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Probing the Interface of Charged Surfactants
in Ionic Liquids by XPS
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Room-temperature ionic liquids (ILs) are playing increasingly
vital roles in many processes of both fundamental and applied
natures such as separations and catalysis. It is therefore critical
to obtain a better understanding of their interfacial properties
such as surface charge and composition. Here we examine the
influence of positively-charged surfactants on IL interfaces by
X-ray photoelectron spectroscopy (XPS). The roles of surfactant
alkyl chain length, concentration, and information depth on
interfacial properties are investigated. XPS provides detailed
compositional information that is used to calculate properties
such as surface activity, composition, and charge. Depending
on the chain length and concentration, the surfactants can alter
the IL interface to varying extents, highlighting a simple route
to manipulate interfacial properties. Our results are a further
demonstration of the ability of XPS to give insights into the
surface activity and aggregation behavior in multi-component
ionic liquid systems.
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Introduction

Room-temperature ionic liquids (ILs), organic salts with a melting point
below 100 °C, continue to receive intense attention because of their unusual
and diverse properties. The nature of the IL interface is of central importance
in applications such as catalysis, chromatography, and fuel cells (1–5). The
self-assembly of amphiphilic molecules such as surfactants in ILs is also of
fundamental interest to the field of colloid and interface science (6–10).

Because of the negligible vapor pressure of ILs, ultrahigh vacuum (UHV)
techniques can be used to interrogate IL surface and bulk properties (11–18).
The application of UHV based techniques including X-ray photoelectron
spectroscopy (XPS), secondary ion mass spectrometry (SIMS) (12), metastable
impact electron spectroscopy (MIES) (19), direct recoil spectroscopy (20), and
low-energy ion scattering (LEIS) (21), provides insight into both chemistry and
surface properties at molecular length scales. Other surface-sensitive methods
without UHV conditions include sum frequency generation (SFG) (22, 23), X-ray
reflectivity (23, 24), and surface tension measurements (25–27). Among all of
these techniques, XPS is arguably the most common and prominent UHV-based
tool to provide unique information on chemical composition, chemical state
identification and even composition depth profiles of the near-surface region. A
comprehensive review article was recently published by Lovelock et al. (28) on
photoelectron spectroscopy applied to IL interfaces. Since the first work on XPS
of ILs at the IL-air interface reported by Smith et al. (11) and Caporali et al.
(21) in 2005, there have been many XPS studies on the influence of anions (15)
and substituents (16) on the surface composition of neat ILs. Other XPS studies
have sought to reveal the orientation of ions at the interface (14), to monitor
organic reactions in ILs (29) and to characterize novel IL materials such as amino
acid based ionic liquids (30). XPS has also been used to investigate surface
enhancement and solubility of salts dissolved in ILs (18, 31). However, few
studies have examined more complex systems such as surfactant-IL mixtures.
Through the introduction of (charged) surfactants, the interfacial properties such
as surface tension, composition, and charge can be tuned and controlled. More
importantly, these properties can be quantitatively characterized by XPS.

This chapter intends to highlight opportunities in colloid and interface
science made possible by the unique properties of ionic liquids and the strengths
of XPS. While the ability of ILs to solubilize a wide variety of compounds is
of clear interest and continues to be studied (32–38), mixtures that include ILs
have complex phase behavior that is relevant to many potential applications.
For example, the formation of microemulsions or other dispersed phases
can be facilitated and controlled through the use of amphiphilic molecules
(39). At a more basic level, ionic liquids provide a window to re-examine
our understanding of solubility and aggregation phenomena, which is most
often based on our experiences with water, a unique solvent itself. To begin
addressing some of these questions, we have used a model hydrophilic ionic
liquid, 1-ethyl-3-methylimidazolium ethyl sulfate, more commonly referred
to as [EMIM][EtSO4] (see Figure 1). This imidazolium ionic liquid has been
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widely studied (12, 13, 40–43) and is miscible with water in all proportions.
Alkyltrimethylammonium bromides with different alkyl chain lengths were
chosen as model ionic surfactants.

Figure 1. Structures of ionic liquid and surfactants in this study.

Experimental

Materials

[EMIM][EtSO4] was obtained fromSigma (>95%). The ionic liquidwas dried
by heating at 70°C under vacuum for 2 days. The purity of the neat ionic liquid, and
selected surfactants, were assessed by 1H-NMR and did not reveal any impurities.
These findings were confirmed by subsequent XPS control experiments (41).

Dodecyltrimethylammonium bromide (C12TAB) (99%) was purchased
from Fisher. Hexyltrimethylammonium bromide (C6TAB) (>98%),
octyltrimethylammonium bromide (C8TAB) (>98%), decyltrimethylammonium
bromide (C10TAB) (>98%), and tetradecyltrimethylammonium bromide
(C14TAB) (>99%) were purchased from Sigma. All surfactants were used as
received.

Tensiometry

Surface tension was measured by the Wilhelmy method using a Micro
Trough XS (Kibron, Finland). For room temperature isotherms, the samples of
alkyltrimethylammonium bromides were prepared and investigated as described
in a previous report (41). Briefly, after all surfactants were dissolved in
reverse-osmosis water, between 5 and 40μL of aqueous solutions were applied
onto the ionic liquid subphase with volume of 300-500μL. We note that although
water is introduced in the application of surfactant, it is always less than 12%
by volume and does not significantly alter the bare surface tension (Δγ < 3%),
which was also found by Marsh et al (44). Surface tensions were measured after
an equilibration time of 15 min.
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X-ray Photoelectron Spectroscopy

Samples for XPS were prepared and investigated the same way as in a
previous report (41). 5μL of aqueous surfactant solutions were applied onto the
surface of 5μL of IL droplets using (oxygen-plasma-cleaned) silicon wafers as
substrates. Samples were dried in a flowing nitrogen environment for 3 days
at room temperature prior to conducting XPS measurement. XPS data were
recorded using a Physical Electronics Quantum 2000 Microprobe instrument with
monochromatic Al X-rays at 50 W, and a 200 μm spot area. Atomic compositions
were obtained by using known sensitivity factors for the instrument and setup.
To determine molecular compositions, atomic mass balances were performed
using the chemical formulas of each species (for details see Chen et al. (41)).
Importantly, the purity of the neat IL and the negligible influence of water and
nitrogen introduced during preparation were confirmed by several different XPS
control experiments (41).

Results and Discussion

The phase behavior of ionic surfactants is complex and depends on the
solvent, concentration, and temperature. For example, micellization only occurs
above a critical concentration and critical temperature, referred to as the critical
micelle concentration (cmc) and Krafft temperature (Tk), respectively. We have
recently shown that Krafft temperatures for ionic surfactants in ILs are generally
much higher than room temperature (43). As a consequence, surface tension
measurements at room temperature do not entirely reflect the phase behavior
of surfactants, in particular at high concentrations (Figure 2). Because our
XPS measurements were conducted at room temperature, these results are not
complicated by the potential appearance of micelles. Of course, at sufficiently
high surfactant concentrations, a separate solid phase will appear in equilibrium
with the liquid phase. At low surfactant concentrations, interfacial properties
will not be substantially altered – at least until a surface monolayer has been
established. Indeed, as was first noted by Rayleigh (45) the first break in plots
of surface tension vs. concentration (i.e., isotherms) marks the onset of this
condensed phase (Figure 2). Here we denote this transition concentration as
Ca, and it furthermore provides a useful reference point. For example, using a
relative concentration C*≈10Ca allows us to compare surfactants of different
chain lengths in a more meaningful way than on an absolute basis (e.g., Figure 3).

Table 1 lists both the transition concentrations (Ca) and critical micelle
concentrations (cmc) of CnTAB in [EMIM][EtSO4] and in water. As noted earlier,
the cmc can only be attained above the Krafft temperature. Although the Ca is
a function of temperature, the values reported here are at room temperature to
facilitate interpretation of the XPS measurements. Our own cmc determinations
in water are consistent with literature values (46, 47) and these cmc are generally
lower than those in ionic liquids, indicating the well-known behavior of greater
solubility in ionic liquids.
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Figure 2. Isotherms of C14TAB in [EMIM][EtSO4] at different temperatures:
20°C (squares) and 90°C ( circles). The surface tensions of neat IL at different

temperatures are shown as the first points before the break. The Krafft
temperature for this system is Tk = 75°C (43).

Figure 3. (a) Surface fractions, , (CnTA+ (squares), [EMIM]+ (circles),
[EtSO4]- (top triangles), and Br- (bottom triangles) and overall surface charge
ratios (inset) and (b) surface enrichment of CnTAB on [EMIM][EtSO4]. Overall
surface charge is defined as the ratio of total surface cations to total surface

anions. Surface enrichment is defined as the ratio εi = / , where
are taken over the XPS information depth d ≈ 3.2 nm.
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Table 1. Alkyltrimethylammonium Bromide Transition Concentrations and
Critical Micelle Concentrations, in mM, Determined by Tensiometry

Chain length [EMIM][EtSO4] water

Ca
(90°C)

cmcexp
(90°C)

Ca
(20°C)

cmcexp
(20°C)

cmcref
(25°C)

6 70 5100 / / 990 (46)

8 33 3300 43 380 261 (46)

10 6.0 2000 4.3 69 64.6 (47)

12 1.4 510 2.2 14.8 14.2 (47)

14 0.6 190 0.03 3.1 3.6 (47)

Chain Length Effect

Analysis of XPS data typically involves decoupling signal peaks into
contributions from particular elemental types based on their respective binding
energies (12–15). However, this process is complicated in our systems due to
the increased number of species: two ions from the IL and two ions from the
surfactant. We therefore analyzed the elemental composition data by means of
atomic mass balances (48, 49), which only rely on the presence of one or more
unique atomic species (e.g., nitrogen or sulfur). In essence, this approach simply
accounts for the relative amounts of a given element within each molecular species
(41). Once the compositions of all molecular species are determined, numerous

additional quantities may be calculated. The mole fractions of each species
gives an effective surface concentration averaged over the information depth d ≈
3.2 nm (based on an emission angle of 45°) which is greater than the molecular
lengths of the ions and surfactants (50, 51). Figure 3(a) shows the surface
fractions of each species in the CnTAB / [EMIM][EtSO4] mixtures. It can be
seen that the IL components always remain the major surface species, which is
likely due to the relatively low overall concentration of surfactants. As mentioned
earlier, the bulk concentration for each mixture is fixed at C* ≈ 10Ca. In spite
of this normalized concentration, the shorter chain length surfactants are more
abundant near the surface than their longer counterparts are.

To more carefully consider the effect of surfactant chain length, we define
"surface enrichment" as the ratio of surface fraction to bulk fraction, εi =

/ , which provides a measure of the relative tendency of a species to
segregate to the interface (i.e., for an ideal mixture εi = 1). We find that all
CnTA+ surfactants exhibit surface enrichments ε ≫1, confirming their surface
activity at the IL interface (Figure 3(b)). Therefore, XPS can be used as a direct
measure of surface activity even in mixtures, which may prove advantageous in
situations where tensiometry is either not possible or inconvenient. Furthermore,
ε increases exponentially with chain length, which we presume to be due to IL
solvatophobicity, analogous to the hydrophobic effect in water (50). A key result
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of Figure 3 is that while the surface fraction of longer surfactants (e.g., C14TA+) is
not particularly large, they are partitioning to the interface much more efficiently
than shorter surfactants. We also note that the surfactant Br– counterions are
undetectable (below 0.1 atomic %) at the interface for longer surfactants,
suggestive of nearly complete dissociation. This situation is in stark contrast to
CnTAB behavior in water, where a significant fraction of Br– counterions remains
bound to the surfactant (or micelle) (52). Our observation of Br– dissociation is
consistent with earlier studies reporting the dissociation of halides in ILs (e.g.,
Cl– from [Pt(NH3)4]Cl2 in [EMIM][EtSO4]) (18, 20). The surface enrichment
of CnTA+ and simultaneous dissociation of Br– indicate a complex interplay
among the various charged species. Previous work from our group (41) with
anionic surfactants shows similar surface fraction and enrichment effects which
suggest that this behavior does not depend on the specific chemical identity of the
ionic surfactant. We are currently exploring the importance of counterions more
carefully through the examination of zwitterionic and catanionic surfactants.

Another quantity that is directly determined from the XPS compositional data
is the overall surface charge, defined here as the ratio of total cations to total anions.
We again emphasize that this property is defined over the information depth d ≈ 3
nm. This ratio is expected to be unity due to the condition of electroneutrality and
we find that the surface charge ratio is 1.01±0.03 for neat [EMIM][EtSO4] (N =
27), which implies a slight net positive charge of the IL. However, considering the
relative error of the XPS experiments, the overall surface charge is indeed close
to electroneutrality. As shown in the inset of Figure 3(a), the surface charge ratio
shows significant overlap with that of the neat [EMIM][EtSO4] for all surfactant
chain lengths. If we recall that C*≈10Ca, it seems plausible to interpret this effect
to be a result of both IL ions being the majority species at the interface.

Concentration Effects

To further examine the influence of surfactants on IL interfacial properties,
we varied the surfactant concentration for two specific chain lengths: n=8 and
n=14. With increasing C8TAB surfactant concentration, the fractions of [EMIM]+
and [EtSO4]- both decrease, while the fractions of C8TA+ and its counterion Br-
both increase (Figure 4(a)). This trend reflects a dynamic ion exchange process
near the interface, where one cation type progressively exchanges with the other.
A similar trend is observed for the anions. This exchange of ions does not continue
indefinitely, since the C8TA+ and Br- fractions appear to reach a plateau at high
concentrations. Such behavior suggests that even below the Krafft temperature,
the interface achieves complete saturation with C8TA+ at a concentration near
the cmc. This scenario would be consistent with surface tension-concentration
isotherms carried out above the Krafft temperature, where the cmc can be
clearly identified. However, since the XPS experiments were conducted at room
temperature, a second solid phase must appear at high surfactant concentrations,
and certainly before the cmc. We are led to conclude that the solid phase of C8TA+

is minimally surface-active in [EMIM][EtSO4].
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Figure 4. Surface fractions (CnTA+ (squares), [EMIM]+ (circles), [EtSO4]- (top
triangles), and Br- (bottom triangles) and surface charge ratios (inset) of (a)

C8TAB and (b) C14TAB in [EMIM][EtSO4]. The open symbols represent samples
that exhibit a semi-solid surface film.

For the longer C14TAB surfactant, the fraction of C14TA+ increases with
concentration and appears to cross a transition point, beyond which it increases
more steeply (Figure 4(b)). In this second regime the ion exchange of the two
cations (C14TA+ and [EMIM]+) reaches completeness, that is, their fractions
become equal. Curiously, this point of equality coincides almost exactly with
the cmc, even though once again the system is below the Krafft temperature.
The fractions of both anions (Br- and [EtSO4]-) remain more or less constant
irrespective of the surfactant concentration. Therefore, in contrast to the situation
with C8TAB, for C14TAB there are fewer species are participating in the ion
exchange process. The concentration-dependent differences in behavior for
C8TAB and C14TAB might due to several reasons, possibly including that C14TA+

is substantially more surface active than C8TA+ (Figure 3(b)). Furthermore, at
high C14TAB concentrations we observed the formation of semi-solid surface
layer, which is suggestive of a multilayer film (the open symbols in Figure 4(b)
are used in this case). This type of film would be possible if C14TA+ retains
significant surface activity below its Krafft temperature, but further investigation
is needed to clarify the nature of this interface.

Even at high C14TAB concentrations, the Br- counterion is minimally present
while the [EtSO4]- anion is about half of the total surface fraction. A possible
reason for this behavior is that the intermolecular attraction between C14TA+ and
[EtSO4]- is stronger than that between C14TA+ and Br-. The former interaction
would clearly contain a van der Waals contribution whereas the latter would be
primarily of an electrostatic nature. Results from our own previous work and that
of others have indicated the possibility of highly effective charge screening within
ILs (53–55), which would support an interaction between CnTA+ and [EtSO4]-
that increases with chain length due to van der Waals attraction. While the low
polarizability of halides could also explain the low Br- surface fraction (18), this
effect would be independent of the surfactant.
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At low surfactant concentrations, the surface charge remains close to that of
the neat IL (insets in Figure 4). However, for both surfactants there is an increasing
trend with concentration, ultimately crossing into the positive charge regime. In
the case of C14TAB, this elevated positive surface charge may reflect the presumed
formation of a multilayer at the interface. We note that other effects, such as the
strength of ion-pairing between the IL ions (53, 54, 56), or local heterogeneities
within the IL (57–60), may be important factors in determining whether surface
charge can be altered by surfactants. Indeed, angle-resolved studies have revealed
surface layering of ions, which leads to a composition profile that oscillates with
depth (24, 61).

Figure 5. Detailed X-ray photoelectron spectra of (a, b, c) C8TAB and (d, e, f)
C14TAB in [EMIM][EtSO4] at two different surfactant concentrations. The solid
lines represent C ≈30Ca < cmc, while the dashed lines represent C > cmc. The
spectra were taken with an emission angle of 45° (information depth d ≈ 3.2 nm).

In Figure 5, selected X-ray photoelectron spectra of C1s, N1s, and S2p
are presented to illustrate the effects of chain length and concentration. For
both C8TAB and C14TAB surfactants, the C1s peak intensity increases with
concentration (Figure 5(a) and 5(d)), suggesting the adsorption of surfactant
molecules at the interface. Furthermore, the C1s peaks can be deconvoluted
into two distinct peaks with binding energies of approximately 286 eV and 284
eV. These two contributions represent carbon atoms bonded to heteroatoms
(nitrogen or oxygen, 286 eV) denoted by Chetero, and carbon atoms only bonded

297

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

SS
A

C
H

U
SE

T
T

S 
A

M
H

E
R

ST
 o

n 
D

ec
em

be
r 

19
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 D
ec

em
be

r 
18

, 2
01

2 
| d

oi
: 1

0.
10

21
/b

k-
20

12
-1

11
7.

ch
01

4

In Ionic Liquids: Science and Applications; Visser, A., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2012. 



to other carbons and hydrogen, denoted by Calkyl (16). Even without performing
peak-fitting calculations (for a detailed discussion of this procedure and its
assumptions, see Lovelock et al. (28)), the intensity ratio of Calkyl/Chetero increases
with concentration for both surfactants, confirming that adsorption at the interface
is due to the surfactant. The changes in C1s peak intensity and Calkyl/Chetero ratio
with concentration are more obvious for C14TAB, which is probably due to the
high surface activity of this longer chain surfactant. Consequently, the decreases
in peak intensity for N1s and S2p signals (Figure 5(b), (c), (e), (f)) are also
more pronounced for C14TAB, with the latter decrease clearly attributable to the
surfactant. These qualitative results that are obtained directly from the X-ray
photoelectron spectra further support our above discussions.

Information Depth Effects

As mentioned previously, the various quantities calculated from the XPS data
are spatial averages over an information depth that is determined by the emission
angle. Here we define this angle to be between the detector and the surface normal,
but we note that other conventions are sometimes used. The relationship between
the emission angle θ and the information depth d is given by the expression d ≈
3λ cos θ (41), where λ is the electron mean free path. Since λ varies with the
element being considered, we take an average over C1s, N1s, and S2p to arrive
at λ = 1.50 nm. By using a larger XPS emission angle, the information depth
is reduced and hence we expect to observe a larger surface fraction of surfactant.
However, using too small an information depth is undesirable because the resultant
length scales would be less than the size of the surfactants and rule out the use of
both atomic mass balance analysis and peak-fitting deconvolution. Therefore, we
examined emission angles of 75°, 45°, and 30°, which correspond to information
depths of 1.2 nm, 3.2 nm, and 3.9 nm, respectively. We note that the unit length of
surfactant alkyl chain is 0.126 nm (50) so the fully extended surfactant chain length
is between 0.63 nm (n=6) and 1.64 nm (n=14). The true chain dimensions will be
somewhat smaller than the full extensions due to chain conformational flexibility
and hence are expected to be within our information depths. In this regard, we
emphasize once more that emission angles greater than 75° are not used since the
information depth would be smaller than the thickness of surfactant monolayer at
the interface.

In Figure 6, we use the difference in cation surface fractions Δx+ = CnTA+ –
[EMIM]+ to summarize changes with concentration at various information depths.
Both smaller and larger d show that with increasing surfactant concentration, the
cation surface fraction difference Δx+ is also increasing. This increase in Δx+ is
due to the fraction of CnTA+ increasing while the surface fraction of [EMIM]+
is decreasing (see Figure 4). The value Δx+ = 0 indicates the concentration
corresponding to complete cation exchange. Clearly, this concentration shifts
higher when larger d are used. On the other hand, at the smallest d studied, the
larger surface fraction differences confirm that the surfactants are prone to stay
close to the liquid-vapor interface.
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Figure 6. Surface fraction difference of cations Δx+ = CnTA+ – [EMIM]+, for
(a) C8TAB and (b) C14TAB in [EMIM][EtSO4]. The emission angles of 75°

(squares) and 30° (circles) correspond to information depths d of 1.2 nm and 3.9
nm, respectively. The open symbols represent samples that exhibit a semi-solid

surface film.

Conclusions

In this work we examined the influence of charged surfactants in ionic liquids
byXPS. Interfacial properties such as surface composition, charge, and enrichment
were studied in terms of the surfactant alkyl chain length, concentration, and XPS
information depth. Consistent with conventional tensiometry, our XPS results
directly establish the surface activity of the surfactants and show that this quantity
increases with alkyl chain length. We also find that an ion exchange process
between like-charged surfactant and IL ions occurs at the interface, progressively
increasing with surfactant concentration. Thus, surfactants can appreciably alter
the interfacial properties of IL systems. By varying the XPS information depth d,
we find that the effective surface activity increases inversely with d, confirming
the tendency of the surfactant to remain close to the interface. Finally, we note
that many opportunities remain to be explored with surfactant-IL mixtures, such
as the role of counterions, nanoscale clustering in the bulk phase, and influences
on layering near the interface. Although we have not done so here, careful angle-
resolved XPS studies may show evidence of surfactant-induced surface layering
that is distinct from the neat IL.
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