak for bombard-
ment by Biy* and Bis* clusters. In contrast to works [5,14,15],
we did not observe cluster ions {[R][Tf,N]}[Tf,N]~, probably due
to the low detection efficiency of high-mass negative ions in our
instrument.
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Fig. 2. Mass spectra of the positive secondary ions collected under 10keV Ga*
bombardment of (a) [emim][Tf,N], (b) [hmim][Tf,N] and (c) [omim][Tf,N] ionic lig-
uids. The intensities are normalized by the peak intensity of [emim]|*, [hmim]* and
[omim]* cations, respectively. The inset in the panels (a) and (b) shows molecular
ion peaks of low intensity.

As can be seen from Fig. 5, the relative yield (normalized by
the intensity of anion peak) of negative ion fragments, which
were produced by single-bond cleavage of the anion in a given
IL, strongly decreases with increasing the mass of the fragment
in series F-—CF3~-SO,CF3~. However, the probability of ejecting
heavier NSO, CF3~ fragments turned out to be about 5 times larger
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protonated imidazolium ring devoid of alkyl chains are also presented.
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than that of SO,CF5;~ ions. Note that the increase in the alkyl chain
length in cation results in a non-monotonic decrease of the relative
yield of negative ion fragments. Similar trend is also observed for
the NSO, ~ fragments produced by two-bond cleavage of the anion
(Fig. 5).

The fragmentation of cationic and anionic parts of ionic liquids
under ion bombardment can be characterized by the ratio

o) Z [+(=)

K+ = Rt (1)

intact

where XI*(-) is the total intensity of all cation (or anion)-related
fragment ions (positive or negative) with masses lower than the
mass of the corresponding cation (or anion) and I is the
intensity of intact cation (or anion).

The fragmentation factors K*(-) estimated for a series of imidaz-
olium ionic liquids [C,mim][Tf,N] versus the number n of carbons
in alkyl chain of cations are shown in Fig. 6a for different cations
(n=2, 4, 6, 8) and in Fig. 6b for [Tf,N]~ anion coupled with these
cations. For comparison, we also present in Fig. 6a and b the frag-
mentation factors K* and K= for [bmim][Tf,N] salt under 25 keV
Big* cluster bombardment, which were estimated from the experi-
mental data published by Holzweber and Hutter (Tables 1 and 2 in
[14]).

The ion emission of clusters and large intact molecules from
organic samples bombarded by keV ions is a manifestation of
nonlinear sputtering processes, which can arise from the rapid
formation of regions of high energy density (energy spikes) near
the surface of targets. Since the total sputtering yield in this case
depends on the effective stopping power of bombarding ions in
the spike volume [26] the increase in the extent of fragmentation
of cations with increasing the length of alkyl chain observed in
our experiments (Fig. 6a) may be associated with increasing the
energy lost by a primary particle as it passes through the ionic
liquids. Indeed, the total (nuclear plus electronic) stopping power,
(dE[dx)n + (dE[dx)e, of 10 keV Ga* ions in the ionic liquid calculated
by using a program SRIM (The Stopping and Range of lons in Mat-
ter) developed by Ziegler [27] and densities of ionic liquids at RT
reported in [28] was found to increase as the alkyl chain length
increases (Fig. 7).

It should be noted that the K*-value obtained in our study for
10keV Ga* ion bombardment of the [bmim][Tf,N] sample hap-
pened to be about 26 times less than that derived from the data[14]
for 25 keV Big* ion bombardment of this IL (Fig. 6a). Although the
impact energy in the latter case (4.17 keV per incident Bi atom) and
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versus the number n of carbons in the alkyl chain of cations. The triangles represent
the fragmentation factors for cation and anion estimated from the datain [14] under
25keV Big" bombardment of [bmim][Tf,N] ionic liquid.

the stopping power of the 4.17 keV Bi atomic fragments were lower
as compared to Ga* ions (Fig. 7), the fragmentation efficiency of the
Bi cluster projectiles was larger due to a significantly higher den-
sity of deposited energy in the surface that gave rise to a dramatic
increase in the probability of spike formation [26].

The extent of fragmentation of the [Tf,N]~ anion was also found
to depend on the number of carbons in alkyl chain of cations
(Fig. 6b) but in a way quite opposite to the trend of cation frag-
mentation. It was ascertained [30,31] that ion pairs in imidazolium
ILs exhibit preferred orientation in the topmost surface layer, with
the cation ring lying flat along the surface plane and the alkyl
chain protruding toward vacuum. Moreover, the lengthening of
alkyl chain from [emim] to [omim] was established [32] to result
in a larger amount of aliphatic carbon concentrated on the sur-
face. It was shown [33,34] that in ionic liquids [C,mim][Tf,N] with
a shorter alkyl chain (n=2, 4) the anions and cations share the
surface, whereas in the case of ILs with longer aliphatic chains
(n=6, 8) the alkyl chain layer tends to cover the outermost sur-
face, concealing the anion. Such a structure can ensure greater
protection of the anionic moiety of ILs against the bombarding
ions while the significant part of the deposited Ga* ion energy
would be spent on the fragmentation of cations. According to angle
resolved neutral impact collision ion scattering spectroscopic study
of [Comim][Tf;N] ILs [34], no fluorine is located directly at the
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Fig. 7. Calculated total stopping power of 10keV Ga* ions in the [C,mim][Tf,N]
ionic liquids versus the number n of carbons in the alkyl chain of cations. The tri-
angle represents the stopping power of 4.17 keV Bi atoms in [bmim][Tf,N] ionic
liquid. The actual stopping power per Bi atom under 25 keV Big* bombardment of
[bmim][Tf,N] may even be lower as compared to 4.17 keV Bi atomic bombardment
due to a “clearing-the-way effect”, which is significant for heavy ions incident on
light-mass targets [29].

surface, and the maximum of the fluorine depth profile shifts into a
greater depth with increasing chain length. In agreement with this
data we observe a monotonic decrease in the yield of fluorine ions
by a factor of ca.110 in going from [emim][Tf,N] to [omim][Tf;N]
ionic liquids (Fig. 5).

On the other hand, the probability that the anion will be
ejected intact (which is obviously the inverse of fragmentation
factor K~) increases with increasing the alkyl chain length. This
may be explained by the following reasons. The effective stop-
ping power of bombarding ions in the spike volume rises with
increasing the number of carbons in alkyl chain of ILs (Fig. 7)
and thus should result in an increase in sputtering yield of vari-
ous fragments and large intact molecules, in particular of neutral
ion pairs [C,mim][Tf,N]. Subsequent bombardment induced dis-
sociation of excited neutral ion pairs to [Comim]* and [Tf;N]~
would contribute to increasing yield of intact anions. This is
supported indirectly by emission of supramolecular aggregates
{[Camim],[Tf,N]}* which appreciably increases with increasing
n and appears to arise from ion/molecule association events
[Comim][Tf,N] +[Cymim]* — {[Cymim][Tf,N][Cymim]}* [12].

In contrast to fragmentation of cations, the K~-value obtained
in the present work for 17keV Ga* ion bombardment of the
[bmim][Tf,N] sample turned out to be ca. 470 times greater than
that estimated from the data [14] for 25keV Big*" ion bombard-
ment (Fig. 6b). In this case, the efficiency of the anion fragmentation
appears to be mainly determined by ability of the projectiles
to penetrate into the subsurface layers which will be substan-
tially larger for 17 keV Ga* ions as compared to heavier and less
energetic (4.17 keV) Bi atoms (245 vs. 116 A, respectively [27]).
In our instrument, it was not possible to decrease Ga* impact
energy below 15 keV without considerable loss in intensity of ana-
lyte signals because an accelerating potential (-5 kV) was applied
to the sample holder to allow efficient extraction of negative
secondary ions. However, as can be seen from the dependence
shown in Fig. 8 for the [emim][Tf,N] sample, the K~-value strongly
decreases with decreasing the impact energy and even small reduc-
tion of the Ga* ion energy from 17 to 15keV gives rise to a
decrease in the fragmentation factor K~ for the anion from 1410
to 35.
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Fig. 8. Fragmentation factor for [Tf,N]-anion of the [emim|[Tf,N] ionic liquid versus
the energy of Ga* bombarding ions.

4. Conclusions

A TOF-SIMS study on the fragmentation of a series of asym-
metric imidazolium ionic liquids [C,mim][Tf,N], where n=2, 4,
6, and 8, has been carried out using Ga* bombarding ions with
energies of 10 to 20keV. The fragmentation patterns in the posi-
tive and negative secondary ion mass spectra were different and
depended on the number of carbons in alkyl chain of cations. The
predominant peaks in the positive and negative spectra of ionic
liquids were respectively intact cation [C;mim]* and anion frag-
ment F~. Fragmentation of cations and anion was established to
occur via both single- and two-bond cleavage of the molecular
backbone. Fragmentation of cations gives rise to a characteristic
series of positive molecular ions corresponding to sequential loss
of a methylene group from alkyl chain, with the probability of eject-
ing the ion fragment increasing with decreasing the number of
CH; units remaining in the chain. The increase in the alkyl chain
length was found to result in increasing the ratio of all positive
fragment ion peaks to cation peak from 0.02 for n=2 ([emim]*)
to 0.75 for n=8 ([omim]*). On the contrary, the ratio of all neg-
ative ion fragments to the intact [Tf,N]~ anion peak decreased
from 1410 for n=2 ([emim]*) to 8 for n=8 ([omim]*) as the alkyl
chain length increased. For the [emim][Tf,N] sample, the extent
of the anion fragmentation was observed to decrease by a factor
of 140 with decreasing the Ga* bombardment energy from 20 to
15keV. Such a character of bombardment-induced fragmentation
is assumed to be mainly associated with stopping of projectiles
and structural self-organization of ILs. Not only fragmentation but
also association processes were revealed to take place under ion
bombardment of ionic liquids [C,mim][Tf,N] leading to formation
of positive ions heavier than cations and attributed to methylene
adducts [C,;mim(CH;)x]* (x=1-3) and cation species [C,mimO]*,
[ChnmimF]* containing anion constituents.

Acknowledgments

We acknowledge the funding from the Portuguese research
Grants No. PEst-OE/FIS/UI0068/2011 and No. PTDC/CTM-
ENE/2514/2012 through FCT-MEC and from the Ministry of
Education and Science of Russian Federation (contract no.
14.B37.21.0895).

References

[1] H.-P. Steinriick, Surface science goes liquid!, Surf. Sci. 604 (2010) 481-484.



N. Bundaleski et al. / International Journal of Mass Spectrometry 353 (2013) 19-25 25

[2] P.Wasserscheid, T. Welton (Eds.), lonic Liquids in Synthesis, Wiley-VCH, Wein-
heim, 2008.

[3] J. Gunster, O. Hofft, S. Krischok, R. Souda, A time-of-flight sec-
ondary ion mass spectroscopy study of 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide RT-ionic liquid, Surf. Sci. 602 (2008)
3403-3407.

[4] C.Chiappe, C.S.Pomelli, U. Bardi, S. Caporali, Interface properties of ionic liquids
containing metal ions: features and potentialities, Phys. Chem. Chem. Phys. 14
(2012) 5045-5051.

[5] E.F. Smith, F.J.M. Rutten, L]. Villar-Garcia, D. Briggs, P. Licence, lonic liquids in
vacuo: analysis of liquid surfaces using ultra-high-vacuum techniques, Lang-
muir 22 (2006) 9386-9392.

[6] H. Hashimoto, A. Ohno, K. Nakajima, M. Suzuki, H. Tsuji, K. Kimura, Surface
characterization of imidazolium ionic liquids by high-resolution Rutherford
backscattering spectroscopy and X-ray photoelectron spectroscopy, Surf. Sci.
604 (2010) 464-469.

[7] J.N.A. Canongia Lopes, A.H. Padua, Nanostructural organization in ionic liquids,
J. Phys. Chem. B 110 (2006) 3330-3335.

[8] P. Yang, G.A. Voth, D. Xiao, L.G. Hines Jr., R.A. Bartsch, E.L. Quitevis, Nanos-
tructural organization in carbon disulfide/ionic liquid mixtures: molecular
dynamics simulations and optical Kerr effect spectroscopy, J. Chem. Phys. 135
(2011) 034502 (12 pages).

[9] J.P. Armstrong, C. Hurst, R.G. Jones, P. Licence, K.RJ. Lovelock, C.J. Satterley, L.
Villar-Garcia, Vapourisation of ionic liquids, Phys. Chem. Chem. Phys. 9 (2007)
982-990.

[10] J.P. Leal, ].M.S.S. Esperanca, M.E. Minas de Piedade, ].N.A. Canongia Lopes, L.P.N.
Rebelo, K.R. Seddon, The nature of ionic liquids in the gas phase, J. Phys. Chem.
A111(2007)6176-6182.

[11] J.H. Gross, Molecular ions of ionic liquids in the gas phase, ]. Am. Soc. Mass
Spectrom. 19 (2008) 1347-1352.

[12] B.A.D. Neto, E.C. Meurer, R. Galaverna, B.J. Bythell, J. Dupont, R.G. Cooks, M.N.
Eberlin, Vapors from ionic liquids: reconciling simulations with mass spectro-
metric data, ]. Phys. Chem. Lett. 3 (2012) 3435-3441.

[13] J.J.D. Fitzgerald, P. Kunnath, A.V. Walker, Matrix-enhanced secondary ion mass
spectrometry (ME SIMS) using room temperature ionic liquid matrices, Anal.
Chem. 82 (2010) 4413-4419.

[14] M. Holzweber, H. Hutter, Investigation of 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide under Bi,** cluster ion bombardment, Surf.
Interface Anal. 42 (2010) 1025-1029.

[15] M. Holzweber, E. Pittenauer, H. Hutter, Investigation of ionic liquids under Bi-
ion and Bi-cluster ions bombardment by ToF-SIMS, ]. Mass Spectrom. 45 (2010)
1104-1110.

[16] Available at: http://www.merckmillipore.com/chemicals/ionic-liquids (2013).

[17] S. Zhang, N. Sun, X. He, X. Lu, X. Zhang, Physical properties of ionic liquids:
database and evaluation, J. Phys. Chem. Ref. Data 35 (2006) 1475-1517.

[18] S. Holopainen, M. Nousiainen, J. Puton, M. Sillanpad, U. Bardi, A. Tolstogouzov,
Evaporation of ionic liquids at atmospheric pressure: study by ion mobility
spectrometry, Talanta 83 (2011) 907-915.

[19] CA.A. Ghumman, AM.C. Moutinho, A. Santos, O.M.N.D. Teodoro, A. Tol-
stogouzov, An upgraded TOF-SIMS VG Ionex IX23LS: study on the
negative secondary ion emission of IlI-V compound semiconductors
with prior neutral cesium deposition, Appl. Surf. Sci. 258 (2012) 2490-
2497.

[20] C.A.AA. Ghumman, AM.C. Moutinho, A. Santos, A. Tolstogouzov, O.M.N.D.
Teodoro, TOF-SIMS VG lonex IX23LS: upgrade and application for the urinary
stones analysis, Surf. Interface Anal. 45 (2013) 532-536.

[21] D. Briggs, M.J. Hearn, Interaction of ion beams with polymers, with particular
reference to SIMS, Vacuum 36 (1986) 1005-1010.

[22] A. Tolstogouzov, U. Bardi, O. Nishikawa, M. Taniguchi, Study on imidazolium-
based ionic liquids with scanning atom probe and Knudsen effusion mass
spectrometry, Surf. Interface Anal. 40 (2008) 1614-1618.

[23] Y. Dessiaterik, T. Baer, R.E. Miller, Laser ablation of imidazolium based ionic
liquids, J. Phys. Chem. A 110 (2006) 1500-1505.

[24] A.Tolstogouzov, U.Bardi, O. Nishikawa, M. Taniguchi, Mass spectrometric anal-
ysis of imidazolium-based ionic liquids by scanning atom probe, Int. J. Mass
Spectrom. 281 (2009) 37-40.

[25] A. Deyko, K.RJ. Lovelock, P. Licence, R.G. Jones, The vapour of imidazolium-
based ionic liquids: a mass spectrometry study, Phys. Chem. Chem. Phys. 13
(2011) 16841-16850.

[26] LS. Bitensky, D.F. Barofsky, Nonlinear effects in sputtering of organic liquids by
keV ions, Phys. Rev. B 56 (1997) 13815-13825.

[27] Available at: www.srim.org (2013).

[28] H. Tokuda, K. Hayamizu, K. Ishii, M.A.B.H. Susan, M. Watanabe, Physicochemi-
cal properties and structures of room temperature ionic liquids. 2. Variation
of alkyl chain length in imidazolium cation, J. Phys. Chem. B 109 (2005)
6103-6110.

[29] V.L. Shulga, P. Sigmund, Penetration of slow gold clusters through silicon,
Nuclear Inst. Methods Phys. Res. B 47 (1990) 236-242.

[30] T. limori, T. Iwahashi, H. Ishii, K. Seki, Y. Ouchi, R. Osawa, H. Hamaguchi, D.
Kim, Orientational ordering of alkyl chain at the air/liquid interface of ionic
liquids studied by sum frequency vibrational spectroscopy, Chem. Phys. Lett.
389 (2004) 321-326.

[31] S. Rivera-Rubero, S. Baldelli, Surface characterization of 1-butyl-3-
methylimidazolium Br-, I-, PFs~, BF4~, (CF3S0,),N-, SCN-, CH3SO;°,
CH3S04~, and (CN),N~ ionic liquids by sum frequency generation, J. Phys.
Chem. B 110 (2006) 4756-4765.

[32] V. Lockett, R. Sedev, C. Bassell, J. Ralston, Angle-resolved X-ray photoelectron
spectroscopy of the surface of imidazolium ionic liquids, Phys. Chem. Chem.
Phys. 10 (2008) 1330-1335.

[33] T.Iwahashi, T. Nishi, H. Yamane, T. Miyamae, K. Kanai, K. Seki, D. Kim, Y. Ouchi,
Surface structural study on ionic liquids using metastable atom electron spec-
troscopy, Journal of Physical Chemistry C 113 (2009) 19237-19243.

[34] T. Hammer, M. Reichelt, H. Morgner, Influence of the aliphatic chain length of
imidazolium based ionic liquids on the surface structure, Physical Chemistry
Chemical Physics 12 (2010) 11070-11080.



