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ABSTRACT: Understanding the growth of ultrathin films of ionic
liquids (ILs) on metal surfaces is of highest relevance for a variety of
applications. We present a detailed study of the growth of the wetting EFSEHET (BL1) 2/ |-
layer and successive multilayers of 1,3-dimethylimidazolium bis- wetting EyeR (WL &b db

[ (trifluoromethyl)sulfonyl ]imide ([C,C,Im][Tf,N]) on Au(111). By \\& &§b t\
atomic force microscopy (AFM) in ultrahigh vacuum, we follow the « \
temperature-dependent behavior between 110 and 300 K at defined

coverages. We initially observe the formation of a wetting layer with a thickness of ~0.37 nm with anions and cations arranged in a
checkerboard structure. Stable AFM imaging up to 280 K allows us to follow the IL growing on top of the wetting layer in bilayers
with an average thickness of ~0.71 nm, that is, double the height of the wetting layer, in a bilayer-by-bilayer fashion. This growth
behavior is independently confirmed from the surface morphology, as deduced from AFM and angle-resolved X-ray photoelectron
spectroscopy. High-resolution AFM images at 110 K allow for identifying the molecular surface structure of the bilayers as a striped
phase, which is one of the phases also seen for the wetting layer (Meusel, M.; Lexow, M.; Gezmis, A.; Schotz, S.; Wagner, M.; Bayer,
A.; Maier, F,; Steinriick, H. P. Atomic Force and Scanning Tunneling Microscopy of Ordered Ionic Liquid Wetting Layers from 110
K up to Room Temperature. ACS Nano 2020, 14, 9000—9010).

second bilayer  (BL2) [C,CyIm]* [Tf,N]"

—~ T — FC /Ns)s SFs

B INTRODUCTION The properties of IL interfaces have been determined using
various techniques. While the IL/vacuum interface has been
investigated in detail using the methods of UHV-based surface
science,”"***7>% the IL/solid interface underneath thick IL
films has been mostly addressed at ambient conditions, by
methods which sufficiently penetrate the IL film. These include
reflection absorption infrared spectroscopy (RAIRS),** sum-
frequency generation,55’56 X-ray or neutron reﬂectivity,ss’57

Ionic liquids (ILs) have received increasing scientific attention
within the last two decades.'~* They are mostly organic salts,
characterized by a low melting point, often even below room
temperature (RT). Their typically very low vapor pressure’
enables applications in ultrahigh vacuum (UHV).°” The
ability to combine specific anions and cations by adequate
synthesis and the option to also use mixtures allows for great
thability of the IL };roperties.lo’“ Together with their ur:gique grazing incidence X-ray diffraction,”® and electrochemical

59—64 . . . .

status within the available material classes, this renders ILs methods. ) The cor'resp onding Studl?s permit Condusmr}s

valuable for applications like lubrication, >~ separation,5~*° on the orientation of ions at and layering near the IL/solid
] )

electrochemistry,®~° and catalysis>*™* In the context of interface. Liquid-phase atomic force microscopy (AFM) and

catalysis, two successful concepts, namely, supported ionic scanning - tunneling microscopy (STM) 9ﬂer an adflit%onal
liquid phase (SILP)*** and solid catalyst with ionic liquid powerful route to study the IL/solid interface within a
layer (SCILL) 39 have been introduced. Both are based on a macroscopic IL droplet at ambient conditions. In particular,
4 ’ . S ) . . AFM force—distance measurements allow for determining
porous support material which is covered by a thin nonvolatile laveri P q1 hickn 2,65—80 d
IL film. In SILP, a homogeneous catalyst is dissolved in the IL ayer.lng € ec.ts an aY.er thic es.ses., even ur.l e€r an
film, whereas in SCILL a heterogeneous catalyst (typically applied electrical potential. The majority of these studies were
metal nanoparticles on a porous oxide support) is coated by performed on Au(111) for ILs with imidazolium-based cations

the IL film. For all applications mentioned above, the IL/solid aflfl _[szlf\l]h_ iii(izs}‘ theyf revea?e}cll Ilayerirﬁg lflf the ILfS in thz
interface is highly relevant for the performance of the system. vicinity of the IL/Au interface, with layer thicknesses of aroun

In particular, for SCILL, the IL/metal interface is of utmost

importance, since the IL modifies the catalytic sites.””*>* In Received: ~ September 1, 2020
order to tailor these systems for specific reactions, a detailed Revised:  October 20, 2020
understanding of the IL/metal interactions, the IL film Published: November 6, 2020

structure at the interface and in successive layers, the growth

of ILs, and the dynamic behavior of the IL film is

42,44—48
necessary.44 Ha—a

H R © 2020 American Chemical Societ https://dx.doi.org/10.1021/acs.langmuir.0c02596
W ACS Publications Y 13670 Langmuir 2020, 36, 1367013681


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manuel+Meusel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthias+Lexow"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Afra+Gezmis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andreas+Bayer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Florian+Maier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hans-Peter+Steinru%CC%88ck"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.langmuir.0c02596&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02596?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02596?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02596?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02596?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02596?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/langd5/36/45?ref=pdf
https://pubs.acs.org/toc/langd5/36/45?ref=pdf
https://pubs.acs.org/toc/langd5/36/45?ref=pdf
https://pubs.acs.org/toc/langd5/36/45?ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c02596?ref=pdf
https://pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org/Langmuir?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html

Langmuir

pubs.acs.org/Langmuir

0.3—0.9 nm, depending on the individual IL.>*"~"* Within
these studies, the first layer in contact with the solid is
sometimes thinner than the successive layers.”””*~"® 1In
addition, there exist numerous molecular dynamic simulations
without and with applied electric potential, which address the
adsorption geometry and layering effects of various ILs, mostly
at metal surfaces.”' ™%

An alternative approach to study the IL/support interface is
to investigate the properties of ultrathin (<5 nm) IL films on
well-defined single-crystal surfaces under ultraclean conditions
in UHV as recently reviewed by Lexow et al.*” The films are
typically deposited in situ using physical vapor deposition.***’
Working in UHV requires a significantly more complex
experimental setup but has the advantage that the inves-
tigations are less prone to contamination effects. In particular,
the water content in an IL has been shown to influence the
interfacial structure on Au(111) and other surfaces like
mica 68/697490-92

Studies of the growth of IL films in UHV are mostly
performed by angle-resolved X-ray photoelectron spectroscopy
(ARXPS; see ref 87 and references therein), UV photoelectron
spectroscopy (UPS),”” and UHV-STM.”*~'%" In particular,
angle-resolved XPS has been proven to be very successful to
study ion arrangement, multilayer growth, wetting behavior,
and exchange phenomena in mixed IL films on various
surfaces.”” In 2011, a first ARXPS study on a single-crystal
surface demonstrated that on Au(111) 1,3-dimethylimidazo-
lium bis[ (trifluoromethyl)sulfonyl]imide ([C,C,Im][T£,N])
and 1-methyl-3-octylimidazolium bis[(trifluoromethyl)-
sulfonyl]imide ([C4C,Im][Tf,N]) grow in a layer-by-layer
fashion from submonolayer to multilayer coverage.'”> From
the detailed analysis of the XP spectra it was concluded that in
the first layer, the so-called wetting layer, anions and cations
are in contact with the substrate forming a checkerboard-like
structure of ~0.37 nm thickness. This type of structure was
later verified by UHV-based STM at temperatures of 240 K or
lower for a variety of imidazolium- and pyrrolidinium-based
ILs (see ref 87 and references therein). Very recently, our
group demonstrated by UHV-based STM and UHV-based
AFM that for [C,C,Im][T£,N] this checkerboard structure is
stable even at room temperature. At 110 K, striped or
hexagonal superstructures coexist on the surface.” UHV-based
STM studies, however, require stable tunneling conditions and
only worked for coverages up to saturation of the wetting layer
but not for successive layers, which would be required for
studying the further growth and wetting behavior. At these
higher coverages, stable STM imaging of topography and
molecular resolution is challenging, even at very low
temperatures of around 100 K.

Information on the growth behavior beyond the wetting
layer can be derived from angle-resolved XPS. Depending on
the combination of IL and substrate, very different modes were
identified, from 2D layer-by-layer to pronounced 3D island
growth (see ref 87 and references therein). A complementary
but rarely used approach is helium atom scattering; one single
in situ study for [C,C,Im][Tf,N] on Au(111) at 200 K
showed that films grow in a layered fashion.”® However, the
authors did not observe a layered structure for coverages below
the first three IL layers.

What is presently missing, however, is real space information
on the structure of the IL during growth, that is, information
on island sizes, ordered phases, and morphology. Herein, we
present a UHV-based AFM study on the growth of
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[C,C,Im][T£,N] on Au(111) in the temperature range from
110 to 300 K, from submonolayers to multilayers. The IL is
deposited by physical vapor deposition (PVD) at low substrate
temperatures (<170 K). During stepwise annealing up to 300
K, we monitor dynamic changes in the film structure. At 250 K,
first a wetting layer is formed, with cations and anions in direct
contact with the substrate, which is followed by IL growth in
bilayers. This behavior is confirmed by angle-resolved XPS
measurements at 300 K. For all layers, we are able to resolve
on the molecular scale well-ordered domains of a very similar
striped structure.

B RESULTS AND DISCUSSION

The [C,C,Im][Tf,N] layers were prepared by PVD of a
defined amount of IL onto a Au(l1l) single crystal at
temperatures below 170 K in UHV. We used a specially
modified IL evaporator with a very good long-time stability.'**
Each film was prepared on freshly cleaned Au(111) in the
preparation chamber. After transfer to the AFM stage, it was
measured by noncontact AFM at the denoted temperatures.
The deposition rate was monitored in situ using a quartz
crystal microbalance (QCM) positioned next to the crystal
during the evaporation process. Its calibration is described in
the Experimental Section. The IL dose required to achieve the
coverage of a fully saturated wetting layer (= 1 WL) is denoted
as one wetting layer equivalent (= 1 WLE). When plotting the
surface coverage as obtained by AFM as a function of IL dose,
we obtain a linear relationship (see SI Figure S1), which
indicates that, at this temperature of the Au(111) crystal, the
sticking coefficient of the IL is independent of the IL surface
coverage. With this calibration, we are able to deposit well-
defined amounts of IL in the coverage range from
submonolayers to multilayers.

As an independent second method to study the growth
behavior in the multilayer range, we measured the height
profiles of the layers deposited on top of the wetting layer by
AFM. Notably, this works exclusively in the multilayer range
because the height of the islands can only be determined
reliably if the chemical nature of the studied layers is identical,
e.g., for an IL multilayer on top of the IL wetting layer. The
step heights obtained this way are independent of the
cantilever frequency shifts within our usual measurement
window of Af = —150 to —500 Hz (see Experimental Section).
This approach, however, does not permit one to determine the
step height of the wetting layer itself, since the force—distance
curves of the metal substrate and the wetting layer islands are
different, which for certain frequencies can even lead to
negative height values. This ambiguity is the reason why no
height profiles are shown for the WL. However, we estimate
the height of the wetting layer with a checkerboard-like
structure to be ~0.37 nm from XPS.'"”

Figure 1 shows AFM images of [C,C,][Tf,N] on Au(111)
in the coverage range up to a full wetting layer, that is, for IL
doses up to ~1 WLE. The IL was deposited at a substrate
temperature below 170 K and measured at 110 (left AFM
series), 200 (middle), and 300 K (right). The coverages (in
WL), as obtained from the AFM images at 200 K, are denoted
in the right upper corner of the 200 K images. Notably, they
are obtained from a larger area than shown in Figure 1, that is,
from several images, to obtain better statistics. The surface
morphologies at 300 K are schematically sketched right of the
corresponding 300 K images (Figure Im—p).

https://dx.doi.org/10.1021/acs.langmuir.0c02596
Langmuir 2020, 36, 13670—13681
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Figure 1. AFM images of sub-WL coverages of [C,C,Im][Tf,N] on Au(111), deposited at <170 K and measured at 110 (left), 200 (middle), and
300 K (right). The IL doses (in WLE) for a horizontal row are denoted left to the 110 K images, and the coverages (in WL) obtained from the
AFM images at 200 K are denoted in the upper right corner of the 200 K images. In the images, a brighter appearance corresponds to a higher
elevation. Initially, the IL forms flat wetting layer islands that ripen to larger islands with time at higher temperature. Starting at an IL dose of 0.71
WLE also small multilayer islands (indicated by green ellipses in ¢ and d) form at a distance of roughly SO nm to the next island edge. Arrows in i—1
indicate bright spots, which likely are due to contaminations (see text). Details about the preparation and AFM parameters are given in the SIL In q,
the chemical formula and a rough size estimation of the used ions are shown.

We start with discussing the data measured at 110 K. At low
doses (Figure la), the IL forms islands on the Au substrate.
Starting at an IL dose of 0.71 WLE (Figure 1c), we also find
small multilayer islands (bright protrusions indicated by green
ellipses in Figure 1c and 1d) in the center of the wetting layer
islands with a distance of about 50 nm to the island edges. This
behavior is attributed to a limited diffusion zone of the
impinging IL ion pairs on top of the wetting layer while still
being in a hot precursor state.'’* Ton pairs impinging within
this zone can diffuse to the island edge and are incorporated
there; ion pairs at a larger distance from the island edge form a
multilayer island on top of the wetting layer islands. This
growth behavior has been reported before.''*® For free-base
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tetraphenylporphyrin (2H-TPP) on Ag(111), e.g., Rojas et al.
observed at 58 K the nucleation of a second layer of molecules
on top of initial islands already before completion of the first
layer.”” In analogy to our study, the second-layer 2H-TPP
molecules diffuse across the island boundaries upon heating
and attach to the periphery of the first layer islands.

At 200 K, the wetting layer islands begin to ripen, forming
large connected areas (Figure le and 1f). At larger coverages,
uncovered areas appear as holes in the wetting layer (Figure 1g
and 1h) with small multilayer islands still visible (Figure 1h).
At 300 K, the ripening is even more pronounced and the
multilayer islands have completely disappeared (Figure 1k and
11). The fact that the multilayer islands disappear at a higher

https://dx.doi.org/10.1021/acs.langmuir.0c02596
Langmuir 2020, 36, 13670—13681
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Figure 2. AFM images of multilayer coverages of [C,C,Im][Tf,N] on Au(111), deposited at <170 K and measured at 110 (left) and 250 K (right).
The IL doses (in WLE) are denoted left to the 110 K images, and the coverages (in WL) obtained from the AFM images at 250 K are denoted in
the upper right corner of the 250 K images. At low temperature, a wetting layer is formed with multilayer islands on top. While for IL doses up to
1.88 WLE (a—c) free metal surface is still present (black areas; yellow arrow), surrounded by ~50 nm wide multilayer-free space (dark areas, red
arrow), at higher IL doses the surface is homogeneously covered with the small IL islands. During annealing, the wetting layer fills up and the small
multilayer islands ripen to large flat islands. Height profiles obtained from the images at 250 K (green lines) show an island height of ~0.71 + 0.0S
nm which is twice the height of the wetting layer obtained from XPS. We thus conclude that the islands grow as bilayers (BL). AFM parameters are
given in the SIL
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Figure 3. Covered area of the topmost layer of [C,C,Im][Tf,N] on Au(111) against IL dose in (WLE), calibrated with the microbalance. The
denoted coverages are the average of several (3—8) AFM images measured at 200 or 250 K (see, e.g., Figures le—h and 2g—], respectively). The
dashed line serves as a guide to the eye. In the WL regime (blue symbols), the covered area increases linearly with IL dose and at 1 WLE the
wetting layer is completed. The covered area on top of the wetting layer also follows a linear trend but with one-half the slope. For completion of
one layer in the multilayer regime, 2 WLE are required. Therefore, the layers in the multilayer regime grow as bilayers, BL1 (red symbols) and BL2

(green symbols). Further details are given in Figures SI and S4 in the SL

temperature (or a later time, that is, when the sample was left
in the chamber overnight at constant temperature) compared
to the onset of the wetting layer ripening indicates a faster
diffusion of IL ion pairs on the Au(111) surface than on the
wetting layer islands. At the highest coverage, the wetting layer
is nearly fully closed with a very homogeneous appearance
(Figure 11). The nature of the very few small protrusions
(some are indicated by a white arrow) is not clear; likely, they
are related to defects in the wetting layer.

In Figure 2, we display the AFM images of [C,C,Im][Tf,N]
in the multilayer range, that is, after IL doses of 1.18 up to 4.71
WLE. The IL was deposited at a substrate temperature below
170 K and measured at 110 (left image series; Figure 2a—f)
and 250 K (right image series; Figure 2g—1). The coverages (in
WL), as obtained from the AFM images at 250 K, are denoted
in the right upper corner of the 250 K images. In addition to
the AFM images, we also highlight selected line scans (green
lines in the images) along which we obtain the height profiles
in Figure 2m—r. The surface morphology corresponding to the
250 K images is schematically sketched in Figure 2s—x.

At 110 K, we observe a rough and disordered image for all
deposited layers with an appearance comparable to that of the
multilayer islands observed in Figure 1, albeit with a much
larger number of islands. At low multilayer coverage (Figure 2a
and 2b) one can still see the ~50 nm wide zones of a
multilayer-free wetting layer (darker contrast, indicated by a
red arrow) and holes with free metal surface (nearly black
contrast, yellow arrow). With increasing amount of deposited
IL (Figure 2c—f), the wetting layer is closing and the whole
surface is covered with multilayer islands.

The appearance of the surface dramatically changes when
heating to and measuring at 250 K (Figure 2, right image
series). We chose this temperature, which is different from that
in Figure 1, since at ~200 K nearly no change is visible (see
Figure S2c in the SI) and above 280 K reliable measurements
of the IL multilayers with the AFM were not possible (for
measurements at 300 K see Figure S2i in the SI). We believe
that above 280 K, the multilayer IL becomes very mobile and
frequently attaches to the AFM tip and accumulates there.
Over the course of continued scanning, the tip eventually
releases clumps of IL back to the surface (even after cooling

down again; Figure S2g), which then interfere with the
measurement. In addition, at 300 K, the coverage of the
multilayers very slowly decreases (on the time scale of several
hours; Figure S2j—1), which is likely due to multilayer
desorption; this effect did not occur in the wetting layer
measurements in Figure 1, because desorption from the
wetting layer only occurs above 400 K.’

At 250 K (Figure 2, right image series), the deposited IL
layers rearrange into flat islands or nearly closed flat films. The
images were measured after at least 25 min at 250 K (for
details see Table S1 in the SI) in order to ensure that the
surface morphology did not show further changes with time.
Overall, the system seems to tend toward maximizing the
coverage of the lower (lowest) layers and minimizing the
circumference of the islands in the topmost layer. The heights
of the islands or holes average around 0.71 + 0.0S nm for all
depositions (BL1 = 0.69 + 0.05 nm, BL2 = 0.72 + 0.0S nm),
as determined from line scans across island and hole edges
(Figure 2m—r). The surface morphologies are in each case
schematically sketched next to the corresponding height
profiles (Figure 2s—x).

As a next step, we analyze the covered area in the 250 K
images in Figure 2. At this temperature, the islands are
sufficiently large for a reliable coverage determination (i.e.,
broadening effects at island edges are negligible; see
Experimental Section for details). Interestingly, for an IL
dose of 1.88 WLE (Figure 2c), that is, 0.88 WLE on top of the
closed wetting layer, only about one-half of the wetting layer is
covered by islands. Only for 2.82 WLE (Figure 2j) is a nearly
closed second layer found. For 3.76 WLE (Figure 2k), a
roughly half-filled third layer is found, and only at 4.71 WLE
(Figure 21), is a nearly closed full third layer seen. This
behavior indicates that for the completion of further closed
layers on top of the wetting layer, in each case about twice the
amount of IL is required as for the wetting layer. This is
visualized in Figure 3, where the covered area in the topmost
layer (as determined by AFM) is plotted versus the amount of
dosed IL (as determined by the QCM). While the formation of
a complete wetting layer requires 1 WLE of deposited IL, the
completion of the next two closed layers (BL1 and BL2)
requires 2 WLE each; we therefore denote them as bilayers
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BL1 and BL2. Thus, after deposition of a total of 5 WLE the
wetting layer plus two further bilayers are found on the surface.
We thus conclude that the wetting layer grows as a single layer
with anions and cations both in contact with the Au(111)
surface and arranged in a checkerboard structure.'”> From that
on the next layers grow as IL bilayers. Due to electrostatic
reasons (see also discussion below), alternating pairs of anion
and cation stacked vertically on top of each other are assumed
in these bilayers. Notably, the growth of the multilayers in the
form of bilayers is in perfect agreement with the line scans in
Figure 2, which show a height of 0.71 + 0.05 nm, which is
about twice the height of 0.37 nm, as determined from XPS
based on the checkerboard arran%ement of cations and anions
and the molar volume of the IL.'"

Angle-resolved XPS has been used as a very powerful
method to study the growth behavior of ILs on surfaces.”'*®
We thus performed a series of ARXPS measurements for
[C,C,Im][TE,N] on Au(111) at 300 K, which are in good
agreement with the layer-by-layer growth observed here by
AFM. Figure 4 shows the attenuation of the Au 4f substrate
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Figure 4. Attenuation of the Au 4f intensity obtained by ARXPS in 0°
(full symbols) and 80° (open symbols) emission as a function of the
film thickness d for [C,C,Im][Tf,N] on Au(111) at RT. The data
from a previous study (circles)'® and the data from this study
(triangles) agree within the margin of the experimental error. For the
80° data, the solid gray and dashed blue lines indicate the section-wise
linear decay for (1) 2D layer-by-layer growth with layer thicknesses
Ad = 0.37 nm (like that of the wetting layer) and (2) 2D bilayer-by-
bilayer growth on top of the wetting layer with Ad = 0.71 nm, as
deduced from AFM, respectively. For 0° the section-wise linear
decays (not shown) can hardly be distinguished from an exponential
function (solid black line, calculated with eq 1 with an inelastic mean
free path, 4, of 3.0 nm'®?) and thus are not shown.

signal as a function of IL film thickness for electron emission
angles of 0° (full symbols and black line) and 80° (open
symbols). Due to the increased surface sensitivity (by a factor
of 6), the signal at 80° is attenuated significantly stronger than
that at 0°. The deposited amount of IL is determined from the
data at normal emission (0°); for details, see the Experimental
Section. For the 80° data, the solid gray and dashed blue lines
indicate the section-wise linear decays for (1) layer-by-layer
growth with layer thicknesses Ad = 0.37 (like that of the
wetting layer) and (2) 2D bilayer-by-bilayer growth on top of
the wetting layer with Ad = 0.71 nm (as deduced from AFM),
respectively (notably, for 0°, the section-wise linear decays can
hardly be distinguished from the solid black line and thus are
not shown). While the experimental data points at 80° from

two independent XPS experiments (circles from ref 102 and
triangles from this work) are in good agreement, their scatter
does, however, not allow for differentiating the two growth
modes as detected by our UHV-AFM results. Nevertheless, the
ARXPS data verify that the IL indeed grows in an overall layer-
by-layer fashion (notably, in the case of 3D growth, the
measured data points would fall above these lines).*” One
should also mention at this point that prior to the present
AFM study, this type of analysis by ARXPS was the only
applied route to follow the multilayer growth of ILs on solid
surfaces on the molecular scale.*”'"

The formation of a two-dimensional wetting layer with a
checkerboard arrangement of alternating anions and cations is
very common for ILs on metal surfaces.”” We propose that this
structure is driven by the strong attractive interaction of
cations and anions with their respective image charges in the
metal.*> This arrangement yields oppositely oriented dipoles
(ion + image charge) with attractive lateral interactions within
the wetting layer. On top of this wetting layer further growth
then occurs in the form of oppositely oriented ion pair dipoles.
This arrangement is schematically depicted in Figure 5. The
situation is different from that observed, e.g,, for the growth of
the classical salt NaCl on Au(111), where already the initial
growth occurs in bilayer islands.'”

a b BL2
$444BL1 BL1
L J WL [l WL WL
LA
Au(111) Au(223)

COVERI¥ES

Figure 5. Schematic of the growth behavior of [C,C,Im][Tf,N] on
Au(111). At low coverages, a wetting layer forms (a) with cations and
anions arranged next to each other in a checkerboard fashion. The
ions form oppositely oriented dipoles with the image charges in the
substrate. In the multilayer range, the islands grow as bilayers, BL1
(b) and BL2 (c), of oppositely oriented ion pairs. The arrangement in
the bilayers is similar to that in the striped phase of the wetting layer."
The wetting layer has only one-half of the height of the subsequent
bilayers. Each layer is laterally stabilized by the attractive interactions
of the oppositely oriented dipoles.

Overall, our observations concerning layering during the
growth of ultrathin IL films on Au(111) are in quite good
agreement with IL layering observed close to solid surfaces by
force—distance AFM curves for macroscopic IL films or
droplets under ambient pressure conditions. Depending on the
systems under investigation, the first resolved layer was
typically found either with a considerably lower thickness or
with a thickness similar to the successive layers.”*’~"® For
comparison with [C,;C,Im][Tf,N] studied here, we focus on
the closely related systems [C,C,Im][Tf,N] on Au(111) and
[C,CIm][TE,N] on A7g(111) investigated by Atkin et al. and
Li et al,, respectively.””’® For these two systems, the authors
reported layer thicknesses of 0.65/0.75/0.65 nm and 0.77/
~0.88/~0.88 nm for the first three resolvable layers. This is to
be compared to the values of 0.37/0.69/0.72 nm obtained
here. While the values for the second and third layer agree very
well within the margin of error (note that we expect a slightly
smaller value in our case due the methyl group in the cation
instead of the one ethyl side chain), the value for the first
resolved layer is different. A relatively simple explanation
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Figure 6. AFM images with molecular resolution of the islands in the multilayer range of [C,C,Im][Tf,N] on Au(111) after annealing to 250 K,
measured at 110 K. (a—e) BL1 islands on top of the WL (2.00 WLE); (f—i) BL2 islands on top of the BL1 (4.00 WLE). In the enlarged images
(areas indicated by black rectangles in the images above), the molecular structures of BL1 (d, h) and BL2 (h) are identified as striped phases,
resembling the striped phase of the wetting layer (c) reported in a previous study.' The heights of BL1 and BL2, as deduced from the line profiles
(e and i, respectively), agree with the average heights of 0.71 + 0.05 nm deduced from Figure 2 within the margins of error. Notably, for BL2 at the
edges of the islands (g) two steps with one-half the height are observed. Fourier transformations of the images and AFM parameters are provided in

the SIL

would be that the wetting layer observed by us using UHV-
AFM and XPS cannot be ruptured in the force—distance
curves in ambient AFM due to its strong interaction with the
Au(111) and Ag(111) substrates, and thus only the second/
third/fourth layers are seen in the force—distance curves.
Indeed, in their report on [C,C,Im][FAP], [C,C,Im][FAP],
and [C4C,Im][FAP] on Au(111) the group of Atkin reported
thicknesses of 0.62/0.88/0.90 nm for [C,C,Im][FAP] but
stated that they could not rupture the interfacial layer.”*

13676

Next, we address the surface structure of the different layers.
Figure 6 shows high-resolution images of the molecular
arrangement of the WL, BL1, and BL2 for IL doses of 2
WLE (left; Figure 6a—e) and 4 WLE (right, Figure 6f—i). Each
film was first annealed up to 250 K to form large islands; the
subsequent measurements were performed at 110 K to obtain
a better molecular resolution. The AFM image after a dose of
2.00 WLE, that is, a partly filled BL1 on top of the closed
wetting layer, is shown in Figure 6b. The enlarged image of the
wetting layer in Figure 6¢ shows different domains of the
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striped phase, which is one of the two low-temperature phases
already reported by us for the wetting layer of [C,;C,Im]-
[TE,N] on Au(111)." The enlarged image of BL1 in Figure 1d
reveals a molecular arrangement which is, within the margin of
error, identical to the striped phase in the wetting layer
(Fourier transformations of selected areas are shown in Figure
S3 in the SI). Notably, the structure of the wetting layer
observed by AFM is assigned to the anions, while the cations
are not visible.' The height profile across a step edge in
Figure Ge yields a step height of 0. 69 + 0.05 nm, in good
agreement with Figure 2.

Figure 6 (right) shows the data for an IL dose of 4.00 WLE,
which corresponds to a half-filled BL2 on top of a closed BL1
(Figure 6g). The surface structures of BL2 and BL1, which are
resolved in the enlarged image in Figure 6h, are again equal to
that of the striped phase observed for the wetting layer." This
similarity is also evident from the Fourier transformations of
selected areas of the WL, BL1, and BL2 (see Figure S3 in the
SI). Interestingly, at the edges of this BL2 island on BLI in
Figure 6h (right) and in particular in the height profile in
Figure 6i, we observe steps of 0.37 + 0.05 nm, that is, one-half
the height of the bilayer step (0.71 & 0.05 nm). This indicates
that formation of BL2 on top of BL1 is strictly observed only
within the islands but not at their edges. This behavior could
be due to the lower coordination at the island edges.

B SUMMARY AND CONCLUSIONS

We investigated the growth of the wetting layer and successive
multilayers of [C,C,Im][Tf,N] on Au(111) by atomic force
microscopy in ultrahigh vacuum. The IL films were deposited
onto the surface at temperatures below 170 K. By monitoring
the IL flux with a quartz crystal microbalance in situ during
deposition we are able to precisely correlate the evaporated IL
dose to the coverage obtained from AFM images. Through
AFM measurements at 110, 200, 250, and 300 K, we followed
the temperature-dependent ripening and structure of the
deposited films. Initially, we observe the formation of a wetting
layer with a thickness of ~0.37 nm (as determined from XPS)
with anions and cations arranged in a checkerboard structure.
While this wetting layer can be imaged at 300 K, we were not
able to obtain images of multilayers at this temperature due to
unstable imaging conditions and slow multilayer desorption. At
250 K, however, we are able to follow the successive growth of
IL multilayers in a bilayer-by-bilayer fashion (BL1 and BL2);
these bilayers have double the height of the wetting layer. The
growth behavior is independently determined from the fraction
of the surface area covered with a particular IL layer as
determined from the UHV AFM images and from AFM height
profiles of the observed islands. Moreover, the height of the
wetting layer and the overall layer-by-layer growth behavior is
confirmed by angle-resolved X-ray photoelectron spectroscopy.
The surface structure of the different layers could be resolved
by high-resolution AFM at 110 K. The two bilayers BL1 and
BL2 display a striped phase, which is one of the phases also
seen for the wetting layer; for the wetting layer, the observed
structure was assigned to the anions, while the cations were not
visible." Overall, our results concerning layering behavior and
layer thickness are in agreement with ambient AFM studies in
macroscopic films and droplets of similar ILs on Au(111) and
Ag(111). The main differences are that with UHV-based AFM
we clearly can determine the molecular structure of all layers
(wetting layer, BL1 and BL2) and we do not face the problem
that the first layer possibly is not resolved, because it cannot be

ruptured in the force—distance measurements. Also, under the
ultraclean conditions in ultrahigh vacuum, we expect no
influence from contaminations like water.

B EXPERIMENTAL SECTION

The atomic force microscopy (AFM) experiments were carried out in
a Scienta Omicron two-chamber UHV system with a base pressure of
<1 X 107" mbar. The variable-temperature AFM/STM microscope is
a Scienta Omicron VT-AFM-Q+-XA. The AFM images were recorded
in noncontact mode, and the given frequency shift refers to the
respective cantilever resonance frequency, typically around 300 kHz.
The applied frequency window of the cantilever, Af, typically ranged
from —150 to —500 Hz. The images were processed with WSxM''°
software, and moderate filtering (Gaussian smooth, background
subtraction) was applied for noise reduction.

[C,CiIm][T,N] was synthesized under ultrapure conditions
according to previous publications.”® Notably, the anion [T,N]" is
also known as [NT£]™'"**"* or [TFSA]7,***° and the cation
[C,C,Im]* is also known as [MMIm]*''! in the literature. The
Au(111) single crystal (MaTecK) was cleaned via Ar* ion sputtering
and annealing at 900 K. The IL was deposited with an effusion cell,
developed in our group explicitly for IL deposition,'” at cell
temperatures between 373 and 383 K. The flux was checked with a
quartz crystal microbalance (QCM), calibrated by determining the
ratio of IL-covered and uncovered area on the single crystal by AFM.
The covered area was measured by cutting out images on a single
terrace, applying a background subtraction, and “flooding” the images
at a threshold of 50% the height of the IL islands in WSxM (SI Figure
$4).1% The error bars were estimated by the same procedure with a
threshold of 75%. For very small structure diameters, the edges of the
structure are often broadened by about one-half of the diameter of the
scanning tip apex. To minimize the influence of this effect, only
images were used where the diameter of the islands was about 50—
100 nm and therefore significantly larger than the tip.

The UHYV system for angle-resolved X-ray photoelectron spectros-
copy (ARXPS) was described previously in more detail.''> We
acquired ARXP spectra with a nonmonochromated Al Ka X-ray
source (SPECS XR 50, 1486.6 eV, 240 W) and a hemispherical
electron analyzer (VG SCIENTA R3000). We measured at a pass
energy of 100 eV, resulting in an overall energy resolution of ~0.9 eV.
Peak fitting and background subtraction was done using CasaXPS
V2.3.1Dev6. For analysis of the Au 4f intensity, we subtracted a
Shirley background.'*?

We studied the coverage and growth of the IL films by measuring
the attenuation of the Au 4f signal of the Au(111) crystal as a function
of IL film thickness at emission angles of 9 = 0° and 80° relative to
the surface normal. For homogeneous two-dimensional growth, the
Au 4f signals decrease exponentially from I, (clean surface) to I,
(when the surface is covered with a film of thickness d) according to

Id _ —d/A-cos d
— (4

I (1)

with 4 = 3.0 nm for Au 4f electrons (with a kinetic energy of about 1.4
keV) in IL films.*”'** For 2D layer-by-layer growth, where each layer
is completed before a new layer starts to grow on top, the substrate
signals decrease in a section-wise linear fashion for each layer.""*

The film morphology was investigated by first determining the film
thickness d from the I;/I, ratio at 9 = 0° using eq 1. With this
thickness, we then calculated the 80° value expected for 2D growth.
Agreement between the experimental and the calculated data for 80°
indicates 2D growth. If I,/I,(80°) lies above the calculated curve, it
indicates a 3D morphology of the IL film.*”
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Information on the calibration of the evaporation rate
with the quartz microbalance; instability of the AFM in
the multilayer range above 280 K; Fourier trans-
formations of the AFM images of the wetting layer
and bilayers BL1 and BL2; coverage determination from
AFM images; detailed account of the preparation
conditions of all presented AFM images (PDF)
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