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The morphology of micro- and nanodroplets and thin films of ionic liquids (ILs) prepared through
physical vapor deposition is presented. The morphology of droplets deposited on indium-tin-
oxide-coated glass is presented for the extended 1-alkyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([C,C:im][Ntf,]; n= 1-8) series, and the results show the nano-
structuration of ILs. The use of in-vacuum energetic particles enhances/increases the
nanodroplets mobility/coalescence mechanisms and can be a pathway to the fabrication of thin
IL films.

lonic liquids (ILs) are a family of materials that offer a range of properties that can be adjusted
to optimize their performance in a diversity of technological applications.!*! ILs share common
characteristics, such as ionic conductivity, good thermal stability, and extremely low vapor
pressure at room temperature.*® In recent years, extensive studies of the thermo-physical
properties of ILs have shown that almost none of these properties are shared across the IL range
due to structural/nanostructural modifications.’*! ILs are becoming particularly attractive for
many applications, such as solvents for electro-chemistry (electrically conducting fluids,
electrolytes), sealants, chemical industry, gas handling, pharmaceuticals, cellulose processing,
dye-sensitized solar cells, waste recycling, batteries, dispersion of nanomaterials, and
electrode—electrolyte interfaces in high-vacuum systems.120-2%!

Recently, the liquid/vacuum and liquid/solid interfaces of ILs have been of great relevance for
most of the above-mentioned applications, and model surface studies and molecular
orientation/ordering investigations of ILs have been performed on surfaces with different
chemical properties: Au, Ni, silica, graphene, alumina, glass, and mica.[*2% |n some cases, thin
films of ILs have been prepared by using impregnation techniques with solutions of ILs in volatile
solvents, followed by solvent removal by evaporation. Thus, nanostructures of ILs can be pre-
pared by spin/dip-coating methods and the films have low thicknesses and exceptional
lubrication characteristics.?% In recent years, the focus has been on physical vapor deposition
(PVD) of ILs on different surfaces!® 1& 19
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Herein, we present the morphology of micro- and nanodroplets of a class of imidazolium-based
ILs, the 1-alkyl-3-methyli-midazolium bis(trifluoromethylsulfonyl)imide ([C.Ciim][Ntf,]) series,
prepared by thermal evaporation and subsequent condensation under high-vacuum conditions
by using a multilayer thin film vapor deposition apparatus, ThinFilmVD, recently developed in
our laboratory.?Y! This apparatus, based on Knudsen cells with an accurate mass flow control,
m/(At), was designed to assemble well-defined nanostructures of organic semiconductors
(OSCs) based on their volatility. At a temperature T, the mass m of the sample
sublimed/vaporized from the Knudsen cell, during the time period t, is related to the vapor
pressure p of the compound according to Equation (1):
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M is the molar mass of the vapor, R is the gas constant, A, is the area of the effusion orifice and
W, is the transmission probability factor.?!! Figure 1 depicts the morphology of micro- and
nanodroplets prepared with a real-time mass flow rate of ap-proximately 3 ng (cm? s)* onto an
ITO surface. The mass flow rate/thickness evaluation and control was determined by using a
quartz crystal microbalance (QCM) located near the substrate support (located at the same
distance from the effusion orifice, = 10 cm).

Figure 1. SEM images (5000x) of micro- and nanodroplets of IL ([C3C1im] [Ntf2]) depositedonan
ITO-coated glass surface by PVD: A) Topview, B) cross-sectional view.

The PVD techniques are more environmentally friendly than traditional coating methods, with
several applications from scientific and industrial points of view. In fact, thin films produced by
PVD are being developed and applied in electrical and semiconductor manufactories, for
example, in organic electronics and optoelectronics (OLEDs, OPVs, OFETs), and used for energy
conservation and/or generation.’?24) The ThinFilmVD system allows accurate vapor-pressure
measurements and high versatility for the deposition of single thin films, as-grown crystals,
composites, and hybrid micro- and nanostructured materials.?%

High-accuracy vapor-pressure data for the extended [C.Ciim][Ntf;] ionic liquid series were
determined by Santos et al. by using a Knudsen effusion apparatus combined with a QCM and
the authors contributed for a better understanding of the relationship between cohesive
energies, volatilities, and liquid structures of ILs.?*! Recently, there have been other groups who
have started using a QCM and PVD to measure vapor pressures of ILs and prepare ultrathin IL
films by using vapor deposition techniques.?*28! The trend shifts observed for the
thermodynamic properties of vaporization of the [C.Ciim][Ntf,] IL series, which occur at
[CeCiim][Ntf,] (the CAS, or critical alkyl size), are evidence of the nanostructuration of ILs.



Another important contribution, presented by Coutinho et al., has shown that the surface
tension of this class of ionic liquids decreases with an increase in the cation alkyl side chain size
up to aliphatic chains no longer than hexyl, labeled as the CAS. For ILs with aliphatic moieties
longer than the CAS, the surface tension displays an almost constant value up to [C16C1im][NTf].
The same trend was found in the relative cation—anion interaction energies measured by using
mass spectrometry, which indicates the importance of the cohesive forces in the surface
organization of ILs.1*

For this work, IL nanostructures were deposited onto an indium tin oxide (ITO)-coated glass
surface by using vacuum deposition and controlling the mass flow from a thermally regulated
Knudsen cell.

For this purpose, each compound ([CnCiim][Ntf;] IL series, n= 1-8) was vaporized at a vapor
pressure of p= 0.1 Pal®!(real-time mass flow rate of =3 ng (cm? s)™* was controlled by a QCM for
all compounds). Effusion times of 15, 30, and 60 min were applied and the ITO surface was
maintained at T = 293 K. The morphology of the nanostructures was explored by using high-
resolution scanning electron microscopy (SEM). Detailed data is presented as Supporting
Information. As shown, micro- and nanodroplets of ILs (precursor films) were deposited by a
PVD methodology (Figure 2).
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Figure 2. SEM images (5000x) of nanostructures of ILs ([ChC1im][Ntf2] series) deposited with the

same mass flow rate on the ITO-coated glass surface by PVD after deposition times of 15, 30 and
60 min.



According to previous literature reports on PVD IL films under ultra-high vacuum conditions on
many solid surfaces, depending on chemical nature of the IL and the support, a layer-by-layer
growth, wetting-layer followed by island growth, and pure island-growth models can be
observed for IL nanostructures.?”-3%33 Dye to their low vapor pressure, ILs are candidates for
precursor film studies and the first study of pre-cursor films spreading ahead of macroscopic
droplets of imidazolium-based ILs (on smooth mica surfaces) was carried out by Beattie et al.?%
Additionally, in recent literature reports there are several publications dedicated to interfacial
tension studies, including the measurement of contact angles formed by various ILs on different
solid substrates.>37! |Ls are being considered as electrolytes in several energy applications, thus
the wetting characteristics of the IL in contact with a solid substrate are critically important.3®
3 The [C,C1im][Ntf,] IL series was deposited onto the ITO surface, one of the most widely used
transparent conducting oxides with direct application as an electrode in organic/inorganic
electronic devices.!% 4

According to the topographic images, the size and the number of droplets on the ITO surface
are not shared across the IL range. For example, concerning all ILs studied, under the same
experimental conditions [C;:C;im][Ntf,] exhibits the lowest number of droplets formed but each
nano/microstructure presents on average a higher size. On increasing the chain size, the number
of droplets formed is successively increased. For all ILs, higher deposition times led to a decrease
in the number of droplets per unit area and the size of each droplet was increased. According to
the nucleation, diffusion, and growth mechanisms of thin films, this experimental observation
reveals the process of cluster coalescence.!? 43!

To enable a comparison between all results, Figure 3 A presents a schematic representation of
the number of droplets formed per mm? of surface area and Figure 3 B presents the surface
occupation (surface coverage) percentage as a function of each IL of the [C,Ciim][Ntf,] series.
These data was explored in the SEM images (500 x) by using image processing in the Imagel
software (see the Supporting Information).

According to Figure 3, for a deposition time of 30 min, the number of droplets formed increases
linearly between [C;Ciim][Ntf,] and [CeCiim][Ntf,](r> = 0.9993). A trend shift clearly occurs at
[CsC1im][Ntf;]. The same trend shift can be observed for deposition times of 15 and 60 min and
is consistent with the literature reports.’?>?° The trend changes along the [C,Ciim][Ntf,] series
must be related to a differentiation in the molecular structure of the liquid phase around
[C6Ciim][Ntf,](CAS) and reproduces the trend shift obtained by analyzing the thermodynamic
properties of vaporization presented by Santos et al.” The trend changes observed in those
properties reveals the nanostructuration of this class of ionic liquids and the results obtained
herein suggest that the same structural changes can be observed in the surface and wetting
behavior of ILs. The existing models for the structure of ionic liquids at a molecular level consider
them to be nanosegregated fluids and some authors associate the trend changes observed in
several thermophysical properties with this nanosegregation.*** This class of imidazolium-
based ILs are highly structured fluids composed of high charge density areas constituted by the
anions and cations (polar network) that are permeated by low-charge density regions
constituted by the alkyl chains (nonpolar domains). The topology of the nonpolar domains is
strongly dependent on the relative volumes occupied by the polar and nonpolar moieties of the
molecules. For small alkyl side chains, the nonpolar domains are isolated islands in a continuous
polar domain; for longer alkyl side chains, those islands start to coalesce and, after a certain
threshold value is reached, they form a second continuous nonpolar domain. This corresponds
to a kind of percolation limit of the nonpolar network areas and the creation of a bicontinuous
fluid phase.**8 Therefore, the trend shift observed for the number of droplets of IL formed at
the ITO surface as a function of the cationic alkyl side chain size is related to the nanostructural
modifications that occur around [CsC1im][Ntf;]. The analysis of Figure 3 B shows that the surface
coverage is increased with increasing deposition time. The morphology of the micro- and
nanodroplets is dependent on the IL/vacuum and IL/ITO interfacial tensions. Additionally, it is
related to several factors, such as the viscosity of each IL and the nucleation and coalescence



processes. The results could be compared with the surface tensions determined by Coutinho et
al.”! According to the classical wetting theory that predicts contact angles and wetting behavior,
and considering the free energy of liquid/solid-gas surfaces and the free energy of liquid-solid
interface, liquids with lower surface tensions generally tend to wet solid surfaces better
depending on the surface chemistry of the substrate. Nevertheless, although [C;Ciim][Ntf,]
presents the highest surface tension of the series, herein the deposition of this compound
results in a lower number of droplets formed by PVD and a higher surface coverage. It is
important to consider that the chemical nature of the substrate and the presence of
advantageous carbon have a major impact on the wetting behavior of PVD IL films. For instance,
Deyko et al. reported the strong influence of carbon contamination on the growth mode of
[C1Ci1im][Ntf2] on a mica surface.®3 As a possible explanation for the droplet morphology
changes with chain length, the whole ITO-coated glass substrate is first wetted by one strongly
adsorbed monolayer of ionic liquid and further IL is deposited onto a support with the interface,
which exhibits a surface free energy that depends on the nature of this monolayer. Presumably,
this interfacial free energy decreases with increasing alkyl chain lengths up to n= 6-8. It is also
important take into account that kinetics might be relevant for the process of thin-film
deposition because the IL growth mechanisms might not occur in total equilibrium conditions.
For example, Figure 3 B denotes increasing surface coverage for higher deposition times. The
micro- and nanodroplets observed in this work are considered to be precursors of thin films.
Thin films of ILs were obtained herein by the deposition of around 20 nm of gold (Au) by
sputtering on the surface of the drop-lets. Figure 4 A presents the morphology of droplets and
Figure 4 B presents a thin film of [C5C1im][Ntf;] prepared by using PVD. The IL was vaporized at
T=514 K (high mass flow rate) with a deposition time of 30 min. The ITO surface was maintained
at T=293 K.
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Figure 3. A) Schematic representation of the number of droplets of IL formed per mm?Z of surface
area by PVDfor 15,30, and 60 min; and B) representation of the surface coverage [%] as a function
of each ILin the [CnC1im] [Ntf2] series.



For the formation of a flat thin film, approximately 20 nm of Au was deposited after 3 min of
sputtering (Figure 4 B). The bombardment of energetic particles (plasma created by ionizing a
sputtering gas) seems to increase the droplet mobility and coalescence mechanisms and
consequently a flat thin film is obtained.

As a possibility, an Au thin film could be formed on the substrate, particularly around the IL
droplets, but Figure 4B suggests that all droplets coalesced and a film of Au was deposited onto
the IL surface (note that the thickness of Au is very low in comparison with the size of the
droplets). In addition, SEM images of IL droplets prepared on a gold surface are presented as
Supporting Information. The wrinkle structures shown in Figure 4 B are often observed in metal
films deposited on soft substrates and this can be evidence that the surface of the IL thin film is
covered by a wrinkled Au thin film.!*?! In other literature reports, metal deposition onto ILs leads
to particle formation within the IL®% %! and two-dimensionally organized gold particles formed
during IL/metal sputter deposition remaining at the surface of ILs were reported only recently.?
The formation of flat thin films suggests the application of ILs in multilayers or mixtures (hybrid
materials) with organic or inorganic semiconductors. In fact, in organic electronics and
optoelectronics the interface between the semiconductor and the electrode and the interfaces
between two or more thin films are crucial for charge transport and, consequently, for the
efficiency of the device.’>®”! Furthermore, the deposition of organic semiconductor (OSC)
materials onto ILs and the growth of OSC crystals and/or thin films has been already reported.>®
8 In summary, the results of this work can contribute to the potential applications of
nanodroplets and thin films of ionic liquids in organic electronics and optoelectronics and,
consequently, to the development of new, green, and efficient nanotechnologies.

Figure 4. SEM images (top and lateral views) of nanostructures of [C3C1im] [Ntf2] depositedonan
ITO-coated glass surface by PVD: A) Droplets of IL, B) thin film of IL.

Experimental Section

The ionic liquids used herein, that is, the 1-alkyl-3-methylimidazoli-um
bis(trifluoromethylsulfonyl)imide ([CnCiim][Ntf,]; n= 1-8) series, were purchased from IOLITEC
with a stated purity of > 99 %. Before each deposition experiment, the ionic liquids were dried
under reduced pressure (< 10 Pa) and stirred constantly for a minimum of 48 h at 373 K to reduce
the presence of water or other volatile content. Nanodroplets of ILs were prepared by using PVD



with the ThinFilmVD system recently developed in our laboratory.[21] [CiCiim][Ntf],
[C.Ciim][Ntf,], [C5Caim][Ntf,], [CaCaim][Ntf;],[CsCrim][Ntf;], [CeCiim][Ntf,], [C;Ciim][Ntf,], and
[CsC1im][Ntf,] were vaporized at T= 490.2, 487.1, 484.2, 486.1, 486.6, 487.7, 490.7, and 495.6 K,
respectively, which correspond to a vapor pressure of p= 0.1 Pal®* and consequently a constant
mass flow rate was maintained for all compounds (the real-time mass flow rate of #3 ng (cm? s)*
was controlled by using a QCM for all compounds).

IL nanodroplets were prepared on a surface of ITO-coated glass (substrates were rigorously
cleaned first in acetone and then in isopropyl alcohol in an ultrasonic bath and dried with an
inert gas). The samples were stored in vacuum to avoid contamination and the morphology was
studied by using high-resolution SEM with X-ray microanalysis and backscattered electron
diffraction pattern analysis, by using a FEI Quanta400FEG/EDAX Genesis X4M instrument at 15
kV in low-vacuum mode at the CEMUP (Centro de Materiais da Universidade do Porto).
Topographic images were acquired by using a secondary (SE) detector.
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