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ABSTRACT: The effect of confinement between mica and
graphene on the structure and dynamics of alcohol−water
mixtures has been studied in situ and in real time at the
molecular level by atomic force microscopy (AFM) at room
temperature. AFM images reveal that the adsorbed
molecules are segregated into faceted alcohol-rich islands
on top of an ice layer on mica, surrounded by a pre-existing
multilayer water-rich film. These faceted islands are in
direct contact with the graphene surface, revealing a
preferred adsorption site. Moreover, alcohol adsorption at
low relative humidity (RH) reveals a strong preference of the alcohol molecules for the ordered ice interface. The growth
dynamics of the alcohol islands is governed by supersaturation, temperature, the free energy of attachment of molecules to
the island edge and two-dimensional (2D) diffusion. The measured diffusion coefficients display a size dependence on the
molecular size of the alcohols, and are about 6 orders of magnitude smaller than the bulk diffusion coefficients,
demonstrating the effect of confinement on the behavior of the alcohols. These experimental results provide new insights
into the behavior of multicomponent fluids in confined geometries, which is of paramount importance in nanofluidics and
biology.
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Confined molecular films have attracted a lot of
attention during the last decade, owing to their role
in lubrication,1 nanofluidics,2 and biological systems.3,4

The behavior of the confined molecules is governed by an
intricate interplay of intermolecular interactions and molecule−
substrate interactions and in many cases is substantially
different from the bulk phase.5 Several groups have made
important experimental6−12 and theoretical13−16 contributions
in understanding the molecular structure of the adsorbed
molecules and their behavior on a surface. However, the
behavior of confined films was, until recently, only mainly
explored theoretically,17,18 whereas investigations by exper-
imental means19,20 were limited due to the lack of experimental
techniques that are able to directly probe their structure and
behavior at the atomic scale.
The discovery of graphene initiated and enabled research of

confined molecular layers and droplets at the nanoscale. The
seminal work of Xu et al.21 revealed that a graphene cover
protects and allows the visualization of thin molecular films of
water adsorbed on a mica substrate. The use of graphene is

essential for several reasons. First, it protects the molecular
layers from the tip during imaging. Second, due to its
impermeability for molecules, it blocks the direct condensation
and evaporation of molecules. Evaporation and condensation of
small molecules can, however, occur through defects at the
graphene cover (e.g., B-type steps).22 Third, due to graphene’s
atomic thickness it can exactly adapt to the morphology of the
underlying substrate. Furthermore, the presence of graphene
and mica, with their large differences in thermal conductivity
along and perpendicular to the interface, warrants a valuable
isolation from the environment and allows to study the intrinsic
properties of the system.23 Therefore, it can provide useful
information on the behavior of thin films of small molecules at
the nanoscale. A number of studies have been performed for
confined water molecules. Most of these studies have focused
on the structure and behavior of confined water between
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graphene and a variety of substrates, including mica,21−25

SiO2
26 and graphite,27 as well as the effect of these water films

on the graphene cover.28−32 It has been shown that water tends
to form continuous multilayer films when adsorbed on
hydrophilic substrates. For instance, a confined water film on
mica appears to be ice-like, indicative of short-range ordering
and hindered lateral mobility. The ice-like layers are in dynamic
equilibrium with the environmental water.22 At low relative
humidity (RH) an epitaxial ice layer (long-range order) grows
on mica and has a fractal shape. The ice growth is induced by
the heat extracted from the system by evaporation of water
molecules.23 The fractal shape is a result of a rotation limited
growth of the ice crystal.
Small alcohols, such as methanol, ethanol, n-propanol, n-

butanol, play a key role in biology,33 surface modification, and
many industrial processes34 and have received a lot of attention.
For instance, water−ethanol mixtures have been shown to
induce a transition of DNA molecules from all-B-forms to all-A-
forms,35 depending on the concentration of ethanol. In the bulk
phase small alcohols are soluble in water. However, the
properties of these mixtures are substantially different in
confined geometries and are still not well understood. For
example, several studies have reported phase separation36,37 and
crystal-like properties.38 Severin et al.36,37 studied the
adsorption and desorption of ethanol from vapor of the
graphene/water/mica system. By exposing the system to
ethanol vapor, small ethanol islands grow over time,
surrounded by a water film that shrinks as the ethanol islands
grow. Ren et al. reported on the dewetting of hydrophobic
plates by ethanol molecules.39 Molecular dynamics (MD)
simulations done by Zhao et al.18 revealed phase separation of
ethanol−water mixtures confined between graphene plates and
a preferential adsorption of the ethanol molecules at the
graphene surface.
Our work majorly extends these early studies on the

adsorption−desorption and phase separation of ethanol−
water mixtures into nanopores, including a systematic study
of various alcohols, among which we find pronounced
differences. Our systematic experimental study on the behavior
of alcohol−water mixtures in a hydrophobic−hydrophilic
confinement has revealed several phenomena, which can be
of paramount importance in nanofluidics and biology. For
instance, 2D graphene nanochannels provide a promising
hydrophobic nanofluidic material, for example, in nanofiltration
membranes. The structural and kinetic properties of meth-
anol−, ethanol−, 2-propanol−, and 2-butanol−water mixtures
confined between graphene and mica are compared in detail.
The alcohol chains preferentially adsorb at the graphene/ice
interface forming 2D islands on top of the ice layer and
surrounded by a multilayer water film. However, the structure
of these domains and the orientation of the molecules depend
on the length of the alcohol chains: Smaller alcohol chains form
2D faceted islands, suggesting a crystal-like structure, with the
alcohol molecules in a “standing up” configuration. Their
growth relates to the free energy barrier for further growth and
the 2D diffusion rate. The measured diffusion coefficients reveal
a dependence on the size of the alcohol and are about 6 orders
of magnitude smaller than their bulk counterparts. Our
experimental results thus shed new light on the structure,
adsorption and dynamics of various alcohol−water mixtures in
a hydrophobic−hydrophilic confinement, which is of funda-
mental importance in biology, nanofluidics, and many industrial
processes.

RESULTS AND DISCUSSION
The schematic of Figure 1a illustrates the experimental
procedure. Samples were prepared at ambient conditions. At

ambient conditions, a double bilayer of water is trapped
between graphene and mica. This double bilayer shows
perpendicular order but poor long-range lateral order. By
changing the environmental water vapor to the alcohol vapor,
2D islands are formed between graphene and mica.36 A typical
AFM image of faceted methanol islands, formed by purging
methanol vapor in the AFM chamber, is shown in Figure 1b.
AFM phase images (not shown here) reveal no apparent phase
contrast between the methanol islands and their surroundings,
which indicates that the tip interacts always with the graphene
cover implying that the islands are indeed under the graphene
sheet. The height difference between the islands and their
surroundings was measured by AFM, see Figure 1c for the
height distribution. The methanol islands have an average
height difference of 0.08 nm ±0.02 nm with respect to their
surroundings. Similar results have been obtained for ethanol, 2-
propanol, and 2-butanol. The corresponding AFM images of
the islands formed between graphene and mica, after
subsequent purging with ethanol, 2-propanol, and 2-butanol,
respectively, are shown in Figure 2. Ethanol islands (Figure 2a)
appear very similar to the islands observed for methanol with
faceted edges and with a height difference of 0.1 nm ± 0.02 nm.
In contrast to ethanol and methanol, 2-propanol exhibits two
distinct phases. “Phase c” (where c stands for crystal-like)
(Figure 2b) shows faceted islands with a height difference of 0.2
nm ± 0.02 nm, and “phase a” (where a stands for amorphous)
(Figure 2c) shows continuous round layers with a height of
0.34 nm ± 0.02 nm. In the case of 2-butanol, islands with a
height difference with respect to their surroundings of 0.34 nm
are observed. The height differences of the alcohol islands with
respect to their surroundings are depicted in Figure 3. Note
that the faceted islands reveal a 6-fold symmetry with angles
close to 120°, suggesting ordering in the alcohol layers.

Figure 1. (a) Cartoon of the experimental procedure. Upon a
change of the ambient vapor to alcohol vapor, water molecules
evaporate from the graphene−mica interface through a pore,
whereas alcohol molecules condensate via the pore and form 2D
islands. (b) Methanol islands formed by the adsorption of methanol
from methanol vapor. (c) Height distribution of the islands and
their surroundings.
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We interpret the growth and formation of these 2D islands in
the following manner: during the replacement of the
environmental vapor by the alcohol vapor, the water
concentration in the chamber drops. This leads to evaporation
of water molecules that are confined between graphene and
mica, through defects in the graphene cover, for example, B-
type steps. The evaporation of the water molecules induces the
growth of ice layers at the interior of the graphene-mica pores,
as we have described in detail in ref 23. Meanwhile, due to the
increase of the alcohol vapor in the chamber, alcohol molecules
creep into the pores (of the graphene-mica interface). These
alcohol molecules, as we will show later, preferentially adsorb
on top of the ice layers. The resulting structure consists of a
layer of alcohol on top of an ice layer that is surrounded by a
(less ordered) double bilayer (or “puckered” layer) of water
molecules. As has been demonstrated in Figures 1 and 2, the
2D islands have a 6 fold symmetry. The preference toward the
ice interface of the alcohol molecules rather than the water

bilayers is shown in Figure 4. Figure 4a shows an ice crystal that
has grown upon a reduction of the RH by purging the AFM

environmental chamber with dry N2 gas. Insertion of alcohol
vapor into the chamber results into the radial filling of the ice
crystal, demonstrating the high affinity of the alcohol molecules
for the ice interface. Eventually, the filled fractal relaxed with
time to a faceted layer similar to the ones observed in, for
instance, Figures 1 and 2. This is probably due to surface
tension and line tension smoothing of the interface.
The proposed mechanism can explain the small height

differences of the alcohol layers with respect to their
surroundings. In the case of methanol, ethanol, and 2-propanol
“phase c”, the measured values correspond to the height
difference between one alcohol layer on top of the ice crystal
and two water bilayers. For example, for methanol, the
measured height is the difference between one methanol
layer on top of the ice layer and two water bilayers (we note
here that the interlayer distance of hexagonal ice is 0.37 nm).
By subtraction of the height of one water bilayer the apparent
height of the methanol islands is 0.45 ± 0.02 nm, which
corresponds well with the size of the methanol molecules.12

Similarly, we obtain heights of 0.47 ± 0.02 nm and 0.57 ± 0.02
nm for ethanol and 2-propanol “phase c” islands, only slightly
smaller than the size of the molecules (0.55 and 0.60 nm,
respectively12). This is demonstrated in Figure 5b,c. Figure 5b
shows a cross section taken across a 2-propanol partially filled
ice crystal indicated with the blue line in Figure 5a. Three levels
are clearly observed: The level of the ice layer, the surrounding

Figure 2. AFM images of alcohol islands in between graphene and
mica formed by adsorption from (a) ethanol vapor, (b,c) 2-
propanol vapor (“phase c” and “phase a” islands) and (d) 2-butanol
vapor.

Figure 3. Height values measured for each alcohol island with
respect to their surroundings.

Figure 4. (a) Ice crystals under a few layers of graphene. (b)−(e)
Time frames of the radial filling of the ice crystal, when exposed to
2-propanol vapor. (f) Coarsening and smoothing of the fractals has
occurred after 48 h.
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double bilayer, and the 2-propanol/ice layers, see also the
cartoon in Figure 5c. The reported height values have been
calibrated using the graphene step height, 0.34 nm. The well-
defined thickness of the islands, which corresponds very well to
the size of the molecules, is indicative of ordering. In contrast,
both 2-propanol “phase a” islands and 2-butanol islands are
circular with a height difference of 0.34 ± 0.02 nm. We propose
that these islands either consist of an amorphous phase or have
a “standing down” configuration with the OH groups facing the
ice layer. Note that longer alcohol chains have been found to
lay flat on graphitic surfaces due to the effect of the nonpolar
alkyl chain.40

The formation of the alcohol domains suggest separation
into an alcohol phase and a water phase. The phase separation
on a molecular level is intimately related to the molecular
interaction potentials. The phase separation is a result of the
competition of intermolecular interactions and molecule−
substrate interactions. On a macroscopic scale this results into a
different contact angle and surface tension. The free energy of
the water alcohol interface includes a surface contribution, a
bulk contribution and a line term related to the boundary
between the two phases. This line term is the two-dimensional
analogue of surface tension, i.e. line tension. The line tension of
monolayers on water is in the order of 10−12 N.41,42 For bulk
systems, line tension effects can obviously be ignored. However,
it can play a prominent role at the nanoscale. Severin et al.37

demonstrated that the nanophase separation of water−ethanol
films under a graphene blanket is influenced by the thickness of
the graphene cover. Graphene deforms at the island edges. The
deformation depends on the number of graphene layers
because additional energy is required to bend a graphene
layer. Moreover, Zhao et al.18 found in their simulations that
separation in water−ethanol mixtures, confined between two
graphene surfaces, occurs due to the stronger interaction of the
ethanol molecules with the hydrophobic graphene surface. In
our case, demixing is further enhanced due to the hydrophilic
nature of the mica surface. Water preferentially adsorbs on the
mica surface, whereas the alcohol molecules preferentially
adsorb at the graphene/ice interface.
Alcohol molecules might be able to mix with the surrounding

water film as suggested in ref 15. Resolution limitations of the
AFM do not allow to resolve isolated alcohol molecules mixed

with water. An elegant way to test alcohol water mixing is by
exposing the system before and after alcohol exposure to low
RH. At low humidity, 2D ice fractals are formed, see Figure 6b

and refs 22 and 23. The structure and growth of the fractals can
be disturbed by contamination of the graphene-mica inter-
face.43 Typically ice fractals have a well-defined branch
thickness, which depends on the graphene thickness and the
evaporation rate of the intercalated water molecules.44

Contamination disturbs the ice structure and leads to a more
erratic extraction of the water molecules from the pores. In a
similar manner, alcohol molecules mixed in the water layers can
be considered as contaminants and can disturb the crystalline
structure. To test whether the alcohols mix with the water
molecules, we first melt the ice fractals by increasing the RH
back to the ambient value (50%). Thereafter, we purge the
system with alcohol vapor, that is, 2-propanol. We find that 2-
propanol “phase c” islands are formed, see Figure 6d. These
layers were subsequently removed by purging the chamber with
water vapor for 24 h as described in ref 36. Figure 6e shows the
system after removing the alcohol islands. The surface then
appears smooth, that is, similar to Figure 6a,c. After exposing
the same surface again to low RH, erratic and ill-defined fractals
grow, in marked contrast to the well-defined ice crystals in
Figure 6b. We note here that the experimental conditions, that
is, temperature, evaporation rate, and graphene thickness, were
kept constant throughout the experiments. Similar behavior has
been observed for the other alcohols. We argue that the
intercalated alcohols can partially mix with the water film.
These mixed alcohol molecules can be strongly attached to the
surrounding water molecules and remain attached even after
the evaporation process. Note that pinning of alcohol
molecules at defect sites of the interface might also play a
role and should not be ignored. This observation is in good
agreement with the results of Cheng and Sun,15 who found
from molecular simulations that ethanol-rich islands grow on
top of a water-rich film.
The growth of the intercalated islands is facilitated by a

nearby B-type step edge or a defect in the graphene cover.36

The growth of these islands slows down over time until it more

Figure 5. (a) Partially filled and filled ice crystals with 2-propanol
under few layers of graphene. (b) Cross section taken across a
partially filled ice crystal indicated with the blue line in panel (a).
(c) Simplified cartoon of the proposed structure of the intercalated
molecules. An alcohol layer (red spheres) is formed on top of an ice
layer (white spheres) and surrounded by a double water bilayer
(blue spheres).

Figure 6. (a) Monolayer and trilayer graphene on water on mica.
(b) Ice fractals grown after exposure of the system to low relative
humidity (0.1% RH). (c) Removal of the fractals by increasing the
RH to the ambient value. (d) Formation of “phase c” 2-propanol
islands after exposure to the alcohol vapor. (e) Removal of the
alcohol islands by changing back to water vapor. (f) Formation of
erratic and ill-defined fractals after exposure again to 0.1% RH.
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or less saturates. The formation of small clusters growing slowly
over time implies a diffusion controlled nucleation and growth
process. The phase separation is driven by surface and line
tension between the phases as well as preferential adsorption of
the alcohols at the graphene/ice interface. In order to
investigate the dynamics of the growing islands, we measured
their areal growth as a function of time. Using image processing
tools the acquired AFM images were first flattened by a second
order polynomial. The flattened images were then transformed
into black and white images, where white refers to the alcohol
domains and black to the surroundings (using an appropriate
threshold). Subsequently the area of the white domains
(alcohol layers) was measured. Figure 7a shows representative

curves for methanol, ethanol, 2-propanol, and 2-butanol. 2-
Propanol “phase c” and “phase a” revealed similar behavior;
thus, we will not make a further distinction between the two. It
is apparent that their growth slows down over time. We would
like to note that we never observed a completely filled alcohol
layer; water filled pockets were always observed randomly on
the surface, as can be seen in Figure 6d. In order to be able to
compare these different experimental results, we plot these
curves in a log−log scale, as shown in Figure 7b. From Figure
7b, two issues are apparent. First, the slope of each curve is
approximately equal to 1 for the first part of the growth,
indicative of linear growth. Second, the intercept is different for
different alcohols. The measured slope of 1 indicates diffusion
in 2D channels, that is, length scales grow as t1/2, where the
diffusion coefficient strongly depends on the size and shape of
the molecules as well as intermolecular and substrate
interactions. The relationship below is generally valid for
diffusion in a 2D system

⟨ ⟩ =x Dt42
(1)

where ⟨x2⟩ is the mean square displacement (MSD), D is the
diffusion coefficient, and t is the time. We relate the MSD to
the area of the islands at each specific time. On the basis of the
above equation and by fitting to a first order polynomial, we
can extract the diffusion coefficient of the alcohols. It should be
noted that AFM cannot image fast diffusing objects (relative to
the scanning speed, i.e. the time it takes to image the object),
thus our estimate should be considered as a lower bound. The
measured diffusion coefficients show a strong dependence on
the size of the molecule. We obtained the values (30 ± 10) ×
10−16 m2/s, (10 ± 5) × 10−16 m2/s, (6 ± 2) × 10−16 m2/s and
(10 ± 1) × 10−17 m2/s for methanol, ethanol, 2-propanol, and
2-butanol, respectively. We would like to note here that the
analysis was performed for alcohols intercalated through B-type
steps and graphene wrinkles, which are abundant in the
graphene mica interface. We have also repeated our experi-
ments for different gas phase alcohol−water concentrations
(see Supporting Information) and we have not observed any
significant difference, strongly suggesting that confinement is
indeed the limiting factor. Furthermore, the observed trend
reflects that longer chains need to overcome higher energy
barriers to creep inside the pores. A comparison to the bulk
diffusion coefficients (D ∼ 10−9 m2/s)45 shows about 6 orders
of magnitude difference, which suggests hindering of the lateral
degree of freedom. This demonstrates that confinement
dramatically slows down the diffusion of small molecules inside
the nanopores.

Conclusions. In summary, we have studied the behavior of
small alcohol molecules, namely, methanol, ethanol, 2-
propanol, and 2-butanol intercalated between graphene and
mica in real time and space using atomic force microscopy. The
adsorbed molecules form alcohol-rich islands on top of ice
layers and in between graphene and mica. These alcohol islands
show both crystal-like and liquid-like behavior. We have
demonstrated a phase separation: the alcohol molecules show
preferential adsorption at the graphene/ice interface, whereas
water domains prefer the mica surface. The measured height
differences of the alcohol domains with respect to their
surroundings suggest an “upright configuration” for the small
alcohols with respect to the graphene surface and an
amorphous phase or a “standing down” configuration of the
larger alcohols. Moreover, a dependence of the diffusion
coefficients on the molecular size is observed. The measured
confined diffusion coefficients are about 6 orders of magnitude
smaller than the bulk diffusion coefficients. We have
successfully demonstrated the effect of confinement on the
structure, dynamics and adsorption of water−alcohol mixtures.
Our experimental findings provide new information on the
structure and dynamics of nanoconfined alcohol−water
mixtures and can be valuable for many fields and in particular
biology.

METHODS
Graphene flakes were exfoliated from a freshly cleaved HOPG (ZYA
grade, MikroMasch) sample, using the tape-free method.43 The
graphene flakes are then gently pressed on top of a freshly cleaved
muscovite mica sample (SPI, V1) at ambient conditions. Subsequently,
these flakes are detected with an optical microscope (DM2500 MH
materials microscope from Leica, Germany). We observe layered
graphite flakes, which are in many cases terminated by regions of bi- or
monolayer graphene. The number of graphene layers is determined by
optical microscopy and Atomic Force Microscopy (AFM) with an
Agilent 5100 atomic force microscope (Agilent) measurements.46

AFM imaging was performed in tapping mode using HI RES-C14/CR-

Figure 7. Area versus time for methanol, ethanol, 2-propanol and 2-
butanol islands in (a) linear and (b) log−log scale. The slope for
small times is 1, implying linear growth.
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AU probes (MikroMasch), with a nominal spring-constant of 5 N/m
and resonance frequency of 160 kHz. The sample and the AFM
scanner are placed in a closed environmental chamber. The relative
humidity (RH) in the environmental chamber is decreased by purging
with dry nitrogen (N2) at an adjustable flow rate. The RH is increased
by blowing dry nitrogen through one or two washing bottles filled with
distilled water (18.2 MΩ × cm with a TOC (total organic carbon) of
<3 ppb using a Milli-Q Reference A+ system from Merck Millipore).
The flow speed is measured using two flow sensors (0.1−3 L/min with
accuracy 0.1; 0.1−10 L/min with accuracy 0.3) and the RH is
measured using a humidity and temperature sensor (SENSIRION EK-
H4 SHTXX, Humidity Sensors, Eval Kit, SENSIRION, Switzerland),
with an accuracy of 1.8% between 10 and 90% RH placed in close
proximity to the sample. The temperature was kept constant at 21 °C
(room temperature, RT), no significant variations were observed
during the experiment. Furthermore, in order to purge the system with
alcohol vapor, a washing bottle was filled with the desired alcohol, that
is, methanol, ethanol, 2-propanol, or 2-butanol (Sigma-Aldrich,
analytical standard (≥99.5%), used as received). The washing bottles
are rinsed three times with these alcohols and the unconnected tubes
are purged with nitrogen for 10 min at 2 L/min to remove water and
other contamination. Another washing bottle is used to reduce the
toxicity of the waste fumes from the chamber’s outlet. In order to
further avoid water contamination of the alcohols, an amount of
approximately 50 mL of alcohol was taken directly from the freshly
opened bottles. The purging rates of the alcohol vapor was kept
constant at (1.0 ± 0.1) L/min in every experiment.
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