
Time- and Temperature-Dependent Growth Behavior of Ionic
Liquids on Au(111) Studied by Atomic Force Microscopy in
Ultrahigh Vacuum
Manuel Meusel, Afra Gezmis, Simon Jaekel, Matthias Lexow, Andreas Bayer, Florian Maier,
and Hans-Peter Steinrück*

Cite This: J. Phys. Chem. C 2021, 125, 20439−20449 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: We deposited defined amounts of [C1C1Im][Tf2N]
on Au(111) at different temperatures and investigated the
morphology and wetting behavior of the deposited films by atomic
force microscopy. For multilayer coverages, we observe a drastically
different growth behavior when comparing deposition at room
temperature (RT) and deposition below 170 K followed by slow
annealing to RT. Upon deposition at RT, we find the formation of
2−30 nm high and 50−500 nm wide metastable 3D droplets on
top of a checkerboard-type wetting layer. These droplets spread out
into stable 2D bilayers, on the time scale of hours and days. The
same 2D bilayer structure is obtained after deposition below 170 K
and slow annealing to RT. We present a statistical analysis on the
time-dependent changes of the shape and volume of the 3D
droplets and the 2D bilayers. We attribute the stabilization of the 2D bilayers on the wetting layer and on already formed bilayers to
the high degree of order in these layers. Notably, the transformation process from the 3D droplets to 2D bilayer islands is accelerated
by tip effects and also X-ray radiation.

■ INTRODUCTION

Ionic liquids (IL) are a special class of liquids, which are
interesting for a variety of applications, ranging from
lubrication1−5 to catalysis.6−13 Their specific properties arise
from the fact that they are molten salts, consisting of cations
and anions, which can be varied over a wide range. Per
definition, ILs are liquids below 100 °C and many of them
even at room temperature (RT). Of particular interest are
applications in catalysis, where ILs have recently led to two
powerful concepts, both of which are already applied in large-
scale industrial processes. In both the supported ionic liquid
phase14 (SILP) concept and the solid catalyst with ionic liquid
layer13 (SCILL) concept, a high-surface-area solid substrate is
covered with a thin IL film. In SILP, the IL film contains a
dissolved metal complex, in SCILL the IL film modifies active
sites at the support. It is evident that the formation of this film,
in particular the question whether it wets the support material
or not, is of utmost relevance for the catalytic performance in
both concepts.15,16 Despite this importance, presently a
molecular level understanding of the ongoing processes,
which would allow for reliable predictions of the behavior
for a particular combination of an ionic liquid and support, is
missing.
The interaction of ILs with different supports has been

studied in the past using various experimental techniques and

conditions.16,17 For some systems, nearly perfect wetting of the
substrate is found, yielding flat films of significant thickness,
that is, the IL wets the surface; this behavior is also denoted as
two-dimensional (2D) growth. In other cases, the IL forms
three-dimensional (3D) islands, that is, the IL does not wet the
surface. Here, one can differentiate between two cases: In the
first, the IL forms a single wetting layer on the substrate, on top
of which 3D islands (or droplets) grow.18 In the second, no
such wetting layer is formed, and the 3D islands/droplets grow
directly on the substrate.19

The experimental studies can be classified in two groups. In
the first group, the films are prepared by e.g., spin- or dip-
coating20,21 under ambient conditions, that is, typically at room
temperature and in air or in a controlled gas atmosphere.
Common experimental techniques to study the growth
behavior are contact angle measurements or ambient pressure
atomic force microscopy.20−26 In the second group, ultrathin
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films of typically much lower thickness are prepared by
physical vapor deposition (PVD) under ultraclean ultrahigh
vacuum (UHV) conditions. As experimental methods, until
recently only angle-resolved X-ray photoelectron spectroscopy
(ARXPS) and UV-photoelectron spectroscopy (UPS) were
applied.17,27−31 Only very recently, the first UHV-based atomic
force microscopy (AFM) studies addressing IL growth have
been published.32,33 Notably, scanning tunneling microscopy
(STM) is not suited to study IL growth behavior, due to too
strong tip effects, which occur for layers on top of the first
wetting layer.33,34

Since in this study we will only deal with the growth
behavior of ILs on well-defined single crystal surfaces, we will
address the corresponding literature in more detail. A very
good overview is provided in a recent review by Lexow et al.17

Upon IL deposition on clean metal and oxide surfaces, in all
cases known to us, the formation of a wetting layer is
observed.17,18,35−37 For the example of [C8C1Im][Tf2N] on
Au(111), this was initially deduced from angle-resolved XPS29

and later on confirmed by low-temperature STM.34 For most
systems, this wetting layer displays a checkerboard-type
structure with cations and anions adsorbed next to each
other, both in direct contact with the surface.17 STM showed
for several systems that the wetting layer can display a high
degree of long-range order. Very recently it was demonstrated
by STM and also by AFM that this order can even persist up to
room temperature.32

The growth on top of the wetting layer depends on the
substrate temperature and on the particular system. At room
temperature, for some cases nearly perfect 2D layer-by-layer
growth is observed up to 5−10 layers.29 For other systems,
pronounced 3D islands form on the wetting layer on glass
(SiO2),

38 Au(110),36 mica,39 or Ni(111).40 In addition, also a
behavior in between occurs, which was denoted as moderate
3D growth.17 These conclusions could be derived from ARXPS
and UPSfor an overview see ref 17. It was also noticed that
specific modifications of the substrate, like surface alloying or
carbon contaminations can lead to pronounced changes in the
observed behavior.17,37,39 When adsorption is done at low
temperature, typically a statistical growth (hit-and-stick) is
observed.33,41 Upon heating to RT, for some systems the
formation of flat 2D layers is proposed,33,35 while for others
dewetting, that is, the formation (ripening) of 3D islands
occurs.18

While the latter behavior is expected for systems, where the
thermodynamics favors dewetting, there are some specific
systems that show a seemingly opposite behavior. For these
systems, at room temperature 3D islands form on top of the
wetting layer, which transform into 2D layers over the time
scale of minutes and hours.35,36 This behavior was exclusively
deduced indirectly from the time-dependence of ARXPS35 or
UPS36 signals. What is currently missing is real-space
information about the growth and wetting behavior, providing
information on the island size, shape, and height. While STM
has proven to not be able to study IL systems at coverages
beyond the wetting layer, very recently AFM has been
demonstrated to allow for imaging distinct subsequent layers
on top of the wetting layer, even with molecular resolution. For
this reason, we herein perform AFM investigations of
multilayer coverages of [C1C1Im][Tf2N] on Au(111) formed
upon adsorption at room temperature, with the aim to provide
microscopic insights into the formation and thermal evolution
of IL droplets in a highly controlled UHV environment. This

knowledge can help to control or suppress the formation of
droplets in IL thin films and is therefore potentially interesting
for advanced SILP or SCILL systems. The IL was chosen
because it showed time-dependent morphology changes after
deposition on Ag(111) at RT.35 This surface is very similar to
Au(111) concerning the adsorption behavior of ILs.17

■ METHODS

We used a two-chamber variable temperature AFM/STM
(VT-AFM-Q+-XA) from Scienta Omicron with a background
pressure of <1 × 10−10 mbar. Ultrapure [C1C1Im][Tf2N] (for
synthesis see ref 27) was deposited following the same routine
as described previously.33 Note that in the literature,
[C1C1Im]+ is also referred to as [MMIm]+ 42 and [Tf2N]

− as
[NTf2]

− 43 or [TFSA]−.3 The Au(111) crystal was purchased
from MaTecK and cleaned by repeated Ar+ sputtering and
annealing until the terraces were a few hundred nanometres
broad and appeared clean in AFM. In a previous publication,
we showed that the Au(111) herringbone reconstruction is not
lifted by [C1C1Im][Tf2N].

32 The deposition was performed
using a homebuilt effusion cell for ILs44 operated at a
temperature around 380 K. IL deposition was done in the
preparation chamber with the substrate at room temperature,
250 K, or during cooling with liquid nitrogen at temperatures
below 170 K. After deposition, the sample was transferred to
the precooled AFM/STM sample stage in the analysis chamber
at 110 K (transfer time: 4−8 min, including the time to cool
down to 110 K of 1−2 min). The deposited amount was
precisely determined using a calibrated QCM that was
positioned besides the crystal during deposition.33 The
deposited amounts are given in WLE, that is, multiples of
the dose required to form one complete densely packed
wetting layer with a coverage of 1 WL. Please note that in the
literature coverages are often given in ML, which for ILs has
been defined as the surface fully covered with pairs of cations
and anions on top of each other. Therefore, for systems where
the wetting layer has a checkerboard-like structure (as is the
case here), with cations and anions next to each other in
contact with the surface, 1 WL equals 0.5 ML. The frequency
shift Δf of the noncontact AFM measurements was mostly
−300 Hz versus resonance frequency of the cantilever, usually
around 300 kHz. A table with detailed information on the
preparation conditions for all shown images is given in the SI.
Data evaluation and image processing was done using

WSxM45 and involved precise background flattening and
sparingly used filtering for noise reduction in presented images.
Lateral droplet sizes were determined from the x and y
dimensions, omitting noise as good as possible. Vertical sizes
were determined from the highest height diagram in the fast-
scan direction that was free of noise. Volumes were calculated
for each individual droplet by assuming an ellipsoidal shape.
Covered surface areas of the bilayers were determined by
“flooding” the images at a threshold of 50% of the height level
of the respective layer, relative to the lower layer.

■ RESULTS

We deposited defined amounts of [C1C1Im][Tf2N] onto
Au(111) via PVD using a custom-made IL evaporator,44 which
provides a stable IL flux over a long time. The IL flux was
monitored by a calibrated quartz crystal microbalance (QCM)
positioned next to the sample during the deposition. From the
QCM signal, we can thus precisely determine the IL coverage
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(under the reasonable assumption that the IL sticking
coefficient does not depend on IL coverage), as described
previously.33 IL deposition was done with the substrate either
held at room temperature, at ∼250 K, or at temperatures below
170 K (below this temperature, no changes of the surface
morphology with time are observed). AFM images were
measured at 110 or 250 K. At 250 K, stable AFM imaging in
the multilayer range is still possible. Above 270 K, the tip picks

up IL from the surface and redeposits it in an uncontrolled
way, as reported previously.33

Figure 1 shows AFM images for doses of 0.5, ∼2, and ∼4
WLE of [C1C1Im][Tf2N] on Au(111). The IL doses are given
in wetting layer equivalents (WLE), where 1 WLE is the dose
required for the formation of a complete densely packed
wetting layer (WL) on Au(111). At the top (Figure 1a,d,g), we
show AFM images obtained after deposition at a sample

Figure 1. AFM images of [C1C1Im][Tf2N] on Au(111), all measured at 110 K, for deposited amounts of 0.5 WLE (left), ∼2 WLE (center), and
∼4 WLE (right). (a, d, g) display the images after deposition at temperatures below 170 K and (b, e, h) after slow annealing (over days) of these
layers to 300 K; below the latter, representative line scans are shown, the positions of which are indicated in the images above by blue horizontal
lines. (c, f, i) display the images after deposition at RT; representative line scans are shown below as blue or red horizontal linesnote the different
height scales. The chemical structure and space-filling models of [C1C1Im][Tf2N] are shown in (j). Details about the preparation and AFM
parameters are given in the SI.
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temperature below 170 K; the AFM measurements were
performed at 110 K. In the row below, AFM images are shown
after slow annealing of the layers of the top row to 300 K
(Figure 1b,e,h), again measured at 110 K; slow annealing
means that the final temperature is reached after several days,
while taking additional AFM images at intermediate temper-
atures (not shown). The bottom row shows AFM images of
samples with doses nearly identical to those in the top row but
with the deposition performed with the substrate at RT
(Figure 1c,f,i). After deposition, the samples were immediately
cooled to 110 K (within 4−8 min, to freeze in the film
morphology) and then measured at 110 K. The corresponding
line scans displaying the island heights are given below.

For the dose of 0.5 WLE (left column), that is, for a
coverage of 0.5 WL, we observe a large number of small 2D
islands for deposition at low temperature; see Figure 1a. Upon
slow annealing to room temperature, very large 2D islands
form (Figure 1b). This appearance is very similar to that of the
IL layer directly deposited at RT (Figure 1c), indicating that in
the sub-WL range the same morphology is achieved by
adsorption at low temperature plus annealing to RT and by
deposition at RT.
For doses exceeding 1 WLE (and thus a coverage >1 WL),

the adsorption behavior strongly differs for the two deposition
temperatures and becomes even more different after annealing
to RT. For deposition at low temperature, we observe a

Figure 2. AFM images of 4.1 WLE [C1C1Im][Tf2N] on Au(111), measured at 110 K (blue frames) or at 250 K (green frames). Below each image
representative line scans are shown, the positions of which are indicated in the images above by blue and/or red horizontal lines (note the different
scales). Experiment 1: deposition at RT followed by 26 h at RT, AFM at 110 K (a) and subsequent annealing at RT for 18 h and AFM at 110 K
(b). Experiment 2: deposition at RT followed by <10 min at RT, AFM at 110 K (c) and subsequent annealing at RT for 2 min and AFM at 110 K
(d). Experiment 3: deposition at <170 K, followed by AFM at 110 K (e) and subsequent annealing at RT for 2 min and AFM at 110 K (f).
Experiment 4: deposition at RT followed by <10 min at RT, AFM at 250 K (g) and annealing at RT for 125 min and AFM at 250 K (h).
Experiment 5: deposition at 248 K, followed by AFM at 250 K (i) and annealing at RT for 5 min and AFM at 250 K (j). Details about the
preparation and AFM parameters are given in Table S1 in the SI.
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homogeneously covered surface consisting of many very small
features (5−10 nm) with a height distribution around 0.5 nm
(see Figure 1d,g). Upon slow annealing to RT, the system
undergoes a transition to a layered 2D structure (Figure 1e,h;
note that the smaller steps with ∼0.2 nm height are due to
steps of the Au(111) substrate); molecularly resolved high-
resolution images reveal a crystalline order of this 2D structure
(see Figure S1 in the Supporting Information (SI)).33 Large
islands are formed on top of a closed wetting layer; the height
of these islands, as deduced from line scans, is ∼0.71 nm (see
line scans in Figure 1e,h). This is twice the height of the
wetting layer of ∼0.34 nm, in agreement with ref 33, and
confirms the growth of bilayers on top of the wetting layer
under these conditions. The situation changes drastically, when
deposition is performed directly at RT (Figure 1f,i), where very
large droplets with heights around 2−30 nm and diameters
around 50−500 nm form (see line scans in Figure 1f,i; note the
different height scales). The 2D bilayer islands that are found
for the cold-prepared and slowly annealed layers (Figure 1e,h)
are absent, except for small terrace-like features around some
of the droplets. Notably, the remaining flat area between the
droplets is not the clean Au(111) surface but the substrate
entirely covered with the wetting layer, as concluded from its
molecular resolved structure (see Figure S2 in the SI).
To obtain additional information on the growth behavior

and on the transition of the 3D droplets to the 2D bilayers on

Au(111), we performed a series of five experiments, with
different deposition temperatures, annealing times, and
imaging temperatures. In each experiment, we deposited the
same nominal amount of 4.1 WLE onto a freshly cleaned
sample, and after each preparation step we collected around 10
AFM images. For each step, a representative image is shown in
Figure 2.
In experiment 1, we deposited the IL at RT and left the

sample at RT for 26 h. The AFM image in Figure 2a, measured
after cooling to 110 K (within 1−2 min), is very similar to that
in Figure 1i. It shows a few large 3D droplets of up to 25 nm in
height, some of which are surrounded by 2D bilayer islands of
0.7 nm height (see red and blue line scans below the AFM
image, respectively). As the next step, we heated the sample
back to RT (within 1−2 min) and retained it at this
temperature for 18 h. The AFM image after cooling back to
110 K is shown in Figure 2b. Interestingly, the 3D droplets
have disappeared and we find the surface covered with 2D
bilayers. Obviously, during the time the sample spent at
temperatures between RT and 110 K, nuclei of 2D bilayers
have formed, so that these islands continued to grow at RT.
To find out when the transition of the 3D droplets to 2D

bilayers happens, we performed experiment 2. In contrast to
experiment 1, the time at RT directly after deposition was
decreased to only a few (<10) minutes, before cooling to 110
K. In Figure 2c, we still find droplets as before, along with a

Figure 3. AFM images of 2.2 WLE [C1C1Im][Tf2N] deposited onto Au(111) at room temperature, cooled to 110 K, and then measured at 250 K
repeatedly over a time span of 114 min; the images are part of an AFM video (over 174 min), which started 82 min (1.4 h) after the annealing has
been initialized. Notably, always the identical area of the surface was scanned, thus allowing for the analysis of the time evolution of individual
droplets. Two are indicated by green and blue squares. Evidently, with time the 3D droplets are converted to 2D bilayer islands. The full AFM
video is provided as Video V1 in the SI, along with the details about the preparation and AFM parameters in Table S1.
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few 2D bilayer regions around them. Obviously, the time at RT
directly after deposition at RT does not have a major effect on

the growth behavior. However, the annealing time at RT after
measuring the AFM images at 110 K strongly influences the

Figure 4. AFM images of 2.2 WLE (top panel a−d), 4.2 WLE (middle, e−h), and 6.0 WLE (bottom, i−l) [C1C1Im][Tf2N] deposited onto
Au(111) at RT, measured at 110 K (left column), and then at 250 K, over a period of 100−127 h. In each panel, the AFM image, a color-coded
flooding of the image (to identify the wetting layer, bilayers, and droplets), and a representative line scan are arranged above each other. The
sample remained at 250 K through the measurement series, and for each image a new spot on the surface was scanned to minimize tip-induced
effects. Schematic sketches of the surface morphology are shown in (m−p). Details about the preparation and AFM parameters are given in the SI
in Table S1.
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results: While in experiment 1 we found predominantly 2D
bilayers after 18 h (Figure 2b), annealing for only 2 min at RT
leaves the morphology mostly unaffected, as is evident from
Figure 2d, where the 3D droplets still dominate the
appearance. This behavior indicates that the transition from
3D droplets to 2D bilayers is a slow process requiring a certain
annealing time at RT (on the order of hours) but only happens
if the sample has been cooled to low temperature before this
step.
To obtain further insight, we performed an additional

experiment 3, where we deposited the IL at low temperatures
(below 170 K during cooling). The corresponding AFM image
in Figure 2e shows a homogeneously covered surface
consisting of many very small structures (similar to Figure
1g), which we attribute to a homogeneously thick disordered
layer due to hit-and-stick adsorption of ion pairs. Upon short
(2 min) annealing to RT, the surface morphology changes
completely and 3D droplets are observed along with 2D bilayer
regions; see Figure 2f. This observation contrasts the situation
obtained after slowly (over days) annealing a low temperature-
deposited layer to RT, where only 2D bilayers are seen, cf.
Figure 1h. We thus conclude that upon fast annealing of a low-
temperature-deposited disordered IL layer to RT, the IL
agglomerates to 3D droplets. When this annealing process is
performed over a long time, 2D bilayers are formed.
In experiment 4, the IL was deposited at RT and cooled to

250 K within less than 10 min after preparation. We also
measured the AFM images at this temperature, to avoid
cooling to 110 K. Figure 2g again shows 3D droplets along
with some 2D bilayer regions. Upon annealing at RT for 125

min and cooling back to 250 K, the 3D droplets completely
convert to 2D bilayers, as is evident from Figure 2h.
For experiment 5, we changed the deposition temperature to

248 K. The AFM images in Figure 2i, which were measured at
250 K directly after deposition, show exclusively 2D bilayers,
with no sign of 3D droplets. Obviously, upon deposition at 250
K, the IL does not agglomerate to 3D droplets and the 2D
bilayers are formed directly. Annealing at RT for 5 min does
not change the situation, as is evident from Figure 2j, which
shows that no 3D droplets are formed once 2D bilayers have
been formed.
In the experimental series shown in Figures 1 and 2, we

observed a very complex adsorption and growth behavior. To
obtain further insight, we followed the time evolution of the
transformation of 3D droplets to 2D bilayers in situ over an
extended time period with an AFM video. For this experiment,
we deposited 2.2 WLE at RT and immediately cooled the
sample to 110 K. Thereafter, we heated the sample to 250 K
and began the AFM measurements. After 82 min, we started a
video of a selected surface area. Single frames of this video are
shown in Figure 3 for a time span of 114 min, and the full
video (174 min) is presented as Video V1 in the SI. The initial
image in Figure 3a contains a few large 3D droplets (two are
highlighted with squares) on top of the wetting layer, with only
small 2D-bilayer regions connected to the perimeter of the
droplet. With time, the droplet decreases in size and
simultaneously a 2D bilayer emerges from the perimeter of
the droplet and grows outwards. Eventually all droplets
disappear, and the surface is only covered with bilayer islands
(Figure 3f); this situation equals the appearance, which is

Figure 5. Statistical analysis of the time evolution of AFM images of 2.2 WLE (blue), 4.2 WLE (green), and 6.0 WLE (red) [C1C1Im][Tf2N],
deposited onto Au(111) at RT, measured at 110 K, and then at 250 K, over a period of 100−127 h; the data stem from the same experimental
series as the AFM images shown in Figure 4. For each data point, 7−34 images (containing 21−90 droplets) were analyzed. (a) Average number of
droplets, (b) average droplet diameter (average of the length and width of the slightly elliptical shape; see text), (c) average droplet height, (d)
average droplet volume, (e) average bilayer volume, and (f) average total volume; the deposited amount is indicated by dashed lines, respectively.
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observed after deposition at low temperature followed by slow
annealing to 300 K (cf. Figure 1e). At intermediate times
(Figure 3c,d), step-pyramid-like structures displaying several
levels, with heights equaling the bilayer height of ∼0.71 nm, as
found in a previous publication, are observed.33 Eventually
these also tend to spread out into the lowest bilayer, if given
enough time.
After performing the time-series experiment shown in Figure

3, we moved to a different spot on the sample and checked
whether the same transition from the droplet to the 2D layer
had occurred. Surprisingly, we observed that the image at the
new spot looked quite different, that is, it still showed
pronounced droplets. We thus have to conclude that we have
pronounced tip effects, namely, that the tip accelerates the
transition from droplets to the 2D structure.
To avoid the influence of tip effects, we thus performed

three series of isothermal measurements at 250 K, at three
different IL doses, 2.2, 4.2, and 6.0 WLE. However, this time
each image was taken at a new, previously not scanned region
to avoid tip-induced effects; notably, this has the disadvantage
that one cannot follow the evolution of the same droplets on
the surface. During IL deposition, the substrate was at RT,
followed by an immediate transfer (within 4−8 min) to the
precooled measurement stage at 110 K. The sample was then
heated to 250 K and held at this temperature for the entire
series of AFM measurements (up to 5 days). Figure 4 shows
representative AFM images from the three series at the
beginning, after annealing times of 3−5, 32−35, and 100−
127 h. Below each image, a color-coded image indicating the
respective layers or droplets is shown, along with a line scan of
the highest droplet in the respective image. We observe that for
all doses, droplets with similar perimeter have been formed.
Upon annealing, these droplets decrease in size and a bilayer
spreads around the droplets. The height of all bilayers is ∼0.71
nm, which equals the height of the bilayers described in a
previous publication.33 At longer times, the droplets lose their
ill-defined shape and step-pyramid-like structures are seen.
Eventually, the lower bilayers close (until they fully cover the
surface), and the higher layers vanish. Overall, the observed
behavior is identical to that in Figure 3. The only difference is
that it occurs much faster when always the identical surface
area is scanned. We thus conclude that the transformation
from the droplets to the 2D layers occurs independent of the
AFM tip. This observation is in line with ARXPS and UPS
experiments for similar systems, which also suggested the
initial formation of 3D islands, which convert to 2D islands
with time.35

For all three coverages, we performed a statistical analysis of
the droplets by determining their footprint and height and of
the area occupied by a 2D-bilayer (including the footprint of
the droplet). The footprint of the droplets is roughly circular,
with a slight tendency toward an elliptical shape, with the
longer axis along the fast scanning direction (horizontal); this
effect is likely due to an influence of the tip. The droplet
volume was determined from the average diameter and height
of each individual droplet, yielding a broad distribution (see
Figure S3 in the SI). For the three depositions, at each time
step between 7 and 34 images were analyzed, which contained
on average between 2 and 5 droplets (thus altogether in each
case 21−90 droplets were analyzed).
Figure 5 shows the statistical evaluation of the droplets

(average number and average diameters, heights, and volumes)
and bilayers (average volume) directly after deposition (t = 0

min) and their evolution with time (up to 127 h) at 250 K.
Notably, the initial average number of droplets directly after
deposition (that is, t = 0 h) increases only slightly with
increasing dose. While the initial diameters (average of
extensions along and perpendicular to the scanning direction)
of the droplets increase only from ∼150 nm at 2.2 WLE to
∼200 nm at 6.0 WLE, their average heights increase strongly,
from ∼6 nm at 2.2 WLE to ∼15 nm at 6.0 WLE. This means
that upon increasing the deposited amount, the initially formed
islands grow mostly in height. For all coverages, directly after
deposition nearly the total amount of IL not bound in the
wetting layer is located in droplets, and bilayers are only
formed to a small extent. From the average footprint and
height of the droplets, we can estimate the average volume of
IL in the droplets per image. Since we also know the average
heights of the 2D bilayers (0.71 nm) and the wetting layer
(0.34 nm), we can determine the total IL volume (= sum of
the wetting layer, bilayer(s), and droplets) per image. This
volume, determined by the statistical analysis of the AFM
image after deposition, can be compared to the deposited
amount in WLE, derived from our calibrated microbalance.
Notably, the accuracy of this comparison is limited by the
number of analyzed images, edge effects of the area
determination, and the assumption of an ellipsoid-like shape
of the droplets (the volume of an ellipsoid is two-thirds of that
of a cylinder with an identical footprint). Nevertheless, when
assuming an ellipsoid-like shape, the amount determined by
the statistical AFM analysis and the deposited amount derived
via QCM (indicated by horizontal dashed lines in Figure 5f)
agree to within 5−10%, that is, extremely well.
Next, we analyze the statistical evaluation of how the average

properties of the droplets (number and diameters, heights, and
volumes) and bilayers (volume) shown in Figure 5 develop as
a function of time at 250 K (the graphs containing the
underlying data are shown in Figure S3). The number of
droplets shows an initial decay, and thereafter stays more or
less constant. The droplets continuously decrease in height and
diameter, while at the same time the surface area covered with
the 2D bilayer increases accordingly. This reflects the
transition from the 3D droplets to the 2D crystalline bilayer
phase. The analysis of the total volume as a function of time
shows a decrease of ∼20% over time. This decrease is likely
due to a combination of effects, that is, an underestimation of
the droplet volume due to transition toward more cylinder-like
shaped islands, and the fact that with continued growth of the
2D phase it becomes more difficult to identify whether
multiple bilayers are formed; both effects would lead to an
underestimation of the total amount of IL on the surface. We
rule out desorption due to the fact that in previous publications
we never observed indications of desorption at these
temperatures33 and that 250 K is well below the multilayer
desorption temperature of 345 K on the similar Ag(111)
surface.17,35 However, while we do not observe an influence by
multilayer desorption at 300 K, we cannot fully exclude it at
this temperature.

■ DISCUSSION
Overall, the morphology of the deposited IL films shows a very
complex temperature and time dependence. Nevertheless, our
experimental findings by AFM in real space are in good
agreement with the general conclusions for the very related
systems, that is, a few multilayers of [C1C1Im][Tf2N] on
Ag(111) by Lexow et al.35 and [C2C1Im][Tf2N] on Au(110)
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by Foulston et al.36 In both studies, the authors observed
changes of substrate- and IL-derived XPS or UPS signals with
time after deposition at RT, on the time scale of hours before
reaching a plateau. Interestingly, for [C8C1Im][Tf2N] on
Ag(111), time-dependent effects were completely absent upon
deposition at RT, indicating that this behavior can strongly
depend on the molecular structure.
Our interpretation of the observed behavior in this study

follows the overall reasoning proposed by Lexow et al.35 but is
now based on real-space information derived from AFM, rather
than indirect information derived from photoelectron spec-
troscopy. Indeed, the real-space information revealed that the
behavior is even more complex than anticipated from XPS.
The change of the 3D droplets to 2D bilayers indicates that the
3D droplets are a kinetically stabilized metastable phase, which
over time irreversibly transforms into the more stable layered
2D structure composed of successive bilayers. We attribute the
initial formation of 3D droplets of [C1C1Im][Tf2N] on
Au(111) on top of the closed wetting layer to the existence
of different processes with very different time scales. After the
impact on the surface at RT, the IL ion pairs are very mobile,
diffuse on the surface, and instantaneously agglomerate into
3D droplets. This behavior likely results from the much higher
and energetically favored coordination of the individual ions in
a 3D droplet, as compared to isolated ion pairs on the WL. In a
similar way, upon fast annealing a disordered IL layer adsorbed
at low temperature (<170 K) to RT, the IL ion pairs
agglomerate to 3D droplets. Both observations are due to the
fact that the nucleation of individual ion pairs to large enough,
stable 2D bilayer islands on the wetting layer and their
successive growth obviously is too slow to compete on the
time scale of 3D agglomeration. Otherwise, large 2D bilayer
regions should form from the very beginning at RT or during
heating. This behavior is attributed to the instability of small
2D bilayer islands, which would serve as nuclei for further 2D
growth. Thus, statistically formed small 2D bilayer islands
disintegrate quickly.
Our experiments in Figure 2 further show that if a RT layer

with 3D droplets is cooled to 110 K and successively annealed
at RT for extended times (hours), or if a low-temperature-
deposited layer is slowly (over days) annealed to room
temperature, the formation of the thermodynamically favored
2D bilayers occurs. Furthermore, the immediate formation of
2D bilayers at 250 K indicates that this temperature is
favorable for the formation of many 2D nuclei, which leads to
the exclusive 2D bilayer growth upon deposition at this
temperature. In addition, at this temperature, diffusion of the
IL on the wetting layer possibly is too slow for the
agglomeration of 3D islands. During fast heating of a low-
temperature-deposited disordered IL layer some 2D nuclei are
formed, which then continue to grow at a slow rate at RT,
which leads to the conversion of the 3D droplets to the 2D
bilayer over the time period of hours. At 250 K, the conversion
of 3D droplets (formed upon deposition at 300 K) occurs at an
even slower time scale (days) than at RT (see Figures 4 and 5).
The observed slow conversion is attributed to the high
activation barrier for the growth of the 2D bilayers, which is
likely related to the detachment/emission of ion pairs from the
3D droplet onto already formed bilayers, or a Schwoebel
barrier46 for mobile IL ion pairs to hop over the bilayer island
edges. In addition, a slow diffusion on the wetting layer and on
already formed bilayers might also contribute.

We attribute the stabilization of the 2D bilayers on the
wetting layer and also on already formed crystalline bilayers to
the higher degree of order in these layers, which in the case of
the wetting layer is indicated by the observation of a long-
range-ordered 2D crystalline phase even at RT, as evidenced
by AFM. The proposed metastable nature of the 3D droplets
and the higher stability of the 2D bilayer phase is also in line
with the observed influence of the AFM tip when subsequently
scanning the same surface area (see Figure 3), where the
transition occurs on a much faster time scale. Interestingly, on
a comparable substrate, the Ag(111) surface, we observe that
the transition can also be accelerated to some extent by
exposure to X-rays. While initially the influence of radiation on
the growth mode was ruled out,35 detailed recent experiments
for [C1C1Im][Tf2N] show that the transformation occurs
significantly slower at lower radiation doses (see Figure S4 in
the SI); however, no indications of beam damage were
detected, within the detection limit of the measurements.
Thus, it seems that X-ray-induced excitations help IL ion pairs
to detach from the 3D islands or to overcome the Schwoebel
barrier, in a similar way as observed for the AFM tip. The
details of this mechanism are not yet understood.
Within our interpretation, we can also understand that

[C8C1Im][Tf2N] does not form 3D droplets at RT. This
behavior is attributed to an enhanced stabilization of IL ion
pairs on the wetting layer by attractive van-der-Waals
interactions between the alkyl chains of [C8C1Im][Tf2N].

■ CONCLUSIONS
We investigated the growth and time evolution of the surface
morphology of [C1C1Im][Tf2N] on Au(111) after deposition
in UHV at temperatures below 170 K followed by annealing to
RT and after direct deposition at RT. Our in situ measure-
ments by AFM provide direct real-space information for doses
ranging from two to six wetting layer equivalents. Independent
of temperature, initially a closed wetting layer is formed. At low
temperature, we observe a hit-and-stick adsorption behavior on
top of this wetting layer, leading to a disordered weakly
corrugated layer. Upon slow annealing to RT, we find,
depending on the deposited amount, the formation of one or
several 2D bilayers on top of the wetting layer, with heights of
∼0.71 nm. In stark contrast, upon deposition at RT or
deposition at low temperature followed by short annealing at
RT, we observe the formation of 3D droplets with heights of
2−30 nm, depending on the deposited amount, on top of the
wetting layer. Time-dependent AFM measurements at 250 K
reveal the transformation of these droplets to 2D bilayers on
the time scale of hours to days, finally yielding the same
morphology as obtained after deposition at low temperature
followed by slow annealing to RT. Time-dependent changes of
the surface morphology have already been anticipated
indirectly from photoelectron spectroscopy in the literature
for [C1C1Im][Tf2N] and [C2C1Im][Tf2N] on Ag(111) and
Au(110), respectively. From our time-dependent real-space
AFM measurements, we conclude that upon deposition at RT,
[C1C1Im][Tf2N] initially forms large 3D IL droplets on a very
fast time scale because the nucleation of individual ion pairs to
stable 2D bilayer islands on the wetting layer is too slow to
compete with 3D growth. Otherwise, large 2D bilayer regions
should form from the very beginning. The 3D droplets are a
kinetically stabilized metastable phase, which over time
transforms into the more stable layered 2D structure
composed of successive bilayers, provided enough nuclei for
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condensation are available. This can, for e.g., be achieved by
intermediate cooling to lower temperatures. We attribute the
stabilization of the 2D bilayers on the wetting layer and on
already formed bilayers to the high degree of order in these
layers. Notably, we observe that the transformation process
from the 3D droplets to 2D bilayer islands is accelerated by tip
effects and also X-ray radiation. Our study is of great relevance
due to the immense application potential of ultrathin IL films,
which ranges from innovative concepts in catalysis (SILP,
SCILL) and protective layers for reactive interfaces to electrical
contacts in nanotechnology.
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