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Studies of 1-hexyl-3-methyl-imidazolium ethyl sulfate ((HMIM] EtSO,) using an extended
surface forces apparatus show, for the first time, an ordered structure within the nanoconfined
DOI: 10.1039/X0XX00000X L. . . .

ionic liquid (IL) between mica surfaces that extends up to ~60 nm from the surface. Our meas-
www.rsc.org/ urements show the growth of this ordered IL-film upon successive nanoconfinements—the
structural changes being irreversible upon removal of the confinement—and the response of
the structure to shear. The compressibility of this system is lower than that typically measured
for ILs, while creep takes place during shear, both findings supporting a long-range liquid-to-
solid transition. AFM (sharp-tip) studies of [HMIM] EtSO,4 on mica only reveal ~2 surface IL-
layers, with order extending only ~ 3 nm from the surface, indicating that confinement is re-
quired for the long-range IL-solidification to occur. WAXS studies of the bulk IL show a more
the [HMIM] with Dbis(trifluoro-
methylsulfonyl)imide as anion, but no long-range order is detected, consistent with the results

obtained with the sharp AFM tip. These are the first force measurements of nanoconfinement-

pronounced ordered structure than is case for

induced long-range solidification of an IL.

Introduction

Tonic liquids (ILs) are organic salts with melting points below
100 °C. They display high electrochemical and thermal stabil-
ity, are non-flammable and non-volatile,' and can be designed
to interact with specific chemical groups, making them attrac-
tive in many applications including self-assembly media,* lu-
brication®'? and electrolytes for energy-storage systems.' These
promising applications require a fundamental understanding of
the IL behavior at the solid-liquid interface, both unconfined
and in nanoconfinement.

Structural information on the solid-IL interface has been ob-
tained by X-ray reflectivity,"> neutron reflectometry,'* sum
frequency vibrational spectroscopy,'” X-ray photoelectron spec-
troscopy (XPS),'*?° atomic force microscopy (AFM),*'?* and
the surface forces apparatus (SFA).**** Using the latter ap-
proach, the normal-force-versus-separation profiles reveal film-
thickness transitions, as either single layers of ions or ion pairs
are collectively squeezed out of the confined region. The lay-
ered structure is most pronounced at the solid-IL interface, de-
caying with distance from the substrate surface and typically
vanishing beyond ~3-7 layers. The layered structure is rational-
ized in terms of ion-substrate and ion-ion interactions (van der
Waals, hydrogen bonding, n-m interactions, solvophobic, and
Coulombic), ion shape, size and packing (see refs.?": 2> 33:35-3%)
The substrate plays a significant role in determining this solid-
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like structure. Multi-layer structures exhibiting solid-like be-
havior have been imaged at the mica-IL interface.”* Results
suggest that the substrate templates the structure of the solid-
like phase, as the edges of the solid-like structure follow dis-
crete angles of the substrate lattice structure. Force measure-
ments on ILs confined between a silica colloid probe and an
atomically smooth polarized Au(111) substrate show an in-
crease in the number of layers with increasing applied potential.
The range of the layered IL-film extends to ~5 nm (from the
surface) at the highest potential, and the force required to
squeeze the IL layers out increases with greater interaction
strengths between the IL and the substrate, which increases
with increasing surface potential.*> >* Angle-Resolved XPS'7"°
shows the influence of the substrate on the molecular arrange-
ment of the IL at the solid-liquid interface; the surface potential
also influences the IL molecular structure, as shown by IR ad-
sorption spectroscopy.*

These experimental studies have indicated the solid-like behav-
ior of ILs at the solid interface or under nanoconfinement, as
extending only a few nm from the IL-solid interface, i.e. a
short-range solid-like behavior. MD simulations also show the
liquid-to-solid transition of a surface-adsorbed monolayer.**
Contrasting results have, however, been obtained when thin
films of I-butyl-3-methyl-imidazolium bis(trifluoro-methyl-
sulfonyl)imide were deposited on various substrates via evapo-
ration of dilute IL-methanol solutions.”” A layered IL-film with
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a thickness of 50 nm was observed to form on both mica and
silica, i.e. of a much longer-range order than previously report-
ed. This discrepancy was attributed to structural differences
between evaporatively deposited thin films and equilibrium
adsorbed layers, as had been observed in early AFM investiga-
tions on surfactants.*

The phase-transition behavior of ILs is complex, owing to their
complex molecular structure. Imidazolium ILs that are liquid at
RT have a strong tendency to supercool into a glassy state.*®
This is the case for 1-ethyl-3-methyl-imidazolium ethylsulfate
([EMIM] EtSO,), which exhibits a glass transition at -78.4°C
upon cooling.*’ 1-hexyl-3-methyl-imidazolium
bis(trifluoromethyl-sulfonyl)imide ([HMIM] Ntf2) has a melt-
ing point at ~-1°C.** Differences in the observed phase-
transition behavior between similar cations have been attributed
to the molecular flexibility of the paired anion.*’ ILs can also
form thermotropic ionic liquid crystals (ILCs) upon cooling,
and crystallize upon further lowering of the temperature.’® >'-*2
The ion-ion interactions typically stabilize lamellar
mesophases.’’  1-alkyl-3-methyl-imidazolium ILs ([Cnmim]),
with long alkyl chains (typically n >12 carbons, where n is the
number of carbons in the alkyl chain) may behave as an ILC for
particular anions.’’ For example, for [Cnmim] Ntf2, no
mesophase could be observed for n between 5 and 18.%* %* Al-
kylsulfate anions with long alkyl chains (n>10) form thermo-
tropic ILCs with pyridinium cations.® However, it is notewor-
thy that nanoconfinement can modify the phase-transition be-
haviour, the glass-transition temperature, and the melting and
crystallization points of ILs.>

Here we present both force measurements and wide-angle X-
ray scattering (WAXS) data for dry [HMIM] EtSO,. We show
that nanoconfinement leads to a long-range order of this IL that
extends out to 60 nm from the IL-mica interface and is irre-
versible. WAXS shows that the bulk structure of this IL is more
ordered than that of the other selected imidazolium ILs at RT.
The effect of the relative humidity (RH) has been demonstrated
in previous studies for other ILs,”" ** 3! and we will show its
influence on [HMIM] EtSO, in a separate publication.

Results

IL compression with the extended surface forces apparatus

The normal force (F) between two mica surfaces across
[HMIM] EtSO, was measured as a function of the surface sepa-
ration (D) by continuously purging the chamber of the extended
surface forces apparatus (eSFA) with dry N, at constant tem-
perature (22+0.1 °C). The surfaces were approached and sepa-
rated at constant speed (0.2 nm/s to 5 nm/s). The maximum
load applied in our measurements was 5 mN, which corre-
sponds to a F/R-value®’ of 250 mN/m, and a Hertzian stress of
10 MPa. As the substrate flattens above 10mN/m, this pressure
is overestimated. Moreover, the F/R-values shown in following
diagrams are also overestimated above ~10mN/m as they are
calculated assuming that R remains constant. Our studies on
mica compression and deformation show that the error in D is
smaller than 1 nm at the applied maximum load, but mica de-
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formation does not affect the measured size of the transitions.>®
The surfaces were separated to D~1 pm between consecutive
approaches.

Figure l1a shows the measured force vs. separation (called force
isotherm) for confined [HMIM] EtSO, during consecutive ap-
proaches (force-separation curves from 1% (f1) to 4™ (f4)) at 0.2
nm/s in a N, atmosphere. The steps in the first force-separation
curve (fl) result from molecular-density fluctuations in the
film®’, i.e. the ions form layers under confinement (see the red
arrows pointing at 7 A and 1.2 nm film-thickness transitions).
As the surfaces approach each other, an IL-layer (expected to
be composed of cations and anions to retain electroneutrality) is
squeezed out from the contact region—a phenomenon that we
denote ‘film-thickness transition’. No artefacts in the refractive
index were measured during the transitions (Figure Sla in ESI).
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Figure 1: a) Force isotherms between mica surfaces across
[HMIM] EtSO, in dry N, atmosphere during the 1% to the 4th
approaches (from left to right). Equilibrium was not achieved in
this experiment. Constant approach of surfaces at 0.2 nm/s. b)
Force isotherms between mica surfaces across [HMIM] EtSO,
in dry N, atmosphere during the 2™ to the 7" approaches (from
left to right) at 1 nm/s. The last two force measurements super-
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pose, indicating that equilibrium has been achieved. The force
isotherm f1 was not measured because the strong drift during
equilibration brought the surfaces close to contact.

An increase in the onset (D) of the repulsive force, in the repul-
sion (F/R value), in the thickness of the structured film, and in
the number of film-thickness transitions were observed in all
measurements in dry N, upon successive approaches (f2 to 4 in
figure la and, f2-f6 in figure 1b).

Moreover, the increase in force required for each further transi-
tion became approximately constant (AF/R~ 25 mN/m, in Fig-
ure la and ~28 mN/m in figure 1b), suggesting that the interac-
tion between the IL layers at the slip plane was becoming grad-
ually constant.

The force isotherms for another pair of mica surfaces in Figure
1b show that equilibrium was eventually reached after further
approaches, the force-separation curves becoming superim-
posed (f6 and f7) and a hard-wall at D~42 nm being reached.
These force-separation curves were measured at a faster ap-
proach speed (1 nm/s). These results are qualitatively similar to
those obtained at 5 x lower speeds (Figure 1a) and at 5x higher
speeds (not shown here). Increasing the time that the surfaces
remained separated between consecutive approaches up to 12 h,
and the distance to ~10 um did not affect the described trends
in the behaviour of the nanoconfined IL. This indicates that the
qualitative change of the force isotherms upon consecutive con-
finement is influenced by neither speed nor by the total contact
time.

It should be noted that the selected Y-axis is not logarithmic, as
it was in our previous publications on ILs,** ' in order to facili-
tate the identification of the film-thickness transitions super-
posed upon the much stronger repulsion, and to show the con-
stant incremental force, AF/R, required for each further transi-
tion. Owing to the stronger repulsion between the mica surfaces
across [HMIM] EtSO, compared to all other investigated ILs,
the load was increased to a maximum of 250 mN/m. The effect
of a smaller applied compression on the evolution of the force
isotherms is qualitatively similar, as shown in Figure S1b, but a
more systematic study is currently underway.

200 1 1 1 1
1 nm/s
0% RH
150+ r
E
4
£ 100+ r
[14
r
50 r
0 faedrts
0 80 100

D [nm]

Figure 2: Force-distance curves for [HMIM] EtSO, confined
between mica surfaces in dry N, atmosphere during approach
and separation: approach (1), following separation (2), and final
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approach (3). The force isotherm during separation is superim-
posed upon the following force isotherm during approach, indi-
cating that the IL-properties have changed irreversibly during
compression. The surfaces were approached from and separated
to ~ 1pum at constant speed of 1 nm/s.

The continuous growth (i.e. shift of the force curves to the
right) of the solid-like IL-film is also reflected in an inverted
hysteresis between force isotherms upon approach and separa-
tion (Figure 2). The force isotherm during separation is super-
imposed upon the force isotherm during the next approach,
suggesting that an irreversible change of the IL structure occurs
upon compression. If the solid-like IL that forms during ap-
proach remains at the contact upon separation, IL will flow in
as the surfaces are separated and the resulting force-distance
curve will lie above the force isotherm obtained upon approach.
It cannot be excluded that the solid-like IL-film remains at the
surface as the surfaces are separated to D~1 pm, i.e. as the
nanoconfinement is removed, which is further supported by the
AFM studies and will be discussed later.

It should be borne in mind that the force-separation curves for
[HMIM] EtSO, shown in Figures 1 and 2 strongly differ from
those measured under similar conditions for [EMIM] EtSO,
(same anion)*' and for [HMIM] with tris(pentafluoroethyl)-
trifluorophosphate as anion (same cation).’® *' Furthermore, we
have only found a qualitative agreement between experiments
with different pairs of mica countersurfaces in [HMIM] EtSO,,
as shown in Figure 1, whereas we found a quantitative agree-
ment for the experiments on other ILs. **

The measured layer thicknesses as a function of the surface
separation D (i.e. the IL-film thickness) are shown in Figure 3.
Different symbols were used for different sets of mica surfaces.
We found that the smallest film-thickness transitions are similar
to those seen in measurements with other ILs. However, the
layer thickness increases from 5 to 26 A with D, its size ex-
ceeding that of the expected size of a single ion pair. This sug-
gests the existence of stronger ion-ion correlations in [HMIM]
EtSO, than in other investigated imidazolium ILs,** *' leading
to an enhanced layered structure, and solid-like behavior, upon
nanoconfinement.
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Figure 3: Size of film-thickness transitions A as a function of
the IL-film thickness D in dry N,. The thickness of the film
transitions corresponds to the size of the layers of nanoconfined
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[HMIM] EtSO,. Different symbols were used for different sets
of mica surfaces.

Time-dependent measurements of the surface separation, D(t),
provide further information about the squeezing of IL-layers
from the contact. Initially, the dynamics of layer squeezing is
not different from that reported for other ILs*’: as a layer of
thickness A is squeezed out, the film thickness gradually de-
creases from D to D-A (Figure S2 in ESI). However, after con-
secutive approaches, the kinetics of the film-thickness transi-
tions are completely different (Figure 4a): a sharp decrease of D
indicates the rapid squeeze-out of IL layers, which is followed
by a slow film dilation or expansion (slow increase in D with
time). This dilation is responsible for an effective hard-wall
effect, as the film thickness D remains approximately constant
upon increase in load after squeezing-out and dilation. Figure
S3 in ESI shows similar results for other pairs of mica surfaces.
No change in the refractive index is observed during these
characteristic transitions.

There are two possible explanations for the measured intriguing
dilation after the squeezing out of a layer. Either the remaining
IL ions between the surfaces rearrange such that the total film
thickness increases, or else the ion pairs squeeze in as a result
of stress relaxation. The former implies a decrease in density,
which seems to contradict the observed strengthening of the
film that is discussed later. Thus, we propose stress relaxation
to cause the observed surface sepal[legtzion.
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Figure 4: a) Time dependence of film-thickness transitions
during transition and dilation: thickness D (Left) and normal-
ized force F/R (Right). b) Measured 2D profile of the contact
(dots) at maximum compression; the line shows the non-
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deformed (unstressed) contact, with a radius R=20 mm, and the
flattened area with R’=30 mm.

It should be noted that D is measured at the point of closest
approach (PCA), whereas the force includes contributions from
the entire contact region.’” The eSFA provides two-dimensional
images of this region.” Figure 4b shows a cross-section of the
measured mica contour at an applied load of 2.5 mN (dots).
Owing to the curvature of the confining surfaces (note that
models often assume the confinement region to be flat!), the
number of layers is not the same within the loaded area. When
layers are squeezed out, the confining surface needs to deform
and conform (see inset). While the curvature decreases, the
stress is distributed, the disjoining pressure decreases and as a
result the surfaces slowly separate, and IL is squeezed in, lead-
ing most likely to the observed transition dynamics.

Colloidal-Probe AFM

Force isotherms for dry [HMIM] EtSO,, repeatedly confined
between a silica colloid probe with a 40 um diameter and a
freshly cleaved mica surface, are shown in Figures 5 and 6. In
Figure 5, the 1% approach exhibits a short-range repulsion, simi-
lar to previously reported AFM measurements for other ILs*®
and is not further discussed here, while subsequent approaches
(2™ and 3™) show a gradual increase of repulsion onset. Due to
the uncertainty of the absolute tip-substrate separation in AFM
force measurements, we note that the abscissa is defined as an
arbitrary zero. All force isotherms in the same diagram were
offset to superpose the hard-walls, and therefore the repulsion
onset indicates the distance from the hard-wall. It is, however,
possible that the observed hard-wall effect occurs at a progres-
sively increasing distance from the substrate upon repeated
confinement, as in the SFA experiments.
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0.3}
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Figure 5: Force isotherms for dry [HMIM] EtSO,4 on mica ac-
quired at the initial confinement position (1st, 2nd and 3rd ap-
proaches) in dry N, at constant speeds of 15, 17.5, and 20 nm/s
respectively. The size of the most defined layer during the 3rd
approach at 0.2 mN/m is 3.6 nm, which is also larger than the
characteristic size of the layers measured for other ILs.*® Hertz-
ian contact pressures did not exceed 31 MPa.

The F/R-values obtained via AFM are of the same order of
magnitude as those previously reported for other ILs (see e.g.
ref. °°), but they are much smaller than in SFA measurements™>
37 This large difference can be attributed to stronger collective

This journal is © The Royal Society of Chemistry 2012
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phenomena between the larger amount of trapped IL molecules
in SFA measurements, as the confinement region is ~3 orders
of magnitude larger than in the AFM measurements.®' ¢

The film-thickness transitions superposed upon the force-
separation curves in Figure 5 become more pronounced with
repeated confinement, although they are much less defined than
in SFA measurements, most likely owing to the much smaller
confinement area.

A second set of force measurements were taken at a lateral off-
set distance of ~ 50 um from the initial confinement position,
i.e. outside of the initial confinement region, and these are
shown in Figure 6. The first approach already showed a longer-
range repulsion with an onset at ~40 nm, which strongly differs
from the results during the 1* approach in the initial confining
position (Figure 5). Repeated approaches at the offset position
confirm the increase in repulsion that eventually reaches equi-
librium, as demonstrated by the relatively constant force — sepa-
ration curve after the 5™ approach. This was reproducible at
other offset positions. The defined steps after the 5™ approach
are indicative of a more pronounced layered structure after re-
peated confinement. During the 5™ and 7" approach, five and
six film-thickness transitions or layers are resolved, respective-
ly. The sizes of the layers typically increase with consecutive
approaches. For example, at F/R~0.05 mN/m the step size for
the 11™ approach is approximately 6.6 nm, whereas the step
sizes for the 5™ and 7™ approaches are approximately 2.6 and
4.1 nm, respectively. These results are qualitatively in agree-
ment with SFA measurements, demonstrating that the induced
long-range structure is not limited to the pm-size confining
geometry in the SFA experiments.
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Figure 6: Force isotherms for dry [HMIM] EtSO, on mica at
an offset position during the 1%, 5" 7" and 11™ approaches in
dry N, at constant speeds of 20 (1% approach) and 15
(subsequent approaches) nm/s. The size of the IL-layers (A-H)
is listed in Table 1 of the ESI.

The /ong-range repulsive force at the offset position suggests
either a lateral propagation of the solid-like [HMIM] EtSO,
from the initial confining position, or that the solid-like IL re-
mains on the colloidal sphere and is transferred to the offset
position. The latter suggests the irreversibility of the liquid-to-

This journal is © The Royal Society of Chemistry 2012

Physical Chemistry Chemical Physics

solid transition, as also indicated by the SFA experiments. To
determine whether the colloidal sphere can transfer the solidi-
fied IL, consecutive force measurements with the same colloi-
dal sphere were performed on two separate pieces of mica to
prevent the lateral propagation.

Figure 7 shows force isotherms for the first and second mica
substrates. On the first piece of mica, a long-range repulsive
force is already present on the first approach, which was ob-
served in some experiments. Upon successive confinement, a
gradual increase in the repulsive force and increasingly pro-
nounced steps are observed. The 22" approach has the largest
observed push-through forces and layer sizes (5.3 nm and 5.1
nm at ~0.5 mN/m), again demonstrating the gradual increase in
ordered structure in the nanoconfined IL-film.

On the second piece of freshly cleaved mica, the first approach
(Figure 7) shows a seemingly longer-range repulsion with an
onset at ~45 nm, which is more than twice the onset of repul-
sion during the 1% approach on the first piece of mica. Film-
thickness transitions with sizes greater than the molecular di-
ameter of the ion pair are superposed on the repulsive force, as
indicated by the arrows. These results support the idea that sol-
id-like IL can (at least partially) remain on the surface of the
colloidal sphere as confinement is removed, and be transferred
to other positions. However, these results do not completely
exclude lateral propagation of the solid-like IL structure. These
trends were reproducible across four replicate experiments with
different pieces of mica and cantilevers. Thus, the results are in
agreement with an irreversible liquid-to-solid transition of the
nanoconfined IL.
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Figure 7: Force isotherms for a dry [HMIM] EtSO, film on the
first mica substrate during the 1st, 9th, and 22nd approaches,
and on the second dry IL on a separate mica substrate during
the first approach. Isotherms were collected in a dry N, atmos-
phere at a constant speed of 10 nm/s. Hertzian contact pressures
did not exceed 42 MPa.

0.0 —

Shear behaviour

The behaviour of dry [HMIM] EtSO, during shear was also
investigated with the eSFA. The lower surface was mounted on
a bimorph that laterally moves a fixed distance with time in a
reciprocating fashion at constant speed (triangular waveform:
see experimental methods for details). Figure 8a shows the lat-
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eral force with time for a bimorph speed of 0.1 pm/s and two
selected loads. The corresponding film thickness varies be-
tween 52 and 54 nm and therefore is much thicker than that of
typical ILs in similar eSFA friction experiments (e.g. 1-2 nm in
ref.*® **). The increase in friction up to a yield point has been
often observed previously in nanoconfined IL-films and has
been attributed to short-range solid-like behavior.*® After the
onset of the slip at the yield point, no stick-slip was observed.
Thus, either an inter-plane or wall slip® occurs. Considering
the high surface charge of mica,** we suggest that an inter-
plane slip is taking place.® During slip, we also observe an
increase in the lateral force.
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Figure 8: a) Lateral force vs. time during reciprocating sliding
at 0.1 um/s of the two mica surfaces in dry [HMIM] EtSO4 at
two loads, 0.92 and 1.94 mN. The yield points are indicated
with black arrows: yield strength increases with load. The
figure also shows the film thickness D (right Y-axis). b)
Friction vs. normal load at constant 0.1 pm/s sliding speed and
10 pm sliding distance (left Y-axis), and film thickness
measured by interferometry with an accuracy of 30 pm (right
Y-axis). All measurements performed in a dry N2 atmosphere.

Figure 8b shows the increase in friction with applied normal
load, and the corresponding thickness of the nanoconfined IL.
The IL-film that remains in the contact upon shear is roughly
one order of magnitude thicker than for other ILs (D =50-60
nm) and is not squeezed out as the normal load is increased.
Figure 9 shows the time-dependent film thickness upon com-
pression between friction measurements: initially a load of 1.9
mN was applied, the friction force measured and then the sur-
faces were further approached, i.e. a higher load was applied.
The hard-wall of the nanoconfined IL extends up to ~60 nm

6 | J. Name., 2012, 00, 1-3

from the surface although the applied load is lower than in
normal force measurements. Moreover, the characteristic transi-
tions with dilation are also observed after a friction test, but the
size of the film-thickness transition is much larger (see the la-
bels “squeezed-out” and “dilation” in Figure 9). Both observa-
tions are in agreement with enhanced solid-like behavior upon
shear, as reported for straight-chain and branched hydrocar-
bons.®® The refractive index is shown in the same diagram to
demonstrate there is no artefact in the interferometric measure-

ment.
shear at only applied compression shear at
L=1.9mN L =2.5mN
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Figure 9: Time dependence of the film-thickness transitions in
dry N, after a friction test at an applied load of 1.9 nN: upon
further confinement (increasing load), a two-step transition is
identified: rapid squeezing-out of layers, followed by slow dila-
tion. The size of the transitions is significantly larger than in
experiments where only normal load is applied (no shear).

Wide-Angle X-Ray scattering

X-Ray scattering studies®” have shown that 1-alkyl-3-methyl-
imidazolium ILs can form nanostructures yielding three struc-
ture-factor [S (¢)] reflections in the ¢ range of 2-20 nm™', corre-
sponding to spatial correlation lengths (d) between 3.15 to
0.314 nm, which strongly depend on both the length of the al-
kyl chain and the anion®®. Recently, Hettige and co-workers®
reported a careful analysis of the molecular-scale origin of the-
se three peaks often observed in ILs: the lowest ¢ reflection is a
description of the average lateral separation between IL fila-
ments (or columnar structures of IL bundles) in a disordered
continuous network, the mid ¢ reflects the longitudinal distance
between alkyl tails along a IL filament, and the higher g arises
due to the average distance between charges within the IL fila-
ment (c.f. schematics in Fig. 10). In addition, the same authors
performed a deconvolution of S(g) into different pair correla-
tion functions; in cases where there is the same spacing but a
different phase, a negative S(gq) or an “anti-peak® can be ob-
served.”® This helps to interpret the IL scattering as it separates
cation-cation, cation-anion and solvophobic interactions. The
peak at low ¢ in ILs indicates that bulk order can be propagated

This journal is © The Royal Society of Chemistry 2012
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over great distances, often in the form of a disordered bicontin-
uous or sponge-like structure where the ions form a network of
alternating polar and non-polar domains due to electrostatic and
solvophobic clustering.”"

We have compared the nanostructure of [HMIM] EtSO, in bulk
with that of [EMIM] EtSO, to determine the influence of the
alkyl chain length, and with that of [HMIM] Ntf2 to identify the
influence of the anion on the nanostructure. According to our
WAXS measurements (Figure 10), the first peak for [HMIM]
EtSO, (blue line) and for [HMIM] Ntf2 (red line), (both with
the same cation) indicates a d-spacing of 1.7 nm and of 1.6 nm,
respectively, confirming a disordered sponge-like phase.”> 7
The correlation length is consistent with the distance between
two similarly charged ionic moieties separated by their alkyl
chains. We observe that this reflection is very broad or possibly
absent for [EMIM] EtSO, (black line), in agreement with pre-
vious results.®® This fact could be because of the shorter alkyl
chain reducing the solvophobic and van der Waals driving force
for segregation of polar and non-polar domains’ or it can simp-
ly be an effect of perfect S(¢) peak-antipeak cancellations.®® In
fact, the three peaks have been previously detected, for quater-
nary trialkylmethylammonium aprotic ILs containing the NTf2
anion.®®

—— HMIM] EtSO, 3
50'—|4MM1Ntf, !
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Figure 10: a) WAXS obtained for dry [HMIM] EtSO, (blue
line), [HMIM] Ntf2 (red line) and [EMIM] EtSO, (black line)
ILs. Reflections at the q ranges of ~4, 9, and 15 nm™ (marked
by 1, 2, 3) correspond to ordering of the ILs with correlation
lengths of 1.6, 0.7, and 0.42 nm, respectively. The first WAXS
peak is clearly more intense and narrow for [HMIM] EtSO,
indicating a higher degree of order in this IL, even in the bulk
state. b) Schematic of the correlation distances.

We observe that the second and third reflections for the same
anion species ILs (black and blue line) are roughly positioned at
the same ¢, indicating that the alkyl chains and the charges

This journal is © The Royal Society of Chemistry 2012
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along a IL filament are roughly at the same separation. Howev-
er, for a different anion ([Ntf,] red line) the alkyl chains (se-
cond peak) and the charges (third peak) are at slightly larger
separation (lower g), while the distance between IL filaments
(first peak) is not affected. Notably, the first peak arising from
[HMIM] EtSO, is considerably more intense and twice as nar-
row compared to that obtained for [HMIM] Ntf2. Domain size
is inversely proportional to the full width at half max (FWHM)
of the WAXS line (Figure S5 in ESI). In other words, the or-
dered domains of [HMIM] EtSO, are twice as large as those
observed for [HMIM] Ntf2. Taking into account that both ILs
have the same cationic alkyl chain and that the first peak is a
description of the average separation between IL filaments (c.f.
bottom schematics in Fig. 10), it is less likely that S(g) cancel-
lations explain this behavior and we postulate that this is an
indication that [HMIM] EtSQ, is capable of displaying a higher
degree of order—even in the absence of nanoconfinement.

Discussion

Reported force isotherms for confined ILs typically consist of a
short-range repulsive force with a series of superposed steps
that arise as IL-layers are squeezed out from the contact. The
layer size corresponds approximately to the characteristic size
of the ion pair and the order propagates to less than ~5 nm from
the liquid-solid interface. In contrast, the force measurements
for [HMIM] EtSO, reveal film-thickness transitions that extend
up to ~ 60 nm, with sizes greater than the individual ion-pair
size (~V,,'’=0.75 nm, where V,, is the molecular volume).
Hence, these measurements provide evidence for a /Jonger-
range order of this IL in nanoconfinement.

The measured surface forces are reminiscent of the long-range
oscillatory forces characteristic of liquid crystals (LCs).”>"
Thus, we employed the contact-mechanics model derived by
Richetti and co-workers (Figure S4a) to obtain the compressi-
bility modulus of LCs.”®’ This model describes the elastic
force during compression of a film as a function of its elastic
modulus B, the number of layers at the contact ny and the
thickness of these layers A:

F _nB(D—n,A)?
R ngA

The equation was fitted to the experimentally measured force
isotherms between film-thickness transitions (see an example in
Figure S4b). Each parabola shows the fit for a specific number
of layers, ny. The obtained elastic modulus B for two sets of
mica surfaces is shown in Figure 11. The symbols correspond
to individual force-separation curves, from which the moduli
were obtained.

The elastic modulus of the IL-film increases upon increasing
compression—indicating “strengthening” of the IL film—and
reaches values on the order of GPa, i.e. two orders of magni-
tude higher than the modulus of typical LCs. Although a more
complex model based on thin-coating contact mechanics taking
into account substrate effects and the complex contact geometry
discussed before would be more appropriate, this approxima-
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tion is sufficient to highlight the significant strengthening of
[HMIM] EtSO,4 upon compression. Furthermore, these results
support the idea that the increase in friction during slip (Figure
8a) results from creep, or hardening plasticity of the confined
structured IL-film. Such friction measurements were performed
at various loads (and speeds) and creep was observed above a
load of ~0.8 mN. The change of the slope in the load-dependent
friction curve (Fig. 7b) occurs at the onset of creep.
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Figure 11: Elastic modulus of the dry [HMIM] EtSO, as a
function of the film thickness in dry N, for two sets of mica
surfaces (in different colours). Upon consecutive approaches
(from left to right), the thickness of the IL-film increases (see
different symbols for different force isotherms). Higher elastic
moduli are obtained with increasing compression.

In agreement with previous findings for [HMIM] cations (with
other anions®"**) no mesophase was observed for bulk [HMIM]
EtSO, in the WAXS pattern but rather an “intermediate” order
with a d-spacing~1.7 nm. The peak at ~4 nm™' is broad and
therefore indicates the presence of defects, i.e. a polydisperse d-
spacing. The persistence of the repeating unit is larger for
[HMIM] EtSO, than for the other investigated ILs. These fea-
tures differ from those that are characteristic of bulk ILCs.>
However, it is noteworthy that applied pressure (as in our force
measurements) may modify the mesophorphism of ILs."

It has been proposed that the layered structure resolved in force
measurements results from a sponge-to-lamellar transition at
the solid-liquid interface and under nanoconfinement®’, similar
to that observed in surfactants and other lyotropic liquid crys-
tals.®* However, this sponge-to-lamellar transition confined in a
symmetric system (as in the SFA experiments) had an overall
attractive force, whereas the force was repulsive only in asym-
metric systems.”> *° In both AFM and SFA force measure-
ments, we only observed an overall net repulsive force, which
is seemingly in contradiction with a sponge-to-lamellar transi-
tion occurring in the SFA experiments.

Several studies have reported the melting point depression of
1,3-dialkylimidazolium-based ILs confined to nanospaces, as
determined by differential scanning thermal calorimetry.®" % In
contrast, Chen et. al.”° identified the transition of [BMIM] PF¢
from a liquid to a high-melting-point crystal via selected-area
electron diffraction and x-ray diffraction, when confined within
multi-walled carbon nanotubes (MWCNTs) with an inner di-
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ameter of 5-10 nm, which is also supported by theory.®® Since
the estimated elastic modulus of the IL-film reaches values on
the order of GPa, we propose that the confinement upon applied
pressure in our force measurements induces a long-range lig-
uid-to-solid phase change of [HMIM] EtSO, in nanoconfine-
ment that has not been observed for other imidazolium ILs in
similar force measurements. Apparently this IL is more prone
to “ordering” than the other investigated ILs, as indicated by
the WAXS measurements.

It should also be mentioned that AFM measurements performed
with a sharp tip (radius ~ 4nm), i.e. in the absence of confine-
ment, show only short-range order, as is the case for other ILs
(see Figure S6 in ESI). Two film-thickness transitions were
observed, the largest being ~1.2 nm, prior to the hard wall. The
layer thickness (~1.2 nm) suggests a self-assembled bilayer
structure at the IL-solid interface, consistent with previous SFA
measurements for other ionic liquids with long alkyl chains
([HMIM] Ntf2),* and also with our WAXS results (see peak at
low q). These results demonstrate that nanoconfinement is re-
quired for long-range order to develop in dry [HMIM] EtSO,.
Summarizing, our results indicate that nanoconfinement pro-
motes a phase transformation of dry [HMIM] EtSO, into a
long-range, solid-like or solid structure that differs from the
short-range, solid-like structures previously reported for other
ILs. Shear measurements are consistent with the formation of a
solid in confinement that undergoes creep owing to the pres-
ence of defects. The AFM force measurements support the irre-
versibility of the phase transition upon removal of the nanocon-
finement.

Owing to the hygroscopic behaviour of the IL and the exposure
to ambient air at the beginning of the experiment, we cannot
exclude traces of water being present in the force measure-
ments. Drying of residual water could have an influence on the
results, as previously reported. 2% 33! Traces of water in the IL
are also expected in the colloidal-probe AFM experiments.
AFM experiments extend over a few hours, whereas SFA ex-
periments extend over days, and therefore the IL is subjected to
much longer drying times in the SFA measurements. However,
the observed changes in the force-separation curves are qualita-
tively similar, indicating that if drying of water traces were to
have occurred during the measurements in dry N,, it would not
have been relevant, as far as the observed phenomena were
concerned. A systematic study of the influence of the water
uptake on the structure of nanoconfined [HMIM] EtSO, is on-

going.

Conclusions

We have investigated the properties of nanoconfined and bulk
[HMIM] EtSO, under dry conditions by means of SFA, colloi-
dal-probe AFM measurements, and WAXS. Repeatedly applied
nanoconfinement of [HMIM] EtSO, between mica surfaces can
induce a long-range liquid-to-solid transition of the IL that
apparently remains after confinement has been removed. The
solid-like IL has a pronounced layered structure, and the layer
size exceeds the size of the ion pair. The nanoconfined IL ap-

This journal is © The Royal Society of Chemistry 2012
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pears to strengthen upon applied pressure, and the estimated
elastic modulus increases to GPa values. The thickness of the
IL-film is about ten times larger than that of other ILs confined
at similar pressures. In addition, WAXS has shown a more pro-
nounced bulk order compared to other ILs with the same cation
or anion, suggesting that the combination of [HMIM] as cation,
and EtSO, as anion, and the corresponding interactions, lead to
this particular behavior.

The presented results suggest that a complex phase-transition
behavior exists for nanoconfined ILs. Our results show that
long-range ordering, and confinement-induced phase transitions
can be tuned through tailored ion pairing. However, many ques-
tions still remain — what roles do substrate chemistry and
charge play in phase-transition and ordering behavior? Under
what conditions can spontaneous solidification occur? What are
the thermal and electrochemical stabilities of the new phase?
Could such a solid phase act as a solid-state lubricant and as an
electrolyte in a supercapacitor? The implications of these find-
ings are of significance with respect to IL applications in many
areas, including lubrication and energy-storage systems.

Materials and Experimental Methods

Materials

1-hexyl-3-methyl-imidazolium ethyl sulphate, [HMIM] EtSO,
(Iolitec, Heilbronn, Germany), purity >98%, water content
<100 ppm is hygroscopic, owing to significant water-anion
hydrogen-bonding (see optimized ion geometry in Figure S7a
in the Electronic Supplementary Information, ESI). Melting
point and glass-transition temperatures are below -50°C, as
obtained by differential scanning calorimetric analysis (DSC-
8000, Perkin Elmer, USA). The X-ray photoelectron survey
spectrum of the dry IL deposited on mica after 18 h in vacuum
is shown in Figure S8 in the ESI.

Extended Surface Forces Apparatus

39 84 was used to

An extended surface forces apparatus (eSFA)
explore normal and friction forces between mica surfaces
across the selected IL. The SFA is an instrument that directly
measures forces occurring between two mica surfaces. A cen-
tral element of this method is the optical measurement of the
distance between the surfaces D based on interferometry®> *.
The two surfaces are cylindrically shaped (R=20mm), by virtue
of being glued to cylindrical glass supports and facing each
other such that the cylinder axes cross at an angle of 90°. One
surface is supported by a spring and is approached towards the
other using an approach actuator, whose position is known over
time. If there is a surface force, this spring deflects, and the
normal surface force F results from the distance measurement
with known spring constant k;, (194060 N/m and 526 N/m
were used in this work, see schematics in Figure S7b). The two
transparent mica layers form an optical thin-film interferometer.
The rear of each mica layer is coated with a semi-transparent

silver mirror, in order to improve the reflectivity. White light is
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directed through the interferometer and analyzed in an imaging
spectrograph.

A number of improvements in accuracy, resolution, speed, me-
chanical drift, thermal stability and imaging have been made to
the instrument, and for this reason it is referred to as the “ex-
tended Surface Force Apparatus” (eSFA). The upgrades are all
described in detail in the literature® ¥. Thus, the transmitted
interference spectrum consists of fringes of equal chromatic
order (FECO), which are analysed by a numerical, fast-spectral-
correlation algorithm, to determine both the distance D between
the surfaces at the point of closest approach (PCA) with a
standard deviation of better than 30 pm over a distance ranging
from O to 10 um, and the refractive index of the medium. It is
important to note that while changes in film thickness at a given
force (called film-thickness transitions of size A) are detected at
full precision, the absolute accuracy of distance measurement D
(e.g. absolute zero) at high compression is inferior®®; an error in
D smaller than 1 nm has been estimated at F/R=250 mN/m (un-
published results). The simplified disposition of the optical
elements in the eSFA minimizes human influence and allows
the adjustment of the PCA to better than 1 pm laterally in an
automated fashion.

Force-separation curves were measured under dry conditions by
approaching/separating the surfaces at constant speed (0.2 nm/s
to 1 nm/s) on 12 different pairs of mica surfaces, collecting
more than 200 force-distance isotherms. For the friction exper-
iments, the lower surface was moved laterally at 0.1 pm/s by
means of a piezoelectric bimorph crystal, reciprocating with an
amplitude of 10 um. The bimorph was mounted on a spring
with a spring constant k,=526 N/m.

The shear forces acting on the upper surface were measured
with a strain gauge mounted on a spring®® (ky= 2300£100 N/m)
at a measuring rate of 300 Hz, while the surface separation was
simultaneously measured by multiple-beam interferometry.
Thin mica sheets were prepared by manually cleaving ruby
mica of optical quality Grade #1 (S&J Trading, Inc. NY, USA)
in a class-100 laminar-flow cabinet. Uniformly thick (2-5.5
pm) mica sheets of size ~8 mm x 8§ mm were cut using surgical
scissors, to avoid possible contamination with nanoparticles®’.
A 40 nm thick silver film was thermally evaporated onto mica
sheets in vacuum (210 mbar). The silver-coated mica sheets
were glued onto cylindrical lenses using resin glue (EPON
1004F). The samples were then immediately inserted into the
sealed eSFA, the fluid cell purged with dry N,, and the mica
thickness determined by means of thin-film interferometry in
mica-mica contact.

After that, a 20 pl-droplet of vacuum-dried IL was deposited
between the mica surfaces using a Hamilton syringe with a flat-
end needle (Model 710), during continuous purging of the
eSFA cell with dry N,. The IL was exposed to laboratory air for
a maximum of 2 minutes, during which water uptake could take
place. Thus, removal of some residual water during equilibra-
tion in dry N, in the eSFA cannot be excluded. The cell was
sealed and the system left to equilibrate for at least 3 hours.
Measurements were performed at 22+0.1 °C.
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Colloidal Probe Atomic Force Microscopy

Colloidal-probe AFM measurements were acquired with an
Asylum MFP3D AFM (Santa Barbara, CA, USA) and with an
Asylum Cypher AFM (Santa Barbara, CA, USA), both in con-
tact mode. Gold coated, tipless, AFM cantilevers (Mikromasch,
Tallinn, Estonia) were used in this study. The spring constant of
the AFM cantilever was determined according to the thermal-
noise method.”® A 40 um diameter colloidal probe (Corpuscu-
lar, Cold Spring, NY, USA) was glued to the end of the cantile-
ver with NOA 63 optical adhesive (Norland, Cranberry, NJ,
USA). The AFM colloidal probe tip was rinsed by immersing it
in acetone for two hours, followed by isopropanol, and ethanol
rinsing. Immediately before experiments the tip was treated in a
UV-Ozone cleaner for 20 minutes. The AFM chambers were
continuously purged with dry N,.

Normal force-separation curves were obtained at constant ap-
proach speeds of 15-30 nm/s with the MFP3D AFM in dry N,
atmosphere (RH<5%) at 27 + 2 °C. The spring constant of the
experiments reported here was 0.07 N/m and the maximum
applied force was 10 nN. A 25 pL droplet of dry [HMIM]
EtSO, was placed on a freshly cleaved mica surface. During the
transfer, the droplet was exposed to ambient laboratory air (~40
% RH) for approximately two minutes, which might lead to
traces of water being taken up by the IL.

The force measurements on the two separate mica pieces were
acquired with the Cypher AFM in a dry N, atmosphere
(RH<2%) at 27 = 2 °C. A 20 pL droplet of dry [HMIM] EtSO,
was placed on the first piece of freshly cleaved mica. During
the transfer, the droplet was exposed to ambient laboratory air
(~14% RH) for approximately two minutes, which might lead
to traces of water being taken up by the IL, as well. The colloi-
dal AFM probe was then disengaged and the first mica-IL sam-
ple was removed from the chamber. A dry 20 pL droplet of
[HMIM] EtSO,4 was placed on a second piece of freshly cleaved
mica from the same batch as the first piece. The colloidal probe
remained in the tip holder during placement of the second mica
sample. Force-separation curves were obtained at approach
speeds of 10 nm/s with the Cypher AFM. The spring constant
of the experiments reported here was 0.2 N/m and the maxi-
mum applied force was 30 nN.

The entire sequence of force measurements on a single mica
substrate was collected within 2 hours.

Wide-Angle X-ray Scattering (WAXS)

Dry ILs were transferred into 1.5 mm quartz X-ray capillaries
(Hilgenberg Glas, Germany) in a glove box that was purged
with N, and the capillaries were sealed with epoxy adhesive.
The WAXS experiments were conducted in home-built (with
the support of Forvis Technologies, Santa Barbara) equipment
composed of a Xenocs GeniX3D CuK, Ultra Low Divergence
X-ray source (1.54A / 8 keV), with a divergence of ~ 1.3 mrad.
The sample-to-detector distance was 175.7 mm, yielding a g
range of 0.86 nm™' to 17.36 nm™' (corresponding to 7.3-0.36 nm
in real space). The 2D-diffraction data were radially averaged
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upon acquisition on a Pilatus 300K 20 Hz hybrid pixel Detector
(Dectris) and integrated using FIT2D software:
(http://www .esrf.eu/computing/scientific/FIT2D) from ESRF.
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