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nded layering of ionic liquids on
the mica surface?†

Xiao Gong,a Andrew Kozbiala and Lei Li*ab

Extended layering of ionic liquids (ILs) on the mica surface has been reported by several groups previously

and it is generally accepted that the electrostatic interaction at the IL/mica interface is critical to the

observed extended layering. Here we report that, indeed, water adsorption on the mica surface is the

key to the extended layering of ionic liquids. The atomic force microscopy (AFM), attenuated total

reflectance-fourier transform infrared spectroscopy (ATR-FTIR) and contact angle (CA) results show that

ionic liquids form extended layering on a mica surface under ambient conditions when water is adsorbed

on the mica surface under such conditions. However, when airborne hydrocarbon contaminants replace

the water on the mica surface at the elevated temperatures, instead of layering, ionic liquids exhibit

droplet structure, i.e., dewetting. Based on the experimental results, we propose that water enables ion

exchange between K+ and the cations of ILs on the mica surface and thus triggers the ordered packing

of cations/anions in ILs, resulting in extended layering.
Introduction

Ionic liquids (ILs) have attracted extensive interests because of
their exceptional physicochemical properties and many prom-
ising applications.1,2 Some important applications such as
lubrication3 and catalysis4 involve nanometer-thick IL lms
conned to solid surfaces. Therefore, it is critical to understand
the molecular-level structure of ILs at the IL/solid interface. To
date, ILs conned to many solid surfaces have been studied,
including silica, mica, highly oriented pyrolitic graphite
(HOPG), and sapphire.5–8 Among those solids, mica is the most
frequently utilized one and many previous studies on the
structure of IL nanolms deposited on the mica surface have
been reported.6,8–10 Liu et al. reported that ionic liquids formed
ordered layering structure on the mica surface based on AFM
results.6 Bovio et al. studied IL/mica interface by AFM and found
that layering of IL molecules could extend up to 50 nm above
the solid surface.8 Yokota et al. also observed extended layering
structures of ILs on the mica surface by frequency-modulation
atomic force microscopy.9 By analyzing the force–distance
prole obtained when an AFM tip approaching and retracting
from the mica surface in ILs, Atkin et al. also concluded that
there is an extended layering structure of ILs on the mica
surface.11 Using a surface force apparatus (SFA), Perkin et al.
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reported that the strong coulombic interaction at the IL–mica
interface led to an extended layering structure of ILs.12–14 Recent
simulation and computational results also indicated that ILs
form extended layering structure on the mica surface.15,16 Since
mica surface is negatively charged,12,14 it is generally believed
that the electrostatic interactions at ILs/mica interface is the key
to the above-mentioned extended layering of ILs on the mica
surface6,12,13,15,17–20 though the exact governingmechanism is still
under debate.17,21,22 However, it has been shown recently that
complete dewetting of ILs occurs on a clean mica surface under
ultra-high vacuum, and no layering structure was observed.23 It
is worthy of mentioning that the IL studied in this work,23

1-butyl-3-methylimidazolium bis (triuoromethylsulfonyl)
imide, is exactly the same as in ref. 8 and 15 where the extended
layering was reported on the mica surface. Clearly, the dramatic
difference cannot be attributed to the different chemistry of ILs,
indicating the existence of unknownmechanisms governing the
extended layering of ILs conned to themica surface. Therefore,
it is critical to uncover the underlying mechanisms.

Here we report that the chemistry of the “contaminants”,
e.g., water or hydrocarbons, on the mica surface plays a key role
in determining the molecular-level structure of ILs at the
IL/mica interface. Our experimental results have showed that,
when water molecules are adsorbed on the mica surface under
ambient conditions, the extended layering structure of ILs is
observed on the mica surface. Once airborne hydrocarbons
replace the adsorbed water on the same mica surface, a droplet
(dewetting) structure of ILs is observed. These results shed new
light to the governing mechanisms of the extended layering
structure of ILs conned to a charged solid surface and provide
This journal is © The Royal Society of Chemistry 2015
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a new dimension in controlling the structure of ILs at the
IL/solid interface.
Results and discussion
Results

1-Butyl-3-methylimidazolium tris(pentauoroethyl) triuoro-
phosphate (BMIM-FAP) (1 g L�1 solution in 2,3-dihydrodeca-
uoropentane) was applied on atomically smooth mica by dip-
coating and the detailed procedure was described elsewhere24

(22 �C, RH ¼ 45%). The topography of BMIM-FAP/mica was
characterized by atomic force microscopy (AFM). For the sample
fabricated with freshly cleaved mica, the extended layering
structure is clearly visible as shown in Fig. 1a and no droplet is
observed. The thickness of the thin layer is �0.85 nm which is
consistent with the reported molecular diameter of BMIM-FAP
(0.84 nm) determined from the bulk density.25 Indeed, even
when the concentration of the IL solution is as high as 5 g L�1,
the extended layering structure is still observed and the layering
structure extends to above 17 nm in this case (Fig. S1†). These
observations are consistent with previous reports showing
extended layering of ILs on the mica surface.6,8,9 Interestingly,
when the freshly cleaved mica was heated in a conventional
oven at 120 �C for 5 min before dip-coating, a more “dewetting-
like” network structure was observed (Fig. 1b). If the freshly
Fig. 1 (left) AFM images of BMIM-FAP (1 g L�1 solution) dip-coated on
a freshly cleaved mica surface (a), mica heated for 5 min at 120 �C (b),
and mica heated for 1 h at 120 �C (c). AFM images are 20 mm � 20 mm
and height bar is 20 nm. (right) Corresponding line profiles.

This journal is © The Royal Society of Chemistry 2015
cleavedmica was heated at 120 �C for 1 h before dip-coating, the
droplets were observed on the BMIM-FAP/mica sample (Fig. 1c).
Those droplets were 10–80 nm in height and 300–900 nm in
diameter. It is worth noting that, even when the concentration
of the IL solution is as low as 0.001 g L�1, the droplets were still
observed (Fig. S2†), indicating complete dewetting of ILs. It was
also found that, for the BMIM-FAP/mica sample fabricated
using freshly cleaved mica, the droplet structure is observed
when the humidity in the lab is low, i.e., RH < 30% (Fig. S3†).

Discussions

What has changed on the mica surface aer heating? Since
mica has high thermal stability,26,27 it is unlikely there is
chemical change of the mica itself at 120 �C for 1 h. Another
possibility is the increase in the roughness since it has been
reported that the layering of liquids will not occur at the liquid/
solid interface when the solid surface is rough.28 However, AFM
results (Fig. 2) showed that there is almost no change in
roughness before and aer heating. To understand the change
of the mica surface before and aer heating at 120 �C/1 h, the
mica surface was characterized by ATR-FTIR. As shown in Fig. 3,
before heating, there is a broad peak between 3000 cm�1and
3500 cm�1 that can be attributed to the adsorbed water.29 Aer
heating, the intensity of the “water” peak decreases signicantly
while new peaks located around 2845 cm�1 and 2960 cm�1,
which are attributed to the CH2 and CH3 moiety,30,31 show up. It
has been well documented that water adsorbed on the mica
surface can be up to 1 nm32–34 at high humidity and low
temperature. Even at room temperature and ambient condi-
tions, the adsorbed water is �0.4 nm.35 Therefore, the observed
“water” peak in ATR-FTIR spectrum is attributed to the adsor-
bed water. Since water molecules can be removed at 120 �C,
some airborne hydrocarbon contaminants will replace the water
aer heating, as indicated by the “C–H” peaks observed for the
sample aer heating. It should be noted that, in the current
study, the adsorbed water and/or hydrocarbon molecules
cannot be detected by AFM (Fig. 2), which is attributed to their
high mobility under ambient conditions as reported in previous
research.35

If the above-mentioned hypothesis is correct, it is expected
that the intensity of “C–H” peaks will decrease and the intensity
of “water” peak will increase aer the removal of airborne
Fig. 2 AFM images of freshly cleaved (a) and heat treated (1 h at 120
�C) mica (b). AFM images are 2 mm� 2 mm, and the height bar is 10 nm.

Chem. Sci., 2015, 6, 3478–3482 | 3479
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Fig. 3 ATR-FTIR of freshly cleaved mica (red), heat-treated (1 h at 120
�C) mica (blue), and heat-treated mica with UV/O3 treatment (black).

Fig. 4 Water contact angle (WCA) and hexadecane contact angle
(HCA) on freshly cleaved mica, heat-treated (1 h at 120 �C) mica, and
heat-treated mica with UV/O3 treatment, respectively.

Fig. 5 Schematic of ions exchange at the freshly cleaved mica surface
(a), and schematic of ions exchange blocked at the heated mica
surface (b).
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hydrocarbons. Since it is well known that UV/O3 treatment
removes the airborne hydrocarbons effectively,36 UV/O3 treat-
ment was conducted to test the hypothesis. As shown in Fig. 3,
aer 30 minute UV/O3 treatment of the heated sample, the
“C–H” peaks almost disappear while the intensity of the “water”
peak increases again. The FTIR results suggested that there is a
competition in the adsorption of water and airborne hydrocar-
bons on the mica surface. Under ambient conditions, water is
preferably adsorbed on the mica surface. At the elevated
temperature, the water is replaced by some airborne hydrocar-
bons, which should be high-boiling point volatile organic
chemicals (VOCs). Based on the previous report37 on the VOCs
in the local area, some possible candidates are perchloroethy-
lene, ethylbenzene, alpha-pinene, hexanal, p-xylene, m-xylene,
and o-xylene.

To further test the hypothesis, contact angle (CA) tests were
conducted on mica surfaces with different treatments and the
results are shown in Fig. 4. The water contact angle (WCA) on
freshly cleaved mica was almost 0� and hexadecane contact
angle (HCA) was �30.2 � 2.3�. The result is in line with the
picture that there are adsorbed water molecules on the mica
surface so that WCA is very low and HCA is relatively high.
Indeed, previous research showed that the oil contact angle on
the glass surface with adsorbed water is �37� while the WCA on
the same surface is around 0�.38 Aer heat treatment, the WCA
on mica increased to 13.8 � 3.1� while the HCA decreased to
15.8 � 2.6�, indicating that the water is (partially) replace by
some airborne hydrocarbons. Once the heated mica was treated
by UV/O3, the WCA became 0� again and the HCA was �29.1 �
1.9�, which can be explained by the (partial) removal of airborne
hydrocarbons followed by the re-adsorption of water. The CA
results are consistent with the ATR-FTIR results and supported
the above-mentioned hypothesis.

The FTIR andWCA results indicated that when there is water
on the mica surface, the BMIM-FAP exhibits the extended
layering structure. When the water is replaced by some airborne
3480 | Chem. Sci., 2015, 6, 3478–3482
hydrocarbons, the BMIM-FPA has droplet (dewetting) structure
on the mica surface. What are the underlying mechanisms?

It has been reported39–41 that dissociation of surface K+ ions
will occur if the freshly cleaved mica is in contact with an
effective electrolyte, i.e., liquids with high dielectric constant
such as water whose dielectric constant is 80.4. However, BMIM-
FAP has a dielectric constant estimated to be lower than 15 and
is not an effective electrolyte.42 Therefore, only when there is a
layer of water on the mica surface, K+ ions will leave the mica
surface and thus the surface will carry negative charges (Fig. 5a).
As a result, the cations of ionic liquids are able to occupy the
“empty” site, initiating the ordered packing of cations/anions of
the ILs, i.e., the layering structure. When the water is replaced
by airborne hydrocarbons, the dissociation of the surface K+
ions becomes impossible and the ionic liquids do not wet the
hydrocarbon-covered mica (Fig. 5b). As a result, the dewetting
occurs and the droplet was observed. Our results also explain
the previous controversy initiated by the observed “dewetting”
behavior of ILs on the mica surface under high vaccum.23

Majority of previous reports on IL/Mica were conducted under
ambient conditions. Therefore, water adsorption on the mica
surface is expected and that is why layering of ILs at the IL/mica
This journal is © The Royal Society of Chemistry 2015
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interface has been frequently reported. For the only study23

conducted in the high vacuum, there is no water adsorption
and, therefore, dewetting was observed.
Experimental
Sample preparation

The ionic liquids were dissolved in the 2,3-dihydrodeca-
uoropentane and applied on the mica by dip-coating based on
a previously established “dip-withdraw” procedure in our lab,24

with a KSV-DCX2 dip-coater equipped with a Kinetic Systems
vibration free platform at a withdraw rate of 1 mm second�1 at
room temperature (RH ¼ 45%).
AFM

Tapping mode AFM images were acquired using a Veeco
Dimention V AFM. Silicon AFM probes were utilized to image
the samples in so tapping mode.
ATR-FTIR

Spectra were collected with a Bruker VERTEX-70LS FTIR and a
Bruker Hyperion 2000 FTIR microscope in reectance mode
utilizing a germanium 20� ATR objective and a liquid nitrogen
cooled mid-band MCT A detector (7000–600 cm�1 spectral
range). Before measurements, the system was purged for
20 minutes with nitrogen gas and a background spectrum was
collected without having the ATR crystal contacting the
sample. Each sample spectrum was collected for 150 scans
with a resolution of 4 cm�1 and a total acquisition time of
2.5 min.
WCA and HCA measurement

Deionized (DI) water, produced from a Millipore Academic A10
system with total organic carbon below 40 ppb, and hex-
adecane (anhydrous, $99%, Sigma-Aldrich) were used as the
testing liquids for contact angle measurements. The water
contact angle (WCA) and hexadecane contact angle (HCA)
measurement was conducted with a VCA optima XE contact
angle system at room temperature. Each liquid droplet has a
volume of �2 mL and was carefully introduced to the sample
surface. A charge-coupled device (CCD) camera was used to
take images of water or hexadecane droplets, which was fol-
lowed by an automatic calculation of the static contact angle by
the vendor-supplied soware. Each static WCA and HCA
measurement was repeated three times and the average value
was reported.
UV/O3 treatment

UV/O3 treatment was conducted with a BioForce Nanosciences
UV/Ozone Procleaner. This cleaner emits a high-intensity UV
light with the wavelengths of both 185 nm and 254 nm. All the
UV treatment as conducted under near-constant temperature
(�22 �C) in the ambient air for 30 minutes.
This journal is © The Royal Society of Chemistry 2015
Conclusions

In conclusion, we presented an experimental study on the effect
of surface adsorption of mica on themolecular-level structure of
ILs at the IL/mica interface. Our results show that the water
adsorption on the mica surface is the key to the extended
layering structure of ILs on the mica surface. We proposed that
water serves as an effective electrolyte and thus facilitates the
ion exchange between K+ ions at the mica surface and the
cations of ILs, which initiates the ordered packing of cations/
anions of ILs. Our nding suggests that the chemistry of surface
contaminants is a new dimension to manipulate the molecular-
level structure of ILs at the IL/solid interface though further
research is required to fully uncover the detailed mechanisms.

Acknowledgements

X. G. acknowledges the nancial support by the National
Natural Science Foundation of China (no. 21104069).

Notes and references

1 A. Deyko, K. R. J. Lovelock, J. A. Coreld, A. W. Taylor,
P. N. Gooden, I. J. Villar-Garcia, P. Licence, R. G. Jones,
V. G. Krasovskiy, E. A. Chernikova and L. M. Kustov, Phys.
Chem. Chem. Phys., 2009, 11, 8544–8555.

2 N. V. Plechkova and K. R. Seddon, Chem. Soc. Rev., 2008, 37,
123–150.

3 F. Zhou, Y. M. Liang andW. M. Liu, Chem. Soc. Rev., 2009, 38,
2590–2599.

4 C. P. Mehnert, R. A. Cook, N. C. Dispenziere andM. Afeworki,
J. Am. Chem. Soc., 2002, 124, 12932–12933.

5 M. Mezger, H. Schroder, H. Reichert, S. Schramm,
J. S. Okasinski, S. Schoder, V. Honkimaki, M. Deutsch,
B. M. Ocko, J. Ralston, M. Rohwerder, M. Stratmann and
H. Dosch, Science, 2008, 322, 424–428.

6 Y. D. Liu, Y. Zhang, G. Z. Wu and J. Hu, J. Am. Chem. Soc.,
2006, 128, 7456–7457.

7 S. Bovio, A. Podesta, P. Milani, P. Ballone and M. G. Del
Popolo, J. Phys.: Condens. Matter, 2009, 21.

8 S. Bovio, A. Podesta, C. Lenardi and P. Milani, J. Phys. Chem.
B, 2009, 113, 6600–6603.

9 Y. Yokota, T. Harada and K. I. Fukui, Chem. Commun., 2010,
46, 8627–8629.

10 Z. T. Wang and C. Priest, Langmuir, 2013, 29, 11344–11353.
11 R. Hayes, G. G. Warr and R. Atkin, Phys. Chem. Chem. Phys.,

2010, 12, 1709–1723.
12 S. Perkin, T. Albrecht and J. Klein, Phys. Chem. Chem. Phys.,

2010, 12, 1243–1247.
13 S. Perkin, L. Crowhurst, H. Niedermeyer, T. Welton,

A. M. Smith and N. N. Gosvami, Chem. Commun., 2011, 47,
6572–6574.

14 S. Perkin, Phys. Chem. Chem. Phys., 2012, 14, 5052–5062.
15 D. Dragoni, N. Manini and P. Ballone, ChemPhysChem, 2012,

13, 1772–1780.
16 R. S. Payal and S. Balasubramanian, J. Phys.: Condens. Matter,

2014, 26.
Chem. Sci., 2015, 6, 3478–3482 | 3481

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5sc00832h


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
A

pr
il 

20
15

. D
ow

nl
oa

de
d 

on
 1

/1
5/

20
26

 7
:2

6:
43

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
17 S. Perkin, M. Salanne, P. Madden and R. Lynden-Bell, Proc.
Natl. Acad. Sci. U. S. A., 2013, 110, E4121.

18 H. Zhou, M. Rouha, G. Feng, S. S. Lee, H. Docherty, P. Fenter,
P. T. Cummings, P. F. Fulvio, S. Dai, J. McDonough,
V. Presser and Y. Gogotsi, ACS Nano, 2012, 6, 9818–9827.

19 I. Bou-Malham and L. Bureau, So Matter, 2010, 6, 4062–
4065.

20 A. M. Smith, K. R. J. Lovelock, N. N. Gosvami, P. Licence,
A. Dolan, T. Welton and S. Perkin, J. Phys. Chem. Lett.,
2013, 4, 378–382.

21 M. A. Gebbie, M. Valtiner, X. Banquy, E. T. Fox,
W. A. Henderson and J. N. Israelachvili, Proc. Natl. Acad.
Sci. U. S. A., 2013, 110, 9674–9679.

22 M. A. Gebbie, M. Valtiner, X. Banquy, W. A. Henderson and
J. N. Israelachvili, Proc. Natl. Acad. Sci. U. S. A., 2013, 110,
E4122.

23 A. Deyko, T. Cremer, F. Rietzler, S. Perkin, L. Crowhurst,
T. Welton, H. P. Steinruck and F. Maier, J. Phys. Chem. C,
2013, 117, 5101–5111.

24 X. Gong, S. Frankert, Y. J. Wang and L. Li, Chem. Commun.,
2013, 49, 7803–7805.

25 H. Li, F. Endres and R. Atkin, Phys. Chem. Chem. Phys., 2013,
15, 14624–14633.

26 H. Heinz, H. J. Castelijns and U. W. Suter, J. Am. Chem. Soc.,
2003, 125, 9500–9510.

27 V. Potin, S. Bruyere, M. Gillet, B. Domechini and
S. Bourgeois, J. Phys. Chem. C, 2012, 116, 1921–1929.

28 J. N. Israelachvili, Intermolecular and Surface Forces, Elsevier,
2011.
3482 | Chem. Sci., 2015, 6, 3478–3482
29 J. M. Roscoe and J. P. D. Abbatt, J. Phys. Chem. A, 2005, 109,
9028–9034.

30 K. Zhou, Y. Geng, L.-K. Yan, X.-L. Wang, X.-C. Liu,
G.-G. Shan, K.-Z. Shao, Z.-M. Su and Y.-N. Yu, Chem.
Commun., 2014, 50, 11934–11937.

31 A. Imanishi, R. Omoda and Y. Nakato, Langmuir, 2006, 22,
1706–1710.

32 G. J. Leggett, M. C. Davies, D. E. Jackson, C. J. Roberts,
S. J. B. Tendler and P. M. Williams, J. Phys. Chem., 1993,
97, 8852–8854.

33 F. Forouzan and A. J. Bard, J. Phys. Chem. B, 1997, 101,
10876–10879.

34 A. Malani and K. G. Ayappa, J. Phys. Chem. B, 2009, 113,
1058–1067.

35 K. Xu, P. G. Cao and J. R. Heath, Science, 2010, 329, 1188–
1191.

36 J. R. Vig, J. Vac. Sci. Technol., A, 1985, 3, 1027–1034.
37 D. B. Millet, N. M. Donahue, S. N. Pandis, A. Polidori,

C. O. Stanier, B. J. Turpin and A. H. Goldstein, J. Geophys.
Res.: Atmos., 2005, 110.

38 E. G. Shafrin and W. A. Zisman, J. Am. Ceram. Soc., 1967, 50,
478–484.

39 T. Cheng and H. Sun, J. Phys. Chem. C, 2012, 116, 16436–
16446.

40 H. Sakuma, T. Kondo, H. Nakao, K. Shiraki and
K. Kawamura, J. Phys. Chem. C, 2011, 115, 15959–15964.

41 R. M. Pashley, J. Colloid Interface Sci., 1981, 83, 531–546.
42 L. E. Barrosse-Antle, A. M. Bond, R. G. Compton,

A. M. O'Mahony, E. I. Rogers and D. S. Silvester, Chem.–
Asian J., 2010, 5, 202–230.
This journal is © The Royal Society of Chemistry 2015

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5sc00832h

	What causes extended layering of ionic liquids on the mica surface?Electronic supplementary information (ESI) available: Additional AFM images. See DOI: 10.1039/c5sc00832h
	What causes extended layering of ionic liquids on the mica surface?Electronic supplementary information (ESI) available: Additional AFM images. See DOI: 10.1039/c5sc00832h
	What causes extended layering of ionic liquids on the mica surface?Electronic supplementary information (ESI) available: Additional AFM images. See DOI: 10.1039/c5sc00832h
	What causes extended layering of ionic liquids on the mica surface?Electronic supplementary information (ESI) available: Additional AFM images. See DOI: 10.1039/c5sc00832h
	What causes extended layering of ionic liquids on the mica surface?Electronic supplementary information (ESI) available: Additional AFM images. See DOI: 10.1039/c5sc00832h

	What causes extended layering of ionic liquids on the mica surface?Electronic supplementary information (ESI) available: Additional AFM images. See DOI: 10.1039/c5sc00832h
	What causes extended layering of ionic liquids on the mica surface?Electronic supplementary information (ESI) available: Additional AFM images. See DOI: 10.1039/c5sc00832h
	What causes extended layering of ionic liquids on the mica surface?Electronic supplementary information (ESI) available: Additional AFM images. See DOI: 10.1039/c5sc00832h
	What causes extended layering of ionic liquids on the mica surface?Electronic supplementary information (ESI) available: Additional AFM images. See DOI: 10.1039/c5sc00832h
	What causes extended layering of ionic liquids on the mica surface?Electronic supplementary information (ESI) available: Additional AFM images. See DOI: 10.1039/c5sc00832h
	What causes extended layering of ionic liquids on the mica surface?Electronic supplementary information (ESI) available: Additional AFM images. See DOI: 10.1039/c5sc00832h

	What causes extended layering of ionic liquids on the mica surface?Electronic supplementary information (ESI) available: Additional AFM images. See DOI: 10.1039/c5sc00832h
	What causes extended layering of ionic liquids on the mica surface?Electronic supplementary information (ESI) available: Additional AFM images. See DOI: 10.1039/c5sc00832h


