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Direct observation of the double-layering quantized growth of 
mica-confined ionic liquids
Bingchen Wang,a and Lei Li *a

Since the interface between ionic liquids (ILs) and solids always plays a critical role in important applications such as coating, 
lubrication, energy storage and catalysis, it is essential to uncover the molecular structure and dynamics of ILs confined to 
solid surfaces. Here, we report direct observation of a unique double-layering quantized growth of three IL (i.e., [Emim][FAP], 
[Bmim][FAP] and [Hmim][FAP]) nanofilms on mica. AFM results show that the IL nanofilms initially grow only by covering 
more surface areas at the constant film thickness of 2 monolayers (ML) until a quantized increase in the film thickness by 
another 2 ML. Based on the AFM results, we propose a double-layering model describing the molecular structure of IL cations 
and anions on the mica surface. The interesting double-layering structure can be explained as the result of several competing 
interactions at the IL-mica interface. Meanwhile, the time-dependent AFM results indicate that the topography of IL 
nanofilms could change with time and mobility of the nanofilm is lower for ILs with longer alkyl chains, which can be 
attributed to the more ordered packing between longer alkyl chains. The findings here have important implications on the 
molecular structure and dynamics of ILs confined to solid surfaces.

Introduction
Ionic liquids (ILs) have drawn more and more research interests 
because of their extraordinary physiochemical properties. 
Unlike common inorganic salts, the liquid phase is 
thermodynamically favorable for ILs under ambient conditions, 
since the Coulombic attractions are disrupted due to the bulky 
and asymmetric organic cations and anions.1-3 Their excellent 
properties, including high thermal stability, wide liquidus range, 
negligible volatility, excellent solvating capability,4-6 make them 
ideal candidates for applications in separations, chemical 
synthesis, etc.7-11 The interface between ILs and solids is 
especially crucial to many promising applications, such as 
electrolytes for energy storage devices,12, 13 lubricants for nano- 
and microelectromechanical systems (NEMS/MEMS) and hard 
disk drives (HDD),14-18 absorbents for carbon capture,19, 20 and 
green catalysis.21, 22 As a result, it is critical to understand the 
molecular structure of ILs confined to solid surfaces. Muscovite 
mica has been frequently used as the model solid because of its 
atomically smooth surface and well-studied surface 
chemistry.23, 24 Muscovite mica exhibits layered structure along 
the (001) basal plane, with interlayered K+ between two 
aluminosilicate layers to balance the negatively charged 

crystals.23 Upon cleavage at the interlayer, statistically equal 
amounts of K+ are distributed on both mica surfaces.25

Molecular liquids form solid-like layering when confined on 
atomically flat solid surfaces as ultrathin films.26-28 For example, 
when absorbed on the mica surface, water molecules have been 
found to form ~0.2nm-thick icelike monolayers and then icelike 
bilayers at higher relative humidity (RH) due to the hydrogen 
bonding.25, 29-32 Similarly, as two mica surfaces approach each 
other at the molecular scale when immersed in nonpolar 
liquids, oscillatory functions of force to separation distances can 
be detected, corresponding to discrete monolayers of the 
nonpolar liquids.33, 34 For molecularly thin perfluoropolyether 
(PFPE) films confined on amorphous nitrogenated carbon, 
complete wetting has been observed below the film thickness 
of one monolayer, while dewetting becomes overwhelming as 
the film grows thicker than one monolayer because of the 
favorable boding within the PFPE molecules over the 
solid/liquid interaction.16, 35 When surfactant molecules (e.g., 
quaternary ammonium surfactants) in aqueous solutions below 
the critical micelle concentrations (CMC) are adsorbed on solid 
surfaces, they generally form monolayers or spherical 
aggregates, whereas the cationic surfactant molecules above 
CMC form the thermodynamically favorable wormlike 
aggregates in full-cylinders on the hydrophilic mica surfaces and 
half-cylinders on the hydrophobic graphite surfaces.36-38 Similar 
to molecular liquids, ILs have been found to form solid-like 
layering structures when confined to the mica surface.24 Atkin 
et al. performed the AFM force-distance study with a tip 
approaching and leaving the mica surface in two protic ILs, EAN 
and PAN, and an aprotic [Emim][Ac], and concluded that ILs 
form solid-like extended layering structure on mica.3, 39, 40 Perkin 
et al. used surface force apparatus (SFA) to study the oscillation 
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distance from the squeeze-out of an ion pair for [CnMIm][NTf2] 
between two mica sheets.41-43 They proposed that the ILs with 
shorter alkyl chains form monolayers of cations/anions with the 
alkyl chains parallel to mica, while the ILs with longer alkyl 
chains form tail-to-tail bilayer aggregation with the alkyl chains 
perpendicular to mica. Moreover, they measured the friction by 
shearing two mica sheets with nanometer-thick ILs confined in 
between using SFA.44, 45 Quantized friction regimes were 
observed at various loads, which correspond to different layers 
of ions after squeeze-out. Espinosa-Marzal et al. also observed 
the oscillatory structural forces with reducing separation 
distances and an irreversible solid-like structural change for 
[Hmim][EtSO4] under nanoconfinement using extended SFA, 
which supports the possible IL layering with the cation alkyl 
chain normal to the surface.46, 47 Gebbie et al. performed force-
distance measurements across [Cnmim][NTf2] (n=2-4) and 
proposed that ILs screen charged solid surfaces by forming 
short-range Stern layers and long-range diffuse double layers, 
where the near-surface nanostructure can extend up to 3 nm 
away from the solid surfaces.48-50 In AFM force-distance and SFA 
studies, the molecular structure was indirectly characterized by 
deciphering the force-distance and the friction-load profiles. Liu 
et al. noticed the coexistence of the liquid phase and the stable 
solid-like phase of [Bmim][PF6] on the mica surface at room 
temperature (RT) under tapping mode AFM.51 In contrast, Bovio 
et al. reported that there is only solid-like layering for 
[Bmim][NTf2] on mica.52 Later, Yokota et al. detected 
inhomogeneous layering structures of [Bmim][NTf2] and 
[Bmim][BF4] at the IL/mica interface using frequency-
modulation AFM (FM-AFM).53 While the previous works 
showed the extended layering structure of ILs on the mica 
surface, a complete picture of the interfacial structure of IL 
cations and anions at the molecular level has not yet been 
uncovered.
In this study, the interfacial molecular structures of mica-
confined ILs with various alkyl chain lengths in the cations, i.e., 
[Emim][FAP], [Bmim][FAP], and [Hmim][FAP], were investigated 
by AFM. Unlike the solid-confined molecular liquids and 
surfactants, it was directly observed that the IL nanofilms grow 
in a quantized way on mica by the thickness of ~2 ML. A double-
layering interfacial molecular model of IL cations and anions on 
the mica surface has been proposed based on the equilibrium 
nanofilm topographies. Time-dependent AFM results have 
showed the slower spreading for ILs with longer alkyl chains 
when confined to the mica surface, which can be attributed to 
the more ordered packing between longer alkyl chains.

Results and discussion
Quantized growth of [Emim][FAP] on mica

When confined to a solid surface, ILs often form interfacial 
molecular structures dramatically different from the bulk 
structure.6, 43, 54 In the current study, a quantized double-
layering growth of [Emim][FAP] nanofilms was directly 
observed in the AFM results at RH higher than 30%. The growth 
of the nanofilms was controlled by sequentially increasing the 
concentration of the IL solutions during thin film fabrications, 
and the surface characterizations were performed within half 
an hour after the thin film fabrications. Initially, the IL film only 
covers more solid surface areas at the constant film thickness. 
At a critical stage of film growth, there is a sharp increase in the 
overall film thickness by ~2ML. The nanofilm thickness remains 
constant again afterward as the IL film grows. The film thickness 
was taken as the average distance between the top of the film 
and the mica surface for each film growth stage.
As shown in Fig. 1a-c, when fabricated from solutions at lower 
concentrations, i.e., 0.25 g/L to 0.75 g/L, the thickness of 
[Emim][FAP] nanofilms remains constant at ~1.8 nm. As the 
nanofilm grows, the IL films only cover more solid surface areas 
at this stage. The film topography changes from small islands to 
more closely packed islands, and then to connected sponges. 
Interestingly, when the IL concentration increased from 0.75 g/L 
to 1 g/L, a quantized increase in the thickness of the sponge-like 
nanofilm to ~4.4 nm was observed, as seen in Fig. 1d. As the 
concentration increased from 1 g/L to 1.5 g/L, the overall 
thickness of the growing IL nanofilms remained at ~3.5 nm (Fig. 
1e). However, the film topography switches to one loosely 
connected film sitting on another smooth film upon the film 
growth. The thicknesses of the top and bottom layers are ~1.6 
nm and ~1.8 nm, respectively.
If the [Emim][FAP] molecules in bulk are assumed to be cubes, 

the edge length can be calculated by , where  is the bulk (
𝑀/𝑁𝐴

𝜌 )
1
3

𝜌
density (1.71 g/cm3 at RT),  is the molecular weight (556.17 𝑀
g/mol), and  is the Avogadro constant. 16, 55 The edge length 𝑁𝐴
of [Emim][FAP] molecules is calculated as 0.81 nm, which is 
roughly half of the thickness of [Emim][FAP] nanofilms 
fabricated from low concentrations. Assuming one monolayer 
(ML) of the IL nanofilm is one layer of [Emim][FAP] molecules 
densely packed in the lateral direction, the starting thickness of 
[Emim][FAP] nanofilms is the thickness of ~2 ML. Interestingly, 
the film thicknesses did not grow consecutively with the 
increasing concentration of the IL solutions. Instead, the 
thicknesses increased by ~2 ML from 0.75 g/L to 1 g/L. Except 
for the quantized increase, the film thickness remained 
constant at ~2 ML for thinner films and ~4 ML for thicker films.
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Fig. 1  AFM images and their corresponding line profiles of mica-confined [Emim][FAP] fabricated from the concentration of (a) 0.25 g/L 
(30% RH), (b) 0.5 g/L (34% RH), (c) 0.75 g/L (52% RH), (d) 1 g/L (52% RH), and (e) 1.5 g/L (34% RH). The AFM scan areas are 10 m by 10 m, 

and the inset scale bar is for the z-direction. The x-axis and y-axis for the line profiles are the distance along the cut in the horizontal 
direction (m) and the height in the vertical direction (nm), respectively.
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Fig. 2  AFM images and their corresponding line profiles of mica-confined [Bmim][FAP] fabricated from the concentration of (a) 0.25 g/L 
(31% RH), (b) 0.75 g/L (43% RH), (c) 1 g/L (31% RH), (d) 1.5 g/L (55% RH), and (e) 2 g/L (43% RH). The AFM scan areas are 10 m by 10 m, 

and the inset scale bar is for the z-direction. The x-axis and y-axis for the line profiles are the distance along the cut in the horizontal 
direction (m) and the height in the vertical direction (nm), respectively.
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Fig. 3  AFM images and their corresponding line profiles of mica-confined [Hmim][FAP] fabricated from the concentration of (a) 0.25 g/L 
(30-47% RH), (b) 0.5 g/L (34-47% RH), (c) 0.75 g/L (30-47% RH), and (d) 1 g/L (34-47% RH). For each concentration, the scan was taken 

within 0.5 hour and after 1 week after the sample fabrication. The AFM scan areas are 10 m by 10 m, and the inset scale bar is for the z-
direction. The x-axis and y-axis for the line profiles are the distance along the cut in the horizontal direction (m) and the height in the 

vertical direction (nm), respectively.

Double-layering interfacial molecular structure

Similar to the quantized growth of [Emim][FAP] nanofilms, the 
nanofilms of [Bmim][FAP], which has a longer alkyl chain in the 
imidazolium cation, also exhibit quantized growth on the mica 
surface at RH higher than 30%. The AFM images and the line 
profiles in Fig. 2 show the quantized growth of mica-confined 
[Bmim][FAP]. The edge length of the [Bmim][FAP] molecule is 
estimated to be 0.84 nm based on its bulk density of 1.63 g/cm3 
at RT and its molecular weight of 584.23 g/mol. When the 
solution concentrations are low, i.e., from 0.25 g/L to 0.75 g/L 
(Fig. 2a-b), the film thickness remains constant at ~1.5-1.7 nm 
that is the thickness of ~2ML. As the nanofilm grows, it only 
covers more solid surface areas, with the islands growing bigger 
and bigger until they are connected. Similar to the growth of 
[Emim][FAP], as the concentration increases from 0.75 g/L to 1 
g/L, the [Bmim][FAP] nanofilm on mica stops growing with the 
film thickness constant at ~2 ML thick. Instead, a quantized 
growth in the film thickness from ~1.7 nm to ~4.4 nm was 
observed (Fig. 2c). The increase in the film thickness is again 
about the thickness of 2 ML. The overall thickness remains at 

~4.4-4.6 nm for the nanofilms of [Bmim][FAP] fabricated from 
the concentration of 1 g/L to 1.5 g/L (Fig. 2c-d). During this stage 
of film growth, the overall film thickness remained at ~4 ML 
thick, similar to the [Emim][FAP] nanofilms at this stage. Upon 
the growth of the films, [Bmim][FAP] covers more mica surfaces 
to form smoother nanofilms. For the nanofilm fabricated from 
the concentration of 1.5 g/L (Fig. 2d), the film topography again 
switches to one film with a thickness of ~2.4 nm sitting on 
another smooth film with a thickness of ~2.2 nm. The 
thicknesses of both layers are ~2 ML thick. As the dipcoating 
concentration increases to 2 g/L, the top layer grows in full, 
resulting in one smooth film on the solid surface. The film 
thickness is ~4.1 nm, which is about the thickness of 4 ML.
The growth of [Hmim][FAP], which has the longest alkyl chain in 
the cation among the three ILs, acts very differently from the 
other two ILs on mica under RH higher than 30%. Instead of the 
layering structures, [Hmim][FAP] forms nanodroplet structures 
when confined on the mica surface as nanofilms. As shown in 
Fig. 3a, when the nanofilm was initially fabricated from the most 
dilute solution (0.25 g/L), one nanodroplet with a height of ~30 
nm and a diameter of ~1 nm was observed within the scan area 
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at the initial state (within half an hour after dipcoating). As the 
[Hmim][FAP] nanofilm grows (Fig. 3b-d), the density of the IL 
nanodroplets becomes higher and higher at the initial states, 
which is again very different from the quantized growth of 
layers of [Emim][FAP] and [Bmim][FAP]. No layering structure 
was observed at all for all stages of film growth.

Table 1  Surface tension values of the ILs at RT.
Surface tension [mN/m]

[Emim][FAP] 34.3  0.08
[Bmim][FAP] 32.3  0.07
[Hmim][FAP] 31.5  0.05

The surface tension results of three ILs measured by the 
pendant drop analysis are shown in Table 1. The results are also 
consistent with previous reports.56, 57 There is an inverse 
correlation between the measured surface tension and the alkyl 
chain length of the cations. Almeida et al.58 and Zhou et al.59 
concluded that the longer alkyl chain leads to the lower surface 
tension because the stronger steric effect between ions with 
longer alkyl chains induces the lower electrostatic interaction. 
Kolbeck et al.60 and Pensado et al.61 proposed that the nonpolar 
alkyl chains prefer to orient toward air at the liquid-air interface 
for ILs with longer alkyl chains, which results in the lower 
surface tension. Our results show that the nanofilms of 
[Emim][FAP] and [Bmim][FAP], which have ethyl chains and 
butyl chains in the cations, respectively, exhibit the layering 
structures on mica, and the growth of the layers is 
discontinuous. However, the nanofilms of [Hmim][FAP], which 
has the longest hexyl chain in the cations and the lowest surface 
tension, show the nanodroplet structures on mica. Based on 
Young’s equation,62 a liquid with lower surface tension is 
expected to have better wettability on a solid surface. However, 
the nanoscopic wettability of [Hmim][FAP] with the lowest 
surface tension is the lowest among the three ILs on mica. The 
nanoscopic structures of solid-confined ILs are very different 
from the bulk structures of ILs on solids.3, 63 For ILs confined to 
the mica surface, it is expected that there is a competition 
between the solid/liquid interaction and the liquid/liquid 
interaction. Previous ATR-FTIR and AFM results suggest that 
water absorbed on the mica surface from ambient humidity 
dissolves and mobilizes the surface K+, as water has a high 
dielectric constant.64, 65 At the solid/liquid interface, ion 
exchange between the IL cations and K+ is thus enabled, and 
layered packing of ILs could be initiated. As a result, layering 
structures were observed for the nanofilms of [Emim][FAP] and 
[Bmim][FAP] under RH > 30%. However, [Hmim][FAP] has a 
longer C6 alkyl chain in the cation than [Emim][FAP] and 
[Bmim][FAP]. The stronger solvophobic force results in more 
ordered nanostructure and enhances the cohesive interaction 
within the IL, so nanodroplet structures were observed for the 
[Hmim][FAP] nanofilms as a result of the strong liquid/liquid 
cohesion. Similar differences in the interfacial structures 
between imidazolium ILs with C6 alkyl chains and imidazolium 
ILs with shorter alkyl chains were also reported based on the 
AFM force measurement results.66, 67 [Hmim][FAP] on both 
highly ordered pyrolytic graphite (HOPG) and Au(111) was 

found to have stronger interfacial structures against the push-
through force than [Emim][FAP], because the longer cation alkyl 
chain leads to enhanced solvophobic interaction.
Interestingly, after the films sit for 1 week under the RH higher 
than 30%, layering structures were again observed for mica-
confined [Hmim][FAP] at various stages of film growth, i.e., 
nanofilms fabricated from the concentration of 0.25 g/L, 0.5 g/L, 
0.75 g/L, and 1 g/L. As shown in Fig. 3, the molecular structures 
of the series of [Hmim][FAP] nanofilms after 1 week were very 
similar to the quantized layering structures of the nanofilms of 
[Emim][FAP] and [Bmim][FAP] within half an hour after the thin 
film fabrications. Only layering structure of [Hmim][FAP] were 
observed, while no nanodroplets remained on the mica surface 
anymore. The edge length of the cubic [Hmim][FAP] molecule is 
estimated to be 0.87 nm based on its bulk density of 1.56 g/cm3 
at RT and its molecular weight of 612.28 g/mol. For nanofilms 
fabricated from the concentration of 0.25 g/L, 0.5 g/L, and 0.75 
g/L after 1 week, the nanodroplets spread into layers with film 
thicknesses ~1.5-1.8 nm of ~2 ML, equal to the thickness of 
~2ML. The film morphology changes from spikes to more 
connected islands. As the concentration increases from 0.75 g/L 
to 1 g/L, another layer with a thickness of ~2 ML grows on the 
bottom layer. A quantized increase in the overall film thickness 
from ~2 ML to ~4 ML (~3.3 nm) was again observed. These 
findings imply that the alkyl chain length in the IL cations may 
have little impact on the equilibrium states of the morphology 
of the IL nanofilms confined on mica, while the spreading 
kinetics of the IL films could vary significantly with the change 
of alkyl chain length.
The above-discussed AFM results provide the key information 
to uncover the molecular structure of IL cations and anions on 
mica. By comparing the film thicknesses of the three ILs at the 
equilibrium states, it is evident that their equilibrium ML 
thicknesses are almost the same. For instance, the thicknesses 
of the IL nanofilms right before the quantized growths, i.e., 0.75 
g/L [Emim][FAP] (Fig. 1c), 0.75 g/L [Bmim][FAP] (Fig. 2b), and 
0.75 g/L [Hmim][FAP] (Fig. 3c), are ~1.8 nm, ~1.7 nm, and ~1.8 
nm, respectively. The chemical structures of the three cations 
with various alkyl chain lengths and the [FAP] anion are 
presented in Fig. S1. As listed by the detailed dimensions, there 
is an increase in the alkyl chain length by 0.25 nm for the 
transitions from C2 to C4 and from C4 to C6. Consequently, the 
very similar ML thicknesses of various ILs determined by AFM 
imply that the alkyl chains are parallel rather than perpendicular 
to the solid surface. Additionally, the molecular arrangement is 
not likely to be one layer of cations adjacent to the mica surface 
that occupy the empty spots left by the dissociated K+ and one 
layer of anions on top of the cation layer to form one ML 
altogether, because this model does not explain why the 
thinnest nanofilm is ~2 ML thick and why the quantized film 
growth is always by ~2 ML. Here, based on the directly-observed 
thickness results from AFM, we propose a double-layering 
interfacial molecular model of IL cations and anions when 
confined to the mica surface, as shown in Fig. 4 with 
[Bmim][FAP] on mica as an example. Within the double-layer 
building block, adjacent to the mica surface is a layer of cations, 
which results from the attractive electrostatic force between 
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the negatively charged mica surface and the IL cation. The 
imidazolium rings are oriented perpendicular to mica, which is 
also suggested by previous density-functional theory (DFT) and 
molecular dynamics (MD) simulation works,68-70 and the alkyl 
chains are oriented parallel to the mica surface. Adjacent to the 
first cation layer is another layer of cations. The configuration is 
similar to the first cation layer, i.e., the imidazolium rings 
perpendicular and the alkyl chains parallel to the mica surface. 
The nonpolar alkyl chains in the first and second cation layers 
closely pack with each other orderly due to the solvophobic 
interaction, and the polar imidazolium heads are far away from 
each other due to the repulsive electrostatic force. Two [FAP] 
anions sit on top of the two cations. The electrostatic 
interaction drives the phosphorous atom of the anion to be 
close to the CH between the methyl and the butyl chains of the 
imidazolium ring (C(2)H), as indicated by previous ab initio 
molecular orbital calculations.71-75 Besides, as also shown in Fig. 
4, the cations in the next building block at the back closely pack 
with the cations in the front building block due to the - 
stacking interaction between the imidazolium rings.43, 63, 76 The 
negative charge density on the fresh mica surface after K+ are 
dissolved by absorbed water is approximately one per 0.47 nm2 
on average.23, 49, 77 After the surface K+ are dissociated by the 
absorbed water from mica, the IL cations need to occupy the 
empty spots left by the K+, which initiates the layering of IL 
cations and anions.64 The relatively small K+ reside within the 
vacancy of the layers to preserve the electroneutrality of the IL 
nanofilm system, including negatively charged mica surface, 
dissociated K+, and two pairs of ions. Taking into consideration 
the area covered by the standing cation and the separation 
distance of -  stacking between two blocks, the mica surface 𝜋 𝜋
area covered by one IL building block is approximately the same 

as the area of one negative charge that is created by the 
dissociation of K+. The sizes of two cations (~0.5 nm each) and 
one anion (~0.7 nm) in the z-direction account for the overall 
thickness of a building block. As a result, the thickness of the 
double-layering molecular structure of the IL nanofilms is ~1.7 
nm (Fig. 4), which is consistent with the AFM results.
While the double-layering molecular model describes the 
structure of [Emim][FAP], [Bmim][FAP] and [Hmim][FAP] on 
mica, one needs to be careful in generalizing the conclusion 
here. Since the double-layering model results from the 
competition among several interactions, e.g., electrostatic 
interaction between mica and cation, electrostatic interaction 
between cation and anion, solvophobic interaction, and it 
depends on the exact structure of ILs and solids, it is likely the 
molecular structure will change for different ILs and solids. In 
the current study, the thicknesses of the first double-layer and 
the second double-layer are not always exactly the same. The 
electrostatic force at the interface of IL and mica is strong to 
induce more ordered molecular arrangements in the first 
double-layer than in the second double-layer, which may lead 
to a difference in the thicknesses.41 Indeed, the findings here 
indicate the complexity of the molecular structure of solid-
confined ILs.

Different spreading kinetics of ILs on mica

Our AFM results showed that the alkyl chain length in the IL 
cations has little impact on the nanofilm morphology on mica 
under equilibrium states. However, AFM results also suggest 
that the spreading of the [Hmim][FAP] nanofilms is the slowest 
among the three ILs. Therefore, the effect of the alkyl chain 
length in the IL cations on the spreading kinetics of mica-
confined ILs has also been investigated.

Fig. 4  Double-layering molecular model of [Bmim][FAP] on the mica surface  
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[Emim][FAP], [Bmim][FAP], and [Hmim][FAP] nanofilms were 
fabricated using the same solution concentration of 0.75 g/L and the 
topography of the nanofilms were compared with respect to the lead 
time after the thin film fabrication. The films were fabricated, 
characterized, and stored under the RH lower than 20% during the 
entire experimental period. While absorbed water forms large 
island-like films to full monolayers at RH > 30% that is expected to 
increase the mobility of K+ and thus promote the spreading of IL 
nanofilms, only small and isolated two-dimensional clusters can be 
formed on the mica surface at RH < 20%.23, 25, 29, 78 As a result, the 
spreading of IL nanofilms is expected to be slower when RH is lower 
than 20%, and the chance to capture the nanodroplets becomes 
higher. This idea was also supported by a previous report that the 
initial molecular structure of [Bmim][FAP] gradually changes from 
extended layers to droplets with decreasing RH.64 In light of this, it is 
expected that the IL film morphology at the initial stages could 
change from extended layering at RH > 30% to nanodroplets at RH < 
20%. Accordingly, RH < 20% was chosen here to maximize the chance 
of capturing the spreading process during the transition from 
nanodroplets to solid-like layers.
The AFM images and the corresponding line profiles in Fig. S4 
show the time-dependent nanofilm morphology of [Emim][FAP] 
fabricated from the concentration of 0.75 g/L under RH < 20%. 
The nanofilm behaves as sponge-like layering at the initial state 
(within half an hour after thin film fabrication), same as the 
morphology under RH > 30%. The results indicate that the 
spreading process for the [Emim][FAP] nanofilm is very fast 
after dipcoating, so only layering structure was observed within 
the experiment time scale. No change of the molecular 
structure over time was observed, and the RMS surface 
roughness values remain almost the same at various lead time 
(Table 2). The molecular structure remained as sponge-like 
layering, and the nanofilm thickness was constant at ~2 ML for 
up to one week.

Table 2  RMS surface roughness results of the three IL nanofilms 
fabricated from 0.75 g/L solutions at various lead time

[Emim][FAP] [Bmim][FAP] [Hmim][FAP]
0.5 hour 0.496 nm 2.44 nm 7.01 nm
0.5 day 0.588 nm 2.16 nm 9.03 nm
2 days 0.794 nm 1.54 nm 4.13 nm
1 week 0.826 nm 0.897 nm 1.49 nm
3 weeks 0.608 nm

As expected, a combination of nanodroplets and layering with 
heights of up to ~10 nm was observed at the initial state for the 
[Bmim][FAP] nanofilm fabricated from the concentration of 
0.75 g/L (Fig. 5a). The nanodroplet structure at the initial state 
under RH  20% is very different from the sponge-like layering 
under RH  30%. The existence of nanodroplet suggests that the 
spreading of [Bmim][FAP] is slower than that of [Emim][FAP]. 
The nanodroplets spread gradually over time, as indicated by 
the AFM topography and the RMS surface roughness values. At 
this stage of isotropic spreading, the height of the nanodroplets 
decreases over time, and the coverage of the nanofilm on mica 
increases over time. It is worth noting that when the film 
thickness is above 4 ML, i.e., after 0.5 hour and 0.5 day, the 

height of the films at various locations are not uniform 
anymore, possibly because the layering structure far away from 
the solid/liquid interface is dampened. The film morphology 
changes from nanodroplets with irregular shapes to islands with 
a constant thickness of ~4 ML after 2 days. Eventually, after one 
week, the islands spread anisotropically to form layering 
nanofilm with a constant thickness of ~2 ML. The significantly 
lower mobility and slower spreading of mica-confined 
[Bmim][FAP] nanodroplets compared to the spreading in 
macroscale is also analogous to the previous finding.79

For the [Hmim][FAP] nanofilm fabricated from the 
concentration of 0.75 g/L, only nanodroplets with heights up to 
~50 nm were observed at the initial state under RH  20%, as 
shown in Fig. 5b. The nanodroplets then start to spread 
isotropically over time to cover more areas on mica. However, 
the spreading of [Hmim][FAP] nanodroplets is much slower 
than the spreading of [Bmim][FAP] nanodroplets, as indicated 
by the comparison of AFM topography in Fig. 5 and the RMS 
surface roughness values in Table 2 at various lead time. 
Besides, the solid/liquid contact lines of [Hmim][FAP] 
nanodroplets are closer to circles than the contact lines of 
[Bmim][FAP], since the cohesion interaction within the 
[Hmim][FAP] molecules with C6 alkyl chain tails dominate over 
the templating effect at the solid/liquid interface at these 
stages. After one week, the film morphology slowly changes 
from nanodroplets to large islands with a constant thickness of 
~4 ML. Interestingly, it was noticed that a layer with a thickness 
of ~2 ML develops under another layer with a thickness of ~2 
ML at the edge of an island, as shown in Fig. S5. This 
phenomenon indicates that the morphology of the 
[Hmim][FAP] nanofilm after one week is not at its equilibrium 
state yet, and the nanofilm still has the tendency to continue to 
spread slowly. Eventually, after three weeks, the islands spread 
anisotropically to form the layering nanofilm with a constant 
thickness of ~2 ML.
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Fig. 5  AFM images and their corresponding line profiles of time-dependent nanofilms of (a) [Bmim][FAP] and (b) [Hmim][FAP] fabricated 
from the concentration of 0.75 g/L. The ambient RH was 12-20% the whole time. All AFM scan areas are 10 m by 10 m, and the inset 
scale bars are for the z-direction. The x-axis and y-axis for the line profiles are the distance along the cut in the horizontal direction (m) 

and the height in the vertical direction (nm), respectively.

The time-dependent AFM results under RH < 20% show a clear 
dependence of the spreading kinetics of mica-confined ILs on 
the cation alkyl chain length. The spreading of the nanofilm of 
[Emim][FAP] that contains the shortest alkyl chain is the fastest 
among the three IL nanofilms. The solvaphobic interaction 
within the IL with C2 alkyl chains is too week to preserve a strong 
cohesion within the IL molecules, so the solid/liquid interfacial 
interaction dominates from the beginning. The spreading of the 
[Bmim][FAP] nanofilm is slower than the [Emim][FAP] nanofilm. 
A distinct change of surface morphology with lead time, i.e., 
from the combination of nanodroplets and layering islands after 
half an hour to smooth layering films after one week, has been 
observed. The mild solvaphobic interaction of the IL with C4 alkyl 
chains is able to compete with the templating effect on the mica 

surface, so the mobility of the [Bmim][FAP] nanodroplets is 
lower than that of [Emim][FAP]. The spreading of the 
[Hmim][FAP] nanofilm is the slowest among the three IL 
nanofilms. It takes up to three weeks for the nanofilm to reach 
its equilibrium state of the smooth layer with the thickness of 
~2 ML. As [Hmim][FAP] has the longest C6 alkyl chain in the 
cation, the intermolecular cohesion is strong enough to 
preserve the nanodroplet structure with the shape of a 
spherical cap for the longest time among the three ILs. When 
confined as nanofilms, the tendency for ILs with long cation 
alkyl tail to initially form nanodroplets and then slowly spread is 
related to the nanostructure in bulk IL. Due to the ion 
amphiphilicity, bulk IL molecules organize into spatially 
heterogeneous polar and apolar domains, similar to the 
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aggregations of traditional surfactants.3, 6, 80 The solvophobic 
effect induces the alkyl chains to self-assemble into sponge-like 
clusters, and the increasing alkyl chain length in the cations 
drives the formation of more distinct and continuous 
nanostructures,5, 81-83 resulting in he initial nanodroplet 
structure. The competition between the solvophobic 
interaction within ILs and the templating effect of the mica 
surface accounts for the slower spreading of ILs with longer 
alkyl tails and the final layered structrue. The finding here 
highlights the complexity in determining the molecular 
structure of solid-confined ILs. Due to the possible time 
dependence, even the “experimental data” might not be taken 
as the last word if the time effect is not considered. The time- 
and RH-dependence also explain the inconsistent results 
reported previously.

Conclusions
In conclusion, the interfacial molecular structures of mica-
confined ILs with various alkyl chain lengths in the cations, i.e., 
[Emim][FAP], [Bmim][FAP], and [Hmim][FAP], have been 
systematically investigated by AFM. Double-layering quantized 
growth of the nanofilms of [Emim][FAP] and [Bmim][FAP] at RH 
> 30% has been directly observed. Initially, the IL films only 
cover more solid surface areas at the constant film thickness of 
2 ML. Then a quantized increase in the film thickness by 2 ML 
was observed. The nanofilm thickness remains constant 
afterward as the nanofilm grows. The AFM thickness results 
directly indicate that the cation alkyl chain length has no impact 
on the nanofilm topographies under equilibrium states. Based 
on the AFM results, we have proposed a double-layering model 
describing the interfacial molecular structure of IL cations and 
anions on the mica surface. Within the double-layer building 
block, the first two layers adjacent to the mica surface are 
cation layers with the imidazolium rings perpendicular to mica 
and the closely-packed alkyl tails parallel to mica, and two 
anions sit on top of the two cations. The structure can be 
explained by the multiple interactions involved at the IL-mica 
interface. Meanwhile, the time-dependent AFM results at RH < 
20% reveal the effect of the cation alkyl chain length on the 
spreading kinetics of mica-confined IL nanofilms. The spreading 
is slower for ILs with longer alkyl chains due to the stronger 
solvophobic interactions. Our results provide insights into the 
molecular structure and dynamics of solid-confined ILs.

Experimental
Materials

The imidazolium ILs utilized were a series of hydrophobic ILs 
with the same [FAP] anions and three different alkyl chain 
lengths in the cations, i.e., 1-ethyl-3-methylimidazolium 
tris(pentafluoroethyl)trifluorophosphate ([Emim][FAP]), 1-
butyl-3-methylimidazolium 
tris(pentafluoroethyl)trifluorophosphate ([Bmim][FAP]), and 1-
hexyl-3-methylimidazolium 
tris(pentafluoroethyl)trifluorophosphate ([Hmim][FAP]). They 

were acquired from Millipore Sigma and used as received, and 
the purities are higher than 98%. Their molecular structures are 
shown in Fig. S1. The solvent for ILs was 2,3-
dihydrodecafluoropentane (marketed as Vertrel XF) with high 
volatility. Vertrel XF was purchased from Fisher Scientific and 
used as received. Muscovite mica sheets (highest quality grade 
V1) were purchased from Ted Pella.

Thin film fabrication

Nanometer-thick IL films on mica were fabricated with a KSV 
Instruments dipcoater based on a previously established 
approach in our lab.84, 85 IL solutions were made by dissolving 
ILs in Vertrel XF at a series of concentrations. Mica sheets were 
cleaved by a sharp tweezer right before the dipcoating process 
to make fresh mica surfaces. The AFM image and the 
corresponding line profile of the atomically smooth mica 
surface are shown in Fig. S2 as control. The cleaved mica pieces 
were dipped into and pulled out from the IL solutions at a 
constant speed of 60 mm/min using the dipcoater, as shown in 
Fig. S3. The growths of the IL nanofilms in this study were 
controlled by sequentially increasing the concentrations of the 
IL solutions.

AFM characterization

The surface topography of the IL nanofilms on mica was 
characterized by tapping-mode AFM using a Veeco Dimension 
V Scanning Probe Microscope. The AFM probe used 
(MikroMasch NSC14/AL BS) has an 8 nm aluminum tip on an n-
type silicon cantilever, a resonance frequency of 160 kHz, and a 
force constant of 5.0 N/m. The scan area was set at 10 m by 
10 m with a pixel density of 256 by 256, so the lateral 
resolution was 39 nm.

Surface tension measurement

The liquid-air surface tension values of the bulk ILs were 
measured by the pendant drop analysis with a VCA Optima XE 
contact angle machine at room temperature.
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