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Surface structures of binary mixtures of imidazolium-based ionic liquids
using high-resolution Rutherford backscattering spectroscopy and time
of flight secondary ion mass spectroscopy

Kaoru Nakajima, Motoki Miyashita, Motofumi Suzuki, and Kenji Kimura®
Department of Micro Engineering, Kyoto University, Kyoto-daigaku-Katsura, Nishikyo,

Kyoto 615-8549, Japan
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Surface structures of binary mixtures of imidazolium-based ionic liquids having a common anion
(bis(trifluoromethanesulfonyl)imide ([TFSI]), namely [Co,MIM];_«[CoMIM][TFSI] (x = 0.5 and
0.1), are studied using high-resolution Rutherford backscattering spectroscopy (HRBS) and time
of flight secondary ion mass spectroscopy (TOF-SIMS). Although both measurements show sur-
face segregation of [C;(MIM] the degrees of the segregation are different. The surface fraction x,,s
of [C;oMIM] is estimated to be 0.6 = 0.05 and 0.18 + 0.02 by HRBS for x = 0.5 and 0.1, re-
spectively. On the other hand, TOF-SIMS indicates much stronger surface segregation, namely X,y
= 0.83 £ 0.03 and 0.42 £ 0.04 for x = 0.5 and 0.1, respectively. The observed discrepancy can be
attributed to the difference in the probing depth between HRBS and TOF-SIMS. The observed sur-
face segregation can be roughly explained in terms of surface tension. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4838376]

. INTRODUCTION

Room-temperature ionic liquids (ILs) are often called
as “designer solvents” because the properties of ILs can be
tuned by choosing an appropriate combination of a wide
range of cations and anions. This allows a variety of promis-
ing applications.'”® The concept of designer solvents can
be extended by using mixtures of different ILs to tune
the properties more finely.” Recently, it has been recog-
nized that not only the bulk properties but also the sur-
face properties, such as surface tension, wettability, heat and
mass transport, are of prime importance for a number of
applications.'®!3 In this context, understanding of the sur-
face structures of ILs is of prime importance. Many surface
analysis techniques, such as direct recoil spectroscopy,'* sum
frequency generation (SFG) spectroscopy,'” X-ray reflectiv-
ity (XR) measurement,'® angle resolved X-ray photoelectron
spectroscopy (ARXPS),!” low energy ion scattering spec-
troscopy (LEIS),'® metastable impact electron spectroscopy
(MIES)," time of flight secondary ion mass spectroscopy
(TOF-SIMS),”® high-resolution Rutherford backscattering
spectroscopy (HRBS)?! and Neutral impact collision ion scat-
tering spectroscopy (NICISS),?? have been employed to study
the surface structures of ILs. These techniques have their own
pros and cons. In the early days, there were discrepancies
between the observed surface structures.!*!¢ After extensive
studies, a general consensus has been formed on the surface
structures of ILs.'> The surface is shared equally between
cations and anions. When the molecules contain alkyl chains,
the alkyl chains protrude into the vacuum. Concerning the sur-
face structures of mixtures of ILs, however, there are still con-
flicting results.
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Souda has studied the surface composition of binary mix-
tures of ILs using TOF-SIMS.?* He found very strong surface
segregation of larger cations and/or larger anions. This sug-
gests that the surface properties can be designed separately
from the bulk properties by using mixtures of appropriate
ILs. We have also observed the surface structures of equimo-
lar mixtures of imidazolium-based ionic liquids (ILs) having
a common cation (1-butyl-3-methylimidazolium ([CsMIM])
or 1-hexyl-3-methylimidazolium ([C¢MIM])) and different
anions (bis(trifluoromethanesulfonyl)imide ([TFSI]), hex-
afluorophosphate ([PF¢]) or chlorine) using HRBS.** Our
results, however, are very different from the TOF-SIMS re-
sult. We found that the [TFSI] anion is slightly enriched
at the surface relative to [PF¢] with coverage of ~60% for
the equimolar mixtures of [C46MIM] [TFSI]o5[PFslo5. No
surface segregation is observed for [CsMIM][TFSI]5[Cl]os
and [C¢MIM][PFglos[Cl]ps. This is very different from the
TOF-SIMS result. A similar result (no surface segregation)
was also observed for the mixture of [C,MIM] [TFSI] and
[C1,MIM] [TFSI] using ARXPS.? The origin of the discrep-
ancy between TOF-SIMS and HRBS/ARXPS has not been
clarified yet.

In the present paper, we observe the surface structure of
the mixture of [C;MIM] [TFSI] and [C;oMIM] [TFSI] us-
ing HRBS and TOF-SIMS. The result of HRBS shows weak
surface segregation of [C;oMIM] while the TOF-SIMS result
shows rather strong surface segregation of [C;oMIM]. The
origin of the observed discrepancy is discussed based on the
surface structures observed by HRBS.

Il. EXPERIMENTAL

The ILs used in this study were purchased from Kanto
Reagent (Japan) and measured by HRBS and TOF-SIMS

© 2013 AIP Publishing LLC
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FIG. 1. Schematic drawing of the TOF-SIMS setup.

without further purification. The details of the HRBS
measurement can be found in our previous papers.’*%6 A
schematic drawing of the TOF-SIMS setup is shown in Fig. 1.
A disk-shaped sample holder made of copper was filled with
IL and kept for a few days in an UHV scattering chamber
(base pressure 2 x 10~% Pa) before SIMS measurements to
reduce possible contamination of water. The UHV chamber
was connected to the 4 MV Van de Graaff accelerator of
Kyoto University via a differential pumping system. A beam
of 0.84 MeV C* ions was collimated by a series of 4-jaw slit
systems to 0.1 x 0.1 mm? in size and less than 0.2 mrad in di-
vergence. The beam current was monitored by a Faraday cup.
The beam current was reduced lower than the detection limit
of the Faraday cup (<0.1 pA) during the TOF-SIMS measure-
ment. The collimated beam was slightly deflected downwards
using an electrostatic deflector installed just before the sam-
ple holder so that the C* ions were incident on the surface of
IL at a grazing angle. There are a couple of electrostatic de-
flectors downstream the target. By applying appropriate volt-
ages on these deflectors the ions scattered at a chosen scatter-
ing angle were selected by a small aperture (acceptance angle
= 1.1 mrad) placed on the entrance focal plane of a 90° sector
magnetic spectrometer. Using this system energy spectrum of
the scattered ions at scattering angles ranging from 0 to 10
mrad can be measured without rotating the magnetic spec-
trometer around the target. The energy resolution of the spec-
trometer was about 1 keV for 0.84 MeV C* ions. The sec-
ondary ions emitted from the surface of IL were accelerated
to 1.5 keV and detected by a micro-channel plate (MCP) af-
ter traveling a drift tube of 410 mm length. Using the signals
of the scattered C ions detected by the 90° magnetic spec-
trometer as start signals, the time of flight spectrum of the
secondary ions was measured. Note that the incident C* ions
are subject to charge exchange processes during the scattering
from the IL. We measured C>* ions using the magnetic spec-
trometer because C2* is the dominant charge state under the
present conditions. This grazing incidence SIMS provides ex-
cellent surface sensitivity because the scattered ions interact
only with the surface region as is discussed later in this paper.
It should be noted that the estimated intensity of the primary
ion beam is <1 x 10*ions/s and the typical measurement time
is 1 h. This corresponds to a fluence of <1 x 10'* ions/cm?,
which is four orders of magnitude smaller than the surface
density of molecules. Thus the radiation damage induced by

the primary ions can be neglected in the present TOF-SIMS
measurement.

lll. RESULTS
A. HRBS measurement

Figure 2 shows examples of the HRBS spectra ob-
served at an exit angle 6, = 87° with respect to the sur-
face normal, when 400 keV He' ions were incident on
[C,MIM][TFSI], [CioMIM][TFSI], and equimolar mixture
of [C;MIM]ys[CoMIM]o5[TFSI]. There are several steps
in the observed spectra. Each step corresponds to the on-
set of the spectrum of each element, namely, the step corre-
sponds to the surface position of each element. The dashed
lines show the results of the spectrum simulation for a uni-
form and stoichiometric composition. The agreement be-
tween the measurement and the simulation is roughly good,
showing that the overall composition is close to the sto-
ichiometric composition. Looking at the spectrum closely,
however, the observed spectra deviate from the simulated
ones around the steps. For example, a sharp peak is seen
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FIG. 2. HRBS spectra of [CoMIMI[TESI], [CioMIM][TESI], and

[C2MIM]j5[C1oMIM]o 5[ TFSI] observed at an exit angle 6. = 87° with
respect to the surface normal. The incident energy was 400 keV and the
scattering angle is ~50°. The dashed lines show the calculated spectra
for a uniform and stoichiometric composition. The agreement between
the observed and calculated spectra is reasonably good except for small
discrepancies seen at the leading edges of elements. The solid lines show the
best-fit results of spectrum simulation.
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FIG. 3. Composition depth profiles for [CoMIM][TFSI] derived from the ob-
served HRBS spectrum through spectrum simulation. The depth scale shown
in the upper abscissa is calculated using a bulk density. The horizontal ar-
row shows the depth region corresponding to the topmost molecular layer
estimated using the bulk density.

at the fluorine edge for [C,MIM][TFSI], similar peaks are
also seen at the carbon edge for [C;oMIM][TFSI] and
[C:MIM]5[C1oMIM]s[TFESI]. These deviations indicate
that the surface composition is different from the bulk com-
position and/or the molecules have preferential orientations.
The composition depth profiles were derived through the
spectrum simulation. The best-fit result of the spectrum simu-
lation is shown by solid lines in Fig. 2. The obtained composi-
tion depth profiles are shown in Figs. 3—-5. It should be noted
that the RBS analysis gives the depth scale in units of areal
density of atoms (i.e., atoms cm~2). This depth scale can be
converted to “nm” using the bulk density of IL as is shown in
the upper abscissa. Note that the scale in nm is just a rough es-
timate because the atomic density might be different from the
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FIG. 4. Composition depth profiles for [C;oMIM][TFSI] derived from the
observed HRBS spectrum through spectrum simulation. The depth scale
shown in the upper abscissa is calculated using a bulk density. The dashed
arrow shows the depth region corresponding to the topmost molecular layer
estimated using the bulk density. The solid arrow shows that estimated from
SFG results (see text).
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FIG. 5. Composition depth profiles for [CoMIM]o5[C10MIM]o 5[ TFSI] de-
rived from the observed HRBS spectrum through spectrum simulation (solid
lines). The depth scale shown in the upper abscissa is calculated using a bulk
density. The dashed lines show the averaged profiles of [CoMIM][TFSI] and
[C1oMIM][TFSI] (see text).

bulk density in the surface region. We also mention that the
depth resolution of HRBS is about 0.1 nm at the surface in the
present case and becomes worse with increasing depth due to
energy loss straggling, for example, the depth resolution be-
comes about 1 nm at a depth of 3 nm. From these figures it
is clear that the observed composition deviates from the bulk
composition at surface although the agreement is very good
at the deeper region.

The thickness of one molecular layer can be estimated
by t = p~!3, where p is the bulk density of molecular pair
(2.34 x 10%! and 1.53 x 10?! cm™3 for [C,MIM][TFSI] and
[CioMIM][TFSI], respectively). The estimated thickness is
0.75 nm for [C,MIM][TFSI]. The depth region corresponding
to the topmost molecular layer is shown by a horizontal arrow
in Fig. 3. By integrating the elemental depth profiles in this
topmost molecular layer, the average composition in the top-
most molecular layer was estimated to be S, ¢Fg0039N27Cs 3
for [C,MIM][TFSI]. This is close to the stoichiometric com-
position, S;FcO4N3Cg, indicating that the surface is equally
shared by cations and anions. However, the observed com-
position profiles are not flat in the topmost molecular layer,
indicating that the molecules have preferential orientations at
the surface. There are a small carbon peak at the surface and
a large fluorine peak at ~0.1 nm while other elements are
slightly depleted at the very surface region. These results in-
dicates that the ethyl groups in the [C;MIM] cations and CF;
groups in the [TFSI] anions point toward the vacuum as is
schematically shown in Fig. 6(a). This is in accordance with
the previous studies.”>?’ Note that [TFSI] has two stable con-
formers, cis and trans conformers, and the latter is more sta-
ble than the former by 3.5 kJ mol~!.?® The fluorine profile
has a sharp surface peak and a broad dip in the sub surface
region. As was discussed in the previous paper, this fluorine
profile indicates that cis conformer is dominant in the topmost
molecular layer as is shown in Fig. 6(a).?” This is reasonable
because all CF3 groups can occupy the surface to reduce the
surface energy.
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FIG. 6. Schematic drawings of the surface structures of (a) [CoMIM] [TFSI],
(b) [C1oMIM] [TFSI] and (c) mixture of [CoMIM]y 5[C1oMIM] s[TFSI].

As can be seen in Fig. 4, the elemental depth profiles of
[C1oMIM][TFSI] also deviate from the bulk composition in
the surface region. The carbon profile has a broad surface peak
while nitrogen is depleted in the surface region. This indi-
cates that the decyl group points toward the vacuum. The pro-
files of oxygen and sulfur are very similar to nitrogen, show-
ing that the N(SO,) , moiety of [TFSI] are located at almost
the same depth as the imidazolium rings. On the other hand,
the fluorine profile is slightly shifted to the vacuum compared
with sulfur, oxygen, and nitrogen. This indicates that the CF3
groups in [TFSI] point toward the vacuum. Different from
[Co,MIM][TFSI], the fluorine profile does not have a sharp
surface peak and depleted in the surface region. This means
that the CF3 groups do not occupy the surface and the sur-
face is covered by decyl chains. This suggests that the trans
conformer of [TFSI], which is energetically more stable than
the cis conformer, is dominant. From these findings the sur-
face structure of [C{oMIM][TFSI] is derived as is shown in
Fig. 6(b). This is again in good agreement with the results of
the previous studies on [C,MIM][TFSI].>>?’

The thickness of one molecular layer was estimated to
be 0.87 nm for [C;(MIM][TFSI] using ¢ = p~ 13 (shown
by a dashed arrow in Fig. 4). The average composi-
tion of the topmost molecular layer was estimated to be
S13F48030N23Cy7,, which deviates remarkably from the
bulk composition S;FsO4N3Cj¢. This is because the sim-
ple estimate of the thickness of the topmost molecular layer
(t= p~ ') is not correct for the ILs containing long molecules
like [C1oMIM] whose length is as long as ~1.8 nm. SFG mea-
surements demonstrated that the alkyl chains of the surface
[C.MIM] cations are tilted by ~50° with respect to the sur-
face normal.?®3° Thus, the thickness of the topmost molecular
layer of [C1oMIM][TFSI] would be 1.2 nm (shown by a solid
arrow in Fig. 4, which corresponds to 1.07 x 10'¢ atoms/
cm?). Using the thickness thus estimated the average com-

J. Chem. Phys. 139, 224701 (2013)

position in the topmost molecular layer is estimated to be
S16F53036N28C166 from the observed composition depth
profile. This is in reasonable agreement with the bulk compo-
sition. It is noteworthy that sulfur, fluorine, oxygen, and nitro-
gen profiles have a peak around 1 nm. Because these elements
are located at the bottom of the topmost molecular layer (see
Fig. 6(b)) this is consistent with the above estimated thick-
ness of 1.2 nm. This confirms that the decyl chains are tilted
by ~50° at the surface of [C;(MIM][TFSI].

Figure 5 shows the composition depth profiles of the
mixture of [C,MIM]g5[C1oMIM]y5[TFSI] derived from the
HRBS measurement. From these profiles, the composi-
tion of the topmost molecular layer is calculated to be
S15F50034N,7C;33. For comparison, the averaged profiles
of [C;MIM][TFSI] and [CoMIM][TFSI] (equal-weighted av-
erage) are also shown by dashed lines. The observed profiles
of the mixture are expected to agree with these averaged pro-
files if there is no surface segregation of particular molecules.
The agreement is very good at deeper region (>2 nm). In the
region of the topmost molecular layer, however, there are dis-
crepancies. For example, the observed carbon composition is
larger than the averaged profile. This suggests surface segre-
gation of [C;MIM].

In order to estimate the degree of the surface segre-
gation quantitatively, the expected profiles for [Co,MIM];_x
[C1oMIM][TFSI] were derived for various x by averaging
the profiles of [Co,MIM][TFSI] and [C;(MIM][TFSI] with
weights 1 — x and x. From these weighted average pro-
files, the composition of the topmost molecular layer was cal-
culated. Figure 7 shows the comparison between the com-
position thus calculated and the composition measured for
the mixture (S;5F50034N>7C33). The abscissa shows x, the
fraction of [C;oMIM][TFSI], and the ordinate shows the ratio
of the calculated composition to the measured one for each
element. The fraction x,,s of the topmost molecular layer was
determined for each element so that the ratio is equal to unity.

—
N

T T T T
St Xgur=0.603
F: Xg=0.618
O: Xgu 1 =0.580
r N: Xgur=0.394
C: Xgur=0.859
H: Xgu=0.525

1 1 1 1 1
0.4 0.5 0.6 0.7 0.8
Xsurf: Fraction of [C;)MIM][TFSI] in 1st layer

e
=%
W

0.9

Estimated comp. of 1st layer / Measured comp.

FIG. 7. Comparison between the estimated composition of the Ist layer with
the measured one for [CoMIM]g 5[C1oMIM]g 5[ TFSI]. The ratio of the es-
timated composition to the measured one is shown for each element as a
function of the [CoMIM] fraction, xg,s. The determined values of xy,s for
each element are indicated (see text).
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FIG. 8. Estimated depth profiles for [CoMIM]p4[CioMIM]o6[TFSI]
(dashed lines) are compared with the observed profiles for [CoMIM]g 5
[C10MIM]p s[TFSI]. The agreement is roughly good in the topmost molec-
ular layer, indicating that a weak surface segregation of [C;oMIM] occurs.
Slight difference indicates the surface structure of the mixture is modified
from a simple combination of pure ILs (see text).

The results are scattered in a rather wide region from 0.4 to
0.9, especially the results of light elements, as is shown in
Fig. 7. This is because the precision of RBS analysis for light
elements is generally poor compared to heavier elements due
to their smaller cross sections and spectrum overlapping with
heavier elements. The fraction averaged for all elements is
Xauyr = 0.6 £ 0.05 and the same result (xy,r = 0.6) is also
obtained by neglecting the light elements (H, C, N).

Figure 8 shows the comparison between the pro-
files expected for [CoMIM]y4[CioMIM]o6[TFSI] (dashed
lines) and the profiles measured for the mixture of
[CoMIM] 5[C1oMIM] s[TFSI] (solid lines). The agreement
is improved substantially compared to Fig. 5. There are, how-
ever, still some differences. The estimated fluorine profile has
a small peak at 0.2 nm while there is no such a peak in
the measured profile. This suggests that [TFSI], probably to-
gether with [C,MIM], are located deeper positions compared
with the pure [C,MIM][TFSI] as is schematically shown in
Fig. 6(c). In passing, we also estimated the elemental depth
profiles of the mixture, aligning the observed profiles of pure
ILs not from the surface but at the anion (and the cation core)
positions. The obtained surface fraction X,y is almost the
same as obtained above.

A mixture of [C;MIM]y9[C1oMIM]1[TFSI] was also
measured by HRBS. Figure 9 shows the composition depth
profiles determined form the observed HRBS spectrum. A
similar analysis was done and the resultant fraction of the top-
most molecular layer is xg,,r = 0.18 4= 0.02. The composition
depth profiles expected for [C;MIM]g 52[C1oMIM]g 15[ TFSI]
(dashed lines) are compared with the observed profiles in
Fig. 9. Similarly to Fig. 8, there are some discrepancies,
i.e., the expected fluorine profile has a sharp peak at sur-
face while the observed fluorine profile has a broad peak at
slightly deeper position. The expected profiles for sulfur, oxy-
gen, and nitrogen are shifted to the surface compare to the ob-
served profiles. These differences are again attributed to the

J. Chem. Phys. 139, 224701 (2013)
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FIG. 9. Estimated depth profiles for [CoMIM]jg2[Ci1oMIM]g 13[TFSI]
(dashed lines) are compared with the observed profiles for [CoMIM]o o
[C10MIM]o 1 [TFSI]. The agreement is roughly good in the topmost molec-
ular layer, indicating that a weak surface segregation of [C;oMIM] occurs.
Slight difference indicates the surface structure of the mixture is modified
from a simple combination of pure ILs (see text).

fact that [TFSI] and [C,MIM] molecules are located deeper
positions compared with the pure [C,MIM][TFSI]. The dif-
ferences are more pronounced in the present case, because
[CoMIM][TFSI] is dominant.

B. TOF-SIMS measurement

Figure 10 shows an example of the observed angular dis-
tribution of the scattered C>* ion when 0.84 MeV C* ions are
incident on [C,MIM][TFSI] at 6; = 1.7 mrad. The observed
distribution has a well-defined peak at a scattering angle 6,
= 5.4 mrad, which is slightly larger than the specular angle.
Figure 11 shows the energy spectrum of the scattered C>* ions
observed at 6, = 4.4 mrad when 0.84 MeV CT ions are inci-
dent on [C,MIM][TFSI] at 6; = 0.8 mrad. For comparison
the energy spectrum of the incident ions is also shown. The
average energy loss of the scattered ions is calculated to be

60000 ; ; ; ; — : : : :
0.84 MeV C" -~ [C,mim][TFSI] - C*'
| 6 = 1.7 mrad 4
40000 |- 2N -
5 - d e, 1
o S
o i/ "o,
20000 - / " e
J e
0 L -"' L L | L L L L | L
0

5 10
SCATTERING ANGLE (mrad)

FIG. 10. Angular distribution of the scattered C2* ions when 0.84 MeV C+
ions are incident on [C;MIM][TFSI] at 6; = 1.7 mrad. The observed distri-
bution has a well-defined peak at a scattering angle 65 = 5.4 mrad, which is
slightly larger than the specular angle.
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FIG. 11. The energy spectrum of the C>* ions scattered at O = 4.4 mrad
when 0.84 MeV C7 ions are incident on [CoMIM][TFSI] at ; = 0.8 mrad.
The spectrum of the direct beam is also shown by open circles.

AE = 15.3 keV. The stopping power S of 0.84 MeV C™ ions
in [C;MIM][TFSI] was calculated to be 0.64 keV/nm using
SRIM code.?! Assuming that the ion trajectory can be approx-
imated by two straight lines with a single deflection (see the
inset of Fig. 11), the penetration depth is given by
AE
d= 1 1 . @))

The typical penetration depth in the present measurements is
as small as ~0.05 nm. This does not mean that the informa-
tion depth is 0.05 nm because the collision cascade may ex-
tend to several nm from the ion trajectory. However, such a
small penetration depth indicates that the projectile energy is
effectively transferred to the surface region. As a result, effi-
cient secondary ion emission is expected.

Figure 12(a) shows an example of the observed TOF
spectrum of the secondary ions emitted from [C,MIM][TFSI]
during the grazing angle scattering of 0.84 MeV C* at
0; = 0.8 mrad. There are many peaks of secondary ions. The
total secondary ion yield is calculated to be 0.7 ions per inci-
dent C* ion. This is extremely large compared with the con-
ventional TOF-SIMS, where several tens keV ions are inci-
dent on a specimen at a large incident angle. This is partly
because our probe ion interacts mainly with the surface. As a
result, the energy of the probe ion is efficiently transferred to
the surface molecules.

In the TOF spectrum, there is a relatively large peak of
the intact cations ([C;MIM]") at m/g = 111 as well as frag-
ment ions such as CH3™ (m/g = 15), C,Hyt (/g = 28) and
C,NH4+ (m/q = 42) originating from the [C;MIM] cation.
The yield of the intact [C;MIM]* is 0.014 ions per incident
ion. Concerning the [TFSI] anion, no intact [TFSI] ion was
observed but some fragment ions, such as F*, CF*, and CF; ™"
are clearly seen at m/g = 19, 31, and 69, respectively.

Figure 12(b) shows the observed TOF spectrum of the
secondary ions emitted from [C;oMIM][TFSI] during the
grazing angle scattering of 0.84 MeV C* at 6; = 1.4 mrad.
There is a weak peak of [C;oMIM]" at m/g = 223 as well
as fragment ions originating from [C;oMIM]. Similarly to
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FIG. 12. TOF spectra of the secondary ions emitted from (a)
[C:MIM][TFSI], (b) [C1oMIM][TFSI], (¢) [C2MIM]o.5[C1oMIM]o.s[TFSI],
and (d) [CoMIM]o9[C10MIM]p 1 [TFSI] during the grazing angle scattering
of 0.84 MeV C™. The incident angles are (a) 6; = 0.8 mrad (b) 6; = 1.3
mrad, (¢) 0; = 0.8 mrad, and (d) #; = 1.4 mrad.

[CoMIM][TFESI], no intact [TESI] ion was observed. Some
fragment ions from [TFSI], such as F* and CF" are seen
but their yields are very low compared to [C,MIM][TFSI]
and no CF;" peak is seen. This is consistent with the
surface structure of [C;oMIM][TFSI] determined by HRBS
(Fig. 6(b)), where [TFSI] anions are covered by the decyl
chains of [C{oMIM]. Thus, the emission of secondary ions
originating from [TFSI] is prevented by the decyl chains. The
present result demonstrates excellent surface sensitivity of
TOF-SIMS. The [TFSI] molecules located at 1 nm from the
surface are hardly observed.

Figure 12(c) shows the observed TOF spectrum of the
secondary ions emitted from the mixture of [C;MIM]ys
[CioMIM]o5[TFSI] during the grazing angle scattering of
0.84 MeV C* at #; = 0.8 mrad. Surprisingly, the spec-
trum is almost identical to that of pure [C;oMIM][TFSI],
except for a small peak of [C,MIM]™ seen at m/q = 111.
This suggests the surface is almost completely covered by
[C1oMIM][TFSI] in contradiction to the HRBS result. The
surface molecular composition is estimated from the observed
secondary ion yields in the following manner. The measured
[C;MIM]™ yields are (1.3 £ 0.2) x 1072 and (2.3 & 0.2)
x 1073 ions per incident ion for pure [C,MIM][TFSI] and
[CoMIM]5[C1oMIM]o 5[ TFSI], respectively. Assuming that
the secondary ion yield is proportional to the surface concen-
tration of the relevant molecule, surface fraction of [Co,MIM]
in the mixture of [C,MIM]o5[C1oMIM]y 5[ TFSI] is estimated
to be 0.18 £ 0.03. Similarly, the surface fraction of [C;)MIM]
is estimated to be 1.03 & 0.16 from the measured [C;oMIM]*
yields, which are (3.4 + 0.2) x 103 and (3.5 + 0.5) x 1073
ions per incident ion for pure [C;oMIM][TFSI] and the mix-
ture of [C,MIM] 5[CoMIM]y 5[ TFSI], respectively. By aver-
aging these fractions, the surface composition is estimated to
be [C2MIM]o17:+0.03[C10MIM]o.83£0.03[TFSI].
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Figure 12(d) shows the observed TOF spectrum of the
secondary ions emitted from the mixture of [C;MIM]yg
[CioMIM] i [TFSI] during the grazing angle scattering
of 0.84 MeV C* at 0; = 1.3 mrad. The same anal-
ysis was performed for this TOF spectrum and the
surface molecular composition was determined to be
[CoMIM]o.58+0.04[C10MIM]p 42+0.04[ TFSI].

Finally, there is a small peak at m/g = 73 which shows a
bit strange behavior. The peak is absent for [C,MIM][TFSI],
low intensity for [C;oMIM][TFSI] and highest intensity for
[CoMIM] 5[C1oMIM] s[TFSI]. The peak cannot be assigned
but probably originates from trace impurities.

IV. DISCUSSION

Although both HRBS and TOF-SIMS demonstrate
surface segregation of [C;oMIM] for the mixture of
[C;MIM][TFSI] and [C;oMIM][TFSI], the degrees of the
surface segregation are quite different. The HRBS measure-
ment shows weak segregation, i.e., the fraction of [C;MIM]
in the topmost molecular layer is determined to be 0.6
+ 0.05 and 0.18 £ 0.02 for [CQMIM]05[C10MIM]05[TFSI]
and [CoMIM]g9[CioMIM]g 1 [TESI], respectively.
On the other hand, the TOF-SIMS measurements
show rather strong surface segregation. The ob-
tained [C;oMIM] fractions are 0.83 &£ 0.03 and
042 + 0.04 for [CQMIM]O_5[C10MIM]0'5 [TFSI] and
[Co:MIM]9[C1oMIM]o [TESI], respectively. As  was
discussed in the Introduction, similar discrepancies between
TOF-SIMS and HRBS/ARXPS were also observed in the
previous studies.’>* These discrepancies can be attributed
to the extremely high surface sensitivity of SIMS, in other
words the difference in the probing depth between HRBS and
TOF-SIMS.

As was mentioned above, the yield of secondary ions
originating from [TFSI] anions (e.g., CF;*) are much smaller
for [C1oMIM][TFSI] as compared to [C;,MIM][TFSI]. Con-
sidering the surface structures of these ILs, the observed
large difference in the secondary ion yield can be ascribed
to the difference of the position of [TFSI] in these ILs. In
[C1oMIM][TFSI], the [TFSI] anions are located at deeper po-
sitions compared to the [C;MIM][TFSI] and are covered by
the decyl chains (see Fig. 6(b)). Emission of the secondary
ions originating from the [TFSI] anions is blocked by these
decyl chains. As a result, the yields of these ions are much
smaller than those for [Co,MIM][TFSI] as was observed. The
same thing happens for the [C,MIM] cations in the mixture.
The HRBS measurement suggests that [C,MIM] cations are
located at the same depth as [TFSI] and are covered by the
decyl chains (see Fig. 6(c)). Thus the emission of [C,MIM]
ions is suppressed. The present result indicates that care must
be taken in the quantification of TOF-SIMS. From another
viewpoint, the present result demonstrates that TOF-SIMS
has excellent surface sensitivity. By combining TOF-SIMS
with other quantitative analysis techniques such as HRBS or
ARXPS, more detailed information of the surface structure
may be obtained. For example, if the surface of the mixture is
divided into [CoMIM][TFSI] and [C1oMIM][TFSI] domains,
the yield of the secondary [C;MIM] ions should be much
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larger than the observed one. Thus we can conclude that sur-
face of the mixture does not have a domain structure.

The present explanation on the discrepancy between
TOF-SIMS and HRBS is also applicable for the case of
[C4MIM][TFSI]o5[PFslos. The measurement of TOF-SIMS
showed strong surface segregation of [C4;MIM][TFSI]*
while the HRBS measurement indicates only weak surface
segregation.’* This suggests that [PF4] anions are located at
deeper positions than [TFSI] in the topmost molecular layer.
Such a surface structure was actually observed by HRBS.**

Finally, the origin of the surface segregation of [C;MIM]
is discussed in terms of surface tension. The surface ten-
sions y of [C;MIM][TFSI] and [C;oMIM][TFSI] are 36.43
and 31.34 mN/m, respectively.!! The surface free energy
per ion pair for [Co,MIM][TFSI] was estimated by f>
= yp~?» = 0.129 eV. This simple formula is not valid
for [C1oMIM][TFSI] because [C;(MIM] is a long molecule
and its shape cannot be approximated by a cubic. In
Sec. III B, the areal atomic density of the topmost layer of
[C1oMIM][TFSI] was estimated to be 1.07 x 10! atoms/cm?.
This corresponds to the areal density of molecular pair
of 1.84 x 10" pairs/cm?. Thus the surface free energy
per ion pair for [C;)MIM][TFSI] is estimated to be fio
= 0.106 eV. Using these free energies, the surface com-
position, X, of the [C;oMIM] cation for the mixture of
[Co:MIM]; —x[C1oMIMI[TFSI] is given by

xexp(—fio/kT)
xexp(—fio/kT)+ (1 — x)exp(—fz/kT)’

where k is the Boltzmann constant. The estimated surface
composition is 0.71 and 0.21 for x = 0.5 and 0.1, respectively.
These results are in good agreement with the present results,
0.6 + 0.05 and 0.18 £ 0.02.

2

Xsurf =

V. CONCLUSION

The surface structures of the mixtures of [Co,MIM];_x
[C1oMIM][TFSI] for x = 0.5 and 0.1 were observed using
HRBS and TOF-SIMS. Both HRBS and TOF-SIMS measure-
ments show the surface segregation of [C;oMIM] although
the observed degrees of the segregation are quite different.
The surface fraction x,s of [C;9MIM] is determined to be 0.6
£ 0.05 and 0.18 £ 0.02 by HRBS for x = 0.5 and 0.1, respec-
tively while the results of TOF-SIMS are 0.83 £ 0.03 and 0.42
=+ 0.04. This discrepancy is attributed to the difference in the
probing depth between HRBS and TOF-SIMS. Because TOF-
SIMS has excellent surface sensitivity, only the molecules lo-
cated in the outermost position can be observed. Even the
molecules being in the topmost molecular layer may not be
observed by TOF-SIMS if they are located at the bottom of
the topmost layer. From another viewpoint, TOF-SIMS has
excellent surface sensitivity. By combining TOF-SIMS and
HRBS more detailed information on the surface structure can
be obtained.
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