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Abstract: The wetting behavior of ionic liquids (ILs) on the mesoscopic scale considerably impacts
a wide range of scientific fields and technologies. Particularly under vacuum conditions, these
materials exhibit unique characteristics. This work explores the effect of the deposition rate and
substrate temperature on the nucleation, droplet formation, and droplet spreading of ILs films
obtained by thermal evaporation. Four ILs were studied, encompassing an alkylimidazolium cation
(C;Cqim) and either bis(trifluoromethylsulfonyl)imide (NTf;) or the triflate (OTf) as the anion. Each
IL sample was simultaneously deposited on surfaces of indium tin oxide (ITO) and silver (Ag). The
mass flow rate was reproducibly controlled using a Knudsen cell as an evaporation source, and the
film morphology (micro- and nanodroplets) was evaluated by scanning electron microscopy (SEM).
The wettability of the substrates by the ILs was notably affected by changes in mass flow rate and
substrate temperature. Specifically, the results indicated that an increase in the deposition rate and/or
substrate temperature intensified the droplet coalescence of [CoC1im][NTf,] and [C,Cqim][OTf] on
ITO surfaces. Conversely, a smaller impact was observed on the Ag surface due to the strong adhesion
between the ILs and the metallic film. Furthermore, modifying the deposition parameters resulted in a
noticeable differentiation in the droplet morphology obtained for [CgC1im][NTf,] and [CgCyim][OTf].
Nevertheless, droplets from long-chain ILs deposited on ITO surfaces showed intensified coalescence,
regardless of the deposition rate or substrate temperature.

Keywords: vapor deposition; thin films; micro- and nanodroplets; nucleation and growth; coalescence;
mass flow rate; surface and interfacial tension; Ag; ITO-coated glass; SEM

1. Introduction

Ionic liquids (ILs) are a family of materials typically formed by a large organic cation
and an organic/inorganic anion. Most of the studied ILs are liquids at room temperature
(RTILs) [1-6]. Their low melting points derive from the asymmetry of the cation-anion pairs
and the dispersion of charges, which altogether have an impact on the supramolecular
structure, stabilizing the ionic liquid (IL), mainly by entropic factors [5-9]. ILs have received
special attention because of their applications in different areas, such as electrochemistry
(in the electrodeposition of metals), as gas sensors and biosensors, as additives (lubricants
and detergents), or as “designer solvents” [4,10-15]. In some of these applications, the ILs
have to interact with solid surfaces. Hence, it is important to study the behavior of the
IL at interfaces in order to design better applications based on solid grounds [9,12,16-19].
ILs can be divided into different groups based on the identity of the cation and the an-
ion: alkylammonium, dialkylimidazolium, phosphonium, and N-alkylpyridinium-based
ILs are widely used as cations. Tetrafluoroborate (BF,), hexafluorophosphate (PFg), bis-
trifluoromethanesulfonimide (NTf;), and trifluoromethanesulfonate (OTf) are some typical
ILs” anions. The conjugation of different cation-anion pairs creates ILs with different physic-
ochemical properties. Nevertheless, most ILs share some common traits such as high
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viscosity, ionic conductivity, very low vapor pressure, high thermal and chemical stability,
and an unusual wetting behavior [1-3,11,12,14,15,20-25]. Structurally, ILs have a network
made of polar (where the electrostatic energy is concentrated) and non-polar (leading to
nanostructuration at a molecular level) domains. Both polar and non-polar domains influ-
ence the bulk and surface properties of the ILs. The main interactions between the cation
and anion are electrostatic, together with other weaker intermolecular interactions such
as hydrogen bonds or van der Waals forces [1,2,4,11,26-29]. The segregation of the cation
in distinct domains is highly dependent on the alkyl side chain length: for shorter alkyl
chains, the non-polar domains are less relevant to the structural organization, whereas for
larger alkyl chains, both domains have a significant impact on the structural organization
of the ILs [1-3,9,23,30-33].

This work characterizes the production of ILs” micro- and nanodroplets (precursor of
thin films of ILs) by vacuum thermal evaporation—one of the physical vapor deposition
(PVD) methods [9,34-37]. The thin IL films are the result of the deposition of multiple mono-
layers (ML), and their morphology is highly dependent on the nanostructuration of the ILs,
the methodology used to deposit the material, and the substrate characteristics [9,35,38,39].
The process of formation of IL films by PVD methods starts with the arrival of the ion
pairs at the surface, with specific kinetic energy and subsequent adsorption in energetically
stable places, creating clusters. This first step is called nucleation and is strongly influ-
enced by the minimum free area of nucleation (MFAN), which in turn is dependent on
the interactions between the IL and the substrate [9,35,40—43]. The higher the substrate-IL
affinity, the lower MFAN. The progress of deposition leads to an increase in the number of
clusters/nanodroplets formed, which tend to merge into larger droplets. These coalescence
processes can occur in two ways (details are presented in the scheme of Figure S1 as Supple-
mentary Material, SM): the coalescence of native clusters (first order of coalescence) or the
coalescence of clusters previously coalesced (second order of coalescence). The processes of
nucleation and growth are influenced by the wettability of the substrate to the ILs. Spherical
IL droplets are formed when surfaces solvophobic to the ILs are used [9,34,35,40-43]. The
shape of the droplets can be analyzed to evaluate the affinity of the ILs to a solid surface
and, consequently, the wetting behavior of the film. In a macroscopic and ideal scenario
(an inert and smooth substrate), Young’s equation can be used to evaluate the contact
angle, which is correlated with the different interfacial tensions of the system, according to
Equation (1):

COS(GC) _ ’)/(S*V) 77(571) (1)

r(l=v)

where 6. is the contact angle, (s —v) is the solid-vapor interfacial tension, y(s —1)
is the solid-liquid interfacial tension, and (1 —v) is the liquid-vapor interfacial ten-
sion. This contact angle evaluation must be carried out with some care for nanoscale
droplets. We are far from the ideal situation because of the surface roughness of the sub-
strates, which affects the surface energy and, consequently, the wetting behavior of ILs
at the nanoscale [9,34,35,44-50]. The morphological characterization of IL droplets and
a prediction of their contact angles can be experimentally performed by high-precision
techniques such as scanning electron microscopy (SEM) and atomic force microscopy
(AFM) [9,34-37,43,46]. Microdroplets of ILs with contact angles between 15 and 20 degrees
have been reported [9]. The influence of different substrates in the nucleation and growth
of different ILs has been studied by different groups. The adsorption and molecular ar-
rangement of the first ML of ILs on metal surfaces were proven to be very dependent
on the chemical structure of the IL, the interfacial tension IL-substrate, and the surface
roughness [39,51-54]. Adventitious carbon contamination in the surfaces might also play a
relevant role in the nucleation process [48,55-57]. Some studies on the mesoscopic scale
report IL droplet formation on a wide range of solid substrates [35,47,54,58-62]. For large
thicknesses, there is no particular time-dependent growth behavior of IL films after their
deposition [9,46,63]. On the other hand, some post-deposition treatments can change the
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film morphology. For instance, the droplet coalescence is induced by external interferences,
such as plasma surface treatments [34,36,43,64,65].

In our recent research, we examined the droplet spreading of various classes of ILs that
were thermally evaporated on different substrates using both a constant deposition rate
and substrate temperature [9,46]. As such, no in-depth study has been conducted on the
effects of varying deposition parameters. Therefore, in this work, we studied the influence
of the deposition rate and substrate temperature on the nucleation and growth of different
ILs deposited by the PVD method on two common solid surfaces: indium tin oxide (ITO)
and silver (Ag). The samples analyzed were alkylimidazolium-based ILs with different
cation alkyl chain lengths (C;Ciim and CgCjim) and two different anions (NTf, and
OTf). The molecular structure of the cation-anion pairs ([CsC1im][NTf,], [CgC1im][OTf],
[CoCqim][NT1,], and [CoC1im][OTf]) studied is presented in Figure 1. The deposition of
films was performed by a customized procedure of PVD using Knudsen effusion cells as
the evaporation sources [9,35,38,46]. Different mass flow rates were obtained by changing
the temperature of the evaporation source and/or the orifice of the Knudsen effusion cell.
Moreover, different temperatures of the substrate were employed, and for each IL, the
deposition occurred simultaneously on the surfaces of ITO and Ag. For all experiments, the
ILs were obtained with a constant thickness of 40 ML to investigate the morphology, shape,
and droplet size distribution for the same amount of IL deposited at different experimental
conditions. The morphology of the samples was analyzed by scanning electron microscopy
(SEM), which provided detailed information on the shape and size of the micro- and
nanodroplets formed. A tendency for 3D growth (island growth) was observed for all
the examined films. For the same amount of IL, a very similar dependence of the droplet
size distribution on the deposition rate was found for [C,C1im][NTf;] and [C,C1im][OTf].
Intrinsically, the droplets formed by PVD of these ILs have a lower tendency to coalesce
by second order mechanisms when compared to the long-chain imidazolium-based ILs,
as reported for ITO/glass surfaces in recent works [9,34-36,46]. However, their first order
coalescence mechanisms were intensified when higher mass flow rates were used. For
[CgCqim][NTf;] and [CgC1im][OT{], there was no significant effect of the deposition rate
on the morphology of the droplets. Hence, even at very low mass flow rates, the second
order coalescence processes of the droplets were found to be self-induced by the inherent
wetting behavior of these ILs. The experimental results further showed that the substrate
temperature had a less significant impact on the nucleation and growth of all studied ILs
deposited on the Ag surfaces. The higher adhesion of the IL droplets on this surface avoids
their aggregation, even with the increase in the substrate temperature.
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Figure 1. (A)—Molecular structures of the studied ionic liquids: (1) 1-octyl-3-methylimidazolium
bis(trifluoromethyl)sulfonyl]imide, [CgC1im][NTf,]; (2) 1-octyl-3-methylimidazolium triflate, [CsCyim][OTf];
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(3) 1-ethyl-3-methylimidazolium bis(trifluoromethyl)sulfonyl]imide, [Co;C1im][NTf,]; (4) 1-ethyl-3-
methylimidazolium triflate, [CoC1im][OTf]. (B)—Schematic representation of the thermal evap-
oration method: (1) cooling system; (2) instrumentation box; (3) vacuum chamber; (4) N;
(1) metallic trap; (5) vacuum pumping system). (C)—Schematic representation of the effusion process
of ionic liquids from a Knudsen cell (T and T, denote the effusion temperature and the substrate
temperature, respectively).

2. Materials and Methods
2.1. Samples

The ILs studied in this work are constituted by an alkylimidazolium cation ([C,C;im])
and by the triflate (OTf) or the bis[(trifluoromethyl)sulfonyl]limide (NTf;) anions:
1-ethyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide, ([CoC;im][NTf,]);
1-octly-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide, ([CsC;im][NTf,]);
1-ethyl-3-methylimidazolium triflate, ([C,C1im][OTf]); and 1-octly-3-methylimidazolium
triflate, ([CgCqim][OTf]). The IL samples were purchased from IoLiTec with a state purity
higher than 99%. Prior to the deposition of IL films, the possible volatile contaminations
were removed by thermal evaporation under reduced pressure (p < 0.1 Pa) at T =423 K.

2.2. Substrates

Each sample was deposited on surfaces of indium tin oxide (ITO)/glass and silver
(Ag)/ITO/glass by using substrate supports developed in our laboratory. The ITO/glass
substrates are constituted by a glass substrate (dimensions of 10 mm x 10 mm x 1.1 mm)
coated with a thin film of ITO (x180 nm of thickness). The substrates were commercialized
by the Prazisions Glas & Optik GmbH supplier. Before any deposition, the substrates
were cleaned by typical procedures using high-purity ethanol in an ultrasonic bath. The
substrates were further dried with pure argon and stored in a desiccator. The Ag/ITO/glass
surfaces were prepared by sputter deposition of Ag films on the ITO/glass substrates. A
Cressington 108 Auto Sputter Coated instrument was used for sputtering the metallic film.
An Ag target (purity > 99.9%) was employed, and a plasma of argon ions was used to
bombard the cathode and release the Ag atoms of the target. High-purity (>99.995%) argon
was used as the sputter gas, and the sputtering process was performed through a current
discharge of 40 mA. The Ag films were obtained with a thickness of ~100 nm. After the
deposition of the metallic film, the substrates were handled under an inert atmosphere to
minimize contaminations (e.g., carbon contamination).

2.3. Thin-Film Deposition

The evaporation process of the ILs and consequent formation of films was carried out
by a customized system of PVD developed in our laboratory [35,38]. The experimental
procedure consists of a vacuum thermal evaporation methodology based on the Knudsen
effusion technique. Details of the deposition method are presented in Figures 5S2-54 (SM).
The process occurs in a low-pressure environment (p < 10~ Pa), facilitating the evaporation
of the ion pairs and subsequent condensation on the substrates. The Knudsen effusion
cells (evaporation sources) allow good control of the mass flow rate effused. These cells
are divided into three main parts: the cell lid, the cell body, and a disk with an orifice.
The mass flow rate on the substrate surface and the film thickness are monitored by a
quartz crystal microbalance (QCM, Inficon model STM-2). Equation (2) shows the relation
between the mass flow rate on the substrate surface (Pgypstrate), the mass flow rate from
the Knudsen cell orifice (@xnyudsen cell), and a geometric factor (§). Pxnudsen cell 1S Obtained
by the derivation of the Knudsen equation, where p is the equilibrium vapor pressure, w,
is the transmission probability factor, M is the molar mass of the effused vapor, T is the
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evaporation temperature, m is the mass of the compound, and A, is the area of Knudsen
cell orifice [9,38,43,46].

Psubstrate = & PKnudsen cell = & \/m & Aot @)
(e}

The effusion time was monitored in each experiment, in order to obtain the intended
film thickness (40 ML). To study the influence of the evaporation temperature (Tevap.) and
the resulting mass flow rate in the morphology of the IL droplets and their size distri-
bution, the ILs were evaporated at different temperature intervals: Teyap. = (473 £+ 5) K;
emphTevap. = (503 & 10) K; Tevap. = (533 £ 5) K. For the first study, the substrate temper-
ature (Tgupst) Was kept constant, at Tgype. = (283.2 £ 0.2) K. Tyypst. Was controlled by
regulating the temperature of a refrigerated liquid bath (Huber Minichiller). The circulating
bath was used to refrigerate a copper tube where the substrate’s support system (Figure S4)
is attached. For each Teyap., the mass flow rate was also changed by using two different
orifice diameters in the Knudsen effusion cells: 2 or 3 mm. Additional experiments were
performed by removing the disk containing the orifice, using only the cell body (diameter
of 10 mm), to maximize the mass flow rate. To study the influence of Tgpg;. in the nucle-
ation and growth mechanisms of ILs (second study), each sample was evaporated under
similar experimental conditions (Tevap. = (533 & 5) K, but only with an orifice diameter of
2 mm), but three different T, were used: Tgypst. = (273.2 £ 0.2) K; Tgupst. = (283.2 £ 0.2) K;
Tsubs. = (298.2 £ 0.2) K. Additional experiments were performed without thermal regulation
of the substrate temperature. All details concerning the experimental setup (evaporation
temperature, vapor pressure, deposition rate, and time of deposition) used for the depo-
sition of films are presented in Tables S1 and S2 as SM. For the deposition of IL films,
ITO/ glass and Ag/ITO/glass substrates were rapidly introduced into the vacuum chamber
that was degassed at ~210~# Pa. Each IL film was obtained with a thickness of 40 ML. An
estimation of the height (k) of 1 ML can be performed according to Equation (3), where M
is the molar mass, p is the density of the IL, and N is the Avogadro’s constant. For the
studied ILs, [C;C1im][NTf,], [CgCiim][NTH, ], [CoC1im][OTf], and [CgCyim][OTf], 1 ML cor-
responds to a height of 0.75 nm, 0.84 nm, 0.68 nm, and 0.78 nm, respectively [9,36,39,43,46].

3 M
h= (Na x p) ®

2.4. Morphological Characterization

The morphological characterization of the films was performed by a compact scanning
electron microscope (SEM, Hitachi, FlexSEM 1000). With this technique, it was possible to
obtain detailed micrographs of the IL microdroplets (deposited on ITO and Ag surfaces)
at different magnifications (800x, 1600x, and 4000x) by using a backscattered electron
detector (BSE). SEM imaging of samples deposited on ITO and Ag surfaces was obtained
by employing accelerating voltages of 3 kV and 5 kV, respectively. The detector used a
working distance between 6 and 9 mm. Afterwards, a deep analysis of the micrographs
was made by the Image] software (version 1.52a) [66], in order to study the shape, surface
coverage, and size distribution of the microdroplets formed.

3. Results
3.1. The Effect of the Mass Flow Rate on the Morphology of ILs Deposited on ITO and Ag Surfaces

The change in the evaporation temperature and diameter of the Knudsen cell orifice
were used to investigate the effect of different mass flow rates on the morphology of IL
films deposited on both ITO and Ag surfaces. The wetting behavior (in a mesoscopic scale)
of the ILs on both surfaces was inferred based on the analysis and processing of the SEM
micrographs. A detailed morphology of the substrates is presented in Figure S5 of the SM.
The topographies of ITO/glass and Ag/ITO/glass surfaces look similar, suggesting that
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the roughness of both substrates does not differ significantly. The IL films were obtained at
different deposition rates by changing the evaporation temperature (Tevap.) (from 473 to
533 K), the diameter of the Knudsen cell orifice (2, 3 mm), or using only the cell body. The
overall results obtained for each IL are presented in Figures S6-521 (SM). Increasing the
evaporation temperature as well as the use of larger Knudsen cell orifices lead to an increase
in the mass flow rate (for the same substrate temperature of T = 283 K). The increase in the
evaporation temperature on other hand also leads to an increase in the gas flow temperature,
contributing to a higher ion pair initial mobility at the surface. As representative results,
Figures 2-5 present the morphology of the micro- and nanodroplets and the respective
size distribution for [CoCim][NTf,], [CoC1im][OTH], [CsC1im][NTf;], and [CgC1im][OTH],
respectively. These results were obtained using a constant diameter of the cell orifice
(3 mm) but at different evaporation temperatures (473, 503, and 533 K). The combination
of these two variables allowed us to obtain IL films (40 ML) deposited at different depo-
sition rates (®): [CoCqim][NT£,] (P from 0.08 to 1.5 A /s); [CoC1im][OTf] (P from 0.02 to
0.51 A/s); [CgC1im][NTf,] (@ from 0.08 to 1.5 A /s); [CsCqim][OTf] (P from 0.04 to 0.73 A/s)
(Figures 2-5 and Table S1). Considering the same evaporation temperature, the deposition
rate was found to be lower for the OTf-based ILs. This is due to their lower volatility in
comparison to the congeners NTf;-based ILs [67]. A global analysis of the SEM images
reveals that, for the same mass flow rate, the size of the IL droplets is always lower on the
surface of Ag. This is clearly observed by the comparison between images A, C, and E (SEM
images on the left—ILs deposited on ITO) with images B, D, and F (SEM images on the
right—ILs deposited on Ag) in Figures 2-5. For the same IL, the higher number of droplets
formed on Ag surfaces is explained by the lower MFAN of IL films on the metallic surface,
as we recently reported [9,46]. Another obvious outcome derived from the morphological
analysis and clear by eye is the larger size of the droplets obtained for [CgCyim][NTf;]
and [CgCyim][OTf]. There is a noticeable differentiation between the wetting behavior of
short- and long-chain imidazolium-based ILs. More intense coalescence mechanisms are
observed for [CgCyim][NTf,] and [CgCyim][OTf], which emphasizes the higher wettability
of both ITO and Ag substrates to long-chain alkylimidazolium cations [9,46]. After further
processing of the micrographs using Image]J software (version 1.52a), the total number
of droplets formed was counted, their size was measured, and the surface coverage was
evaluated. The resulting droplet size distribution was then used to create histograms
(graphs 1 to 6 of Figures 2-5) that illustrate how different deposition rates on the substrate
surface affect the size distribution of the formed droplets. The deposition rate had no
significant effect on the surface coverage of the IL microdroplets (40 ML) on both ITO and
Ag surfaces. The films obtained for [C,C1im][NTf,] were found to have surface cover-
ages of (37 £ 2)% and (35 & 1)% on ITO and Ag surfaces, respectively, whereas values of
(47 £ 2)% and (40 £ 2)% were obtained for [C,C1im][OTf]. An increase in the mass flow
rate led to similar changes for [CoC1im][NTf,] (Figure 2) and [C,Cim][OTf] (Figure 3):
larger droplets formed on ITO as the flow rate increases (comparing graphs 1, 3, and
5 in both Figures), whereas the size distribution of droplets deposited on Ag shows no
difference for the two smaller deposition rates and small difference at the highest one
(comparing graphs 2, 4, and 6). Translating these conclusions into numbers, we can see
that, for [CoC1im][NTf,] (Figure 2), the most frequent sizes (modal diameter, MD—the
diameter value that corresponds to the highest frequency or peak in the distribution) of
the droplets obtained on ITO/glass surfaces as we change the deposition rate are: between
1.1 and 1.3 um for ® of 0.12 A /s (graph 1); between 1.4 and 1.8 um, @ of 0.54 A/s (graph
3); and between 1.5 and 2.1 um, @ of 1.5 A/s (graph 5). Under the same experimental
conditions, only a small shift is observed in the MD of droplets deposited on Ag: MD
changes from 0.7-0.8 um (graph 2) to 0.7-0.9 pm (graph 4) and 1.1-1.2 pm (graph 6). An
overall conclusion indicates that the increase in mass flow rate leads to more intense first
order coalescence mechanisms of [C,C1im][NTf;] droplets formed on ITO/glass. This
result might be related to the increase in the ion pair mobility at the surface by increasing
Tevap- Very similar behavior is observed for the congener [C,Cyim][OTf] (graphs 1, 3, and 5
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of Figure 3). ITO is a somewhat solvophobic surface to the ILs and, as a consequence, the
increase in ¢ promotes the aggregation of the small droplets. On the Ag surfaces, a negligi-
ble effect of @ on the MD is seen—MD values between 0.6 and 0.8 um are observed for @
of 0.06, 0.18, and 0.51 A/s (graphs 2, 4, and 6). The small influence of the deposition rate on
the wetting behavior of ILs on Ag surfaces on the mesoscopic scale is probably related to
the higher affinity of the imidazolium cations to the metallic surface. Hence, due to good
adhesion, there is a lower tendency for the coalescence of the nanodroplets even when large
deposition rates are applied. For 40 ML, a very reduced number of microdroplets with a
diameter above 3 pm was obtained for the C,Cqim samples. A very distinct behavior was
obtained when long-chain ILs ([CsC1im][NTf;] and [CsC1im][OTf]) were deposited on ITO.
For the same number of ML, 40 ML, MDs above 6 um were often obtained (graphs 1 and
3 of Figure 4, graphs 1, 3, and 5 of Figure 5). Curiously, the behavior of [CgCim][NTf;]
on the Ag surface (graphs 2, 4, and 6 of Figure 4) is very similar to that observed for
[C,C1im][NTf] and [CoC1im][OTf] on the same substrate—there is a shift in the MD when
increasing @ from 0.11 to 1.5 A/s. [CgC1im][OTf] formed larger microdroplets (graphs 2, 4,
and 6 of Figure 5), but the coalescence mechanisms were not as intense as observed for the
ITO surface. On ITO, at odds, there is no visible dependence between ¢ and MD since the
coalescence of the droplets occurred even at the lowest ®@. The coalescence processes may
be self-induced by the inherent wetting behavior of [CgC1im][NTf,] and [CgCim][OTf].
In comparison to C,Cyim, the IL film obtained from PVD on ITO surfaces for the larger
CgCyim is heterogeneous, as the microdroplets depict an irregular shape. This morphology
arises from the typical second order coalescence mechanisms observed for the long-chain
imidazolium-based ILs [9,46].

IL = [C,C,im][NTf,] 20 pm
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Figure 2. Morphology of the thin films (micro- and nanodroplets) of [C,C1im][NTf;] (A-F) and the
respective size distribution of the droplets (histograms (1-6)). The IL films (40 ML) were deposited
(by PVD) simultaneously on surfaces of ITO (images (A,C,E)) and Ag (images (B,D,F)). The IL film
surfaces were obtained through different mass flow rates in the deposition process: 0.12, 0.54, and
1.5 A/s (evaporation temperatures of 473, 503, and 533 K, respectively, and using a Knudsen cell
orifice with 3 mm of thickness). The red arrows indicate the successive shift of the modal diameter
with an increase in the deposition rate. The temperature of the substrates was kept at T = 283 K.
Surface coverages of 35.9, 33.8, 36.1, 34.6, 39.8, and 36.1% were derived by image processing of
(A-F), respectively. Top views (A-F) were acquired through scanning electron microscopy by using a
backscattered electron detector.
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Figure 3. Morphology of the thin films (micro- and nanodroplets) of [C,C;im][OTf] (A-F) and the respec-
tive size distribution of the droplets (histograms (1-6)). The IL films (40 ML) were deposited (by PVD)
simultaneously on surfaces of ITO (images (A,C,E)) and Ag (images (B,D,F)). The IL film surfaces were
obtained through different mass flow rates in the deposition process: 0.06, 0.18, and 0.51 A/s (evaporation
temperatures of 473, 503, and 533 K, respectively, and using a Knudsen cell orifice with 3 mm of thickness).
The red arrows indicate the successive shift of the modal diameter with an increase in the deposition rate.
The temperature of the substrates was kept at T = 283 K. Surface coverages of 46.2, 41.9, 48.6, 38.1, 44.8, and
40.6% were derived by image processing of (A-F), respectively. Top views (A-F) were acquired through
scanning electron microscopy by using a backscattered electron detector.
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Figure 4. Morphology of the thin films (micro- and nanodroplets) of [CgC1im][NTf,] (A-F) and the
respective size distribution of the droplets (histograms (1-6)). The IL films (40 ML) were deposited (by PVD)
simultaneously on surfaces of ITO (images (A,C,E)) and Ag (images (B,D,F)). The IL film surfaces were
obtained through different mass flow rates in the deposition process: 0.11,0.47, and 1.5 A /s (evaporation
temperatures of 473, 503, and 533 K, respectively, and using a Knudsen cell orifice with 3 mm of thickness).
The red arrows indicate the successive shift of the modal diameter with an increase in the deposition rate.
The temperature of the substrates was kept at T = 283 K. The image processing was not able to derive with
accuracy the surface coverage of the films (it is estimated to be >40%). Top views (A-F) were acquired
through scanning electron microscopy by using a backscattered electron detector.
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Figure 5. Morphology of the thin films (micro- and nanodroplets) of [CsC;im][OTf] (A-F) and the
respective size distribution of the droplets (histograms (1-6)). The IL films (40 ML) were deposited
(by PVD) simultaneously on surfaces of ITO (images (A,C,E)) and Ag (images (B,D,F)). The IL film
surfaces were obtained through different mass flow rates in the deposition process: 0.09, 0.24, and
0.73 A/s (evaporation temperatures of 473, 503, and 533 K, respectively, and using a Knudsen cell
orifice with 3 mm of thickness). The red arrows indicate the successive shift of the modal diameter
with an increase in the deposition rate. The temperature of the substrates was kept at T = 283 K.
The image processing was not able to derive with accuracy the surface coverage of the films (it is
estimated to be >40%). Top views (A-F) were acquired through scanning electron microscopy by
using a backscattered electron detector.

3.2. Effect of the Substrate Temperature on the Morphology of ILs Deposited on ITO or Ag Surfaces

The influence of the substrate temperature (Tgypst,) 0N the morphology and size distri-
bution of the IL droplets was examined using a constant deposition rate, with the deposition
carried out simultaneously on the two surfaces (ITO and Ag), kept at the same substrate
temperature (Tgypst.), Which was changed in the different experiments. Detailed results
obtained for each IL are presented in Figures 522-529 and Table 52 (SM). Figure 6 shows the
SEM micrographs and the respective droplets’ size distribution for the [C;C1im][NTf;] sam-
ple deposited on surfaces at 273 K (images A and B, graphs 1 and 2), 283 K (images C and D,
graphs 3 and 4), 298 K (images E and F, graphs 5 and 6), and surfaces without thermal
regulation of the substrate temperature (with the refrigerated circulating bath turned off)
(images G and H, graphs 7 and 8). For [C;C1im][NTf;], the SEM images show very similar
morphologies and identical distribution of the droplets for the films obtained on surfaces
kept at different temperatures (273, 283, and 298 K). Further, for all experiments, the
droplets are formed with a larger size on the ITO surface (images A, C, E, and G). On ITO
surfaces, the MD of the droplets is between 1.3 and 1.4 um (graphs 1, 3, and 5) whereas
on the Ag surface, it was between 0.6 and 0.7 um (graphs 2, 4, 6). Similar results were
obtained without controlling T s, Where T could have been much higher than the
highest temperature used before, 298 K, as the substrates were not refrigerated, and hence
their temperature depends on the vacuum chamber walls, which can be affected by the
temperature of the evaporation ovens.

Opverall, we observed that the increase in the substrate temperature had a small effect
on the morphology and size distribution of [C,C1im][NTf,] droplets, especially when
deposited on the Ag metallic surface. The results presented further highlight the stability
of the IL droplets and the reproducibility of the PVD method for the deposition of IL, as
independent experiments led to the formation of droplets with similar morphology and
size. As regarding [C,C1im][OTf], the effect of Tqypst. On the MD of the droplets deposited
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on Ag was also minor (Figures 524 and 525 of the SM), with the MD between 0.6 and 0.7 um,
indicating an identical morphological behavior for [CoC;im][NTf,] and [C,Cim][OTf]. On
ITO, the results show a clear increase in the MD when T s Was increased. The MD values
obtained were 0.8-1.0 um, 1.0-1.1 pm, and 1.2-1.4 um, for substrate temperatures of 273, 283,
and 298 K, respectively. For [CgC1im][NTf;] (Figures 526 and S27), the droplets obtained
on substrates at 273 K had a different appearance compared to those obtained at 283 K
and 298 K for both the ITO and Ag surfaces. Further morphological differentiation was
noted for [CgCyim][OTf] (Figures S27 and 528). As the substrate temperature progressively
increased from 273 K to 298 K, a clear increase in droplet size was observed on the Ag
surfaces. The droplets of [CgC1im][OTf] on ITO were consistently found to be very large
in all experiments due to their tendency to coalesce, independent of the mass flow rate or
substrate temperature used. In general, the droplet size was consistently larger for both
C,Cqim and CgCjim samples when the ILs were deposited on ITO/glass surfaces.
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Figure 6. Morphology of the thin films (micro- and nanodroplets) of [CoC1im][NTf,] (A-H) and the
respective size distribution of the droplets (histograms (1-8)). The IL films (40 ML) were deposited
(by PVD) simultaneously on surfaces of ITO (images (A,C,E,G)) and Ag (images (B,D,FH)). The IL
film surfaces were obtained on substrates kept at different temperatures: T = 273 K (A,B); T = 283 K
(CD); T =298 K (E,F); without thermal regulation of the substrate temperature (G ,H). In all ex-
periments, the deposition process was carried out by using a similar mass flow rate (0.4 A/s).
Top views (A-H) were acquired through scanning electron microscopy by using a backscattered
electron detector.

4. Discussion

Reproducible morphological changes were obtained for the four studied ILs, with the
molten salts like (shorter alkyl size) ILs [CoC1im][NTf,] and [C,Cqim][OTf] forming small
droplets whose characteristics are particularly sensitive to changes in the mass flow rate,
and the long-chain ILs ([CgCyim][NTf,] and [CgCyim][OTf]) showing an inherent tendency
to form higher-size/coalesced droplets.

To better visualize these results, Figure 7 shows the graphical representations of the to-
tal number of IL microdroplets obtained (on both ITO and Ag surfaces) as a function of the
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deposition rate for [CoC1im][NTf;] (graph A), [CoC1im][OTf] (graph B), [CgCqim][NTf;]
(graph C), and [CgC1im][OTf] (graph D). A glance at the vertical scale of the graphs
clearly indicates that a higher number of droplets was formed for the shorter alkyl size
imidazolium-based ILs (C;Cyim, graphs A and B). This arises from the less intense coales-
cence mechanisms of these ILs on the studied surfaces. The better wettability of long-chain
imidazolium-based ILs led to the formation of larger droplets for [CsC;im][NTf,] and
[CsC1im][OTH], and consequently, the total number of microdroplets formed was lower
(graphs C and D). Figure 7 also evidences the higher number of droplets formed on Ag
surfaces, in good agreement with previous works [9,46].

IL = [C,C;im][NTT1,]
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Figure 7. Graphical representations of the number of IL droplets obtained (all microdroplets with a
minimum area of 0.02 um?) as a function of the deposition rate for [C;C1im][NTf;] (A); [CoC1im][OTH]
(B); [CC1im][NTH1,] (C); and [CgCqim][OTf] (D). These results were derived from image processing
of the SEM micrographs relative to the simultaneous deposition of each IL film (40 ML) on surfaces
of ITO and Ag/ITO.

A detailed observation of curve shapes shows that similar profiles (although with
different magnitudes) were obtained for the number of microdroplets as a function of
the deposition rate for [C,C1im][NTf,]/Ag and [C,C1im][NTf,]/ITO (graph A). At lower
deposition rates, the number of droplets formed is maximum (but higher on Ag surfaces)
and the successive increase in @ leads to an exponential decay of the total droplet count until
reaching a plateau. This suggests that the coalescence mechanisms increase progressively
when applying higher deposition rates until reaching a limit where they level off. A similar
profile was obtained for [C,C1im][OTf]/ITO (graph B). A peculiar result is observed for
[CoCqim][OTf]/ Ag as the results indicate no influence of @ on the droplet counts. This
observation agrees with the size distribution of the droplets presented above in Figure 3
(graphs 2, 4, and 6)—only a small effect of @ in the MD, profile of droplet size distribution,
as well as on the total droplet count is observed. We interpret this as resulting from the
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small submicrodroplets of [C,C1im][OTf] being very stable and well adsorbed to the Ag
surface. For this IL, both MFAN and coalescence mechanisms are intrinsically reduced
on the Ag surface and the coalescence of the droplets (first order mechanisms) is not
intensified by increasing ®. For the longer ILs, we observe that the intrinsic tendency
of the CgCyim droplets to coalesce when deposited on ITO/glass leads to the profiles
presented in graphs C and D. The wetting behavior of [CgC;im][NTf,] and [CgsCyim][OT{]
on ITO leads to the formation of very large droplets (Figures 4 and 5), independently of
the experimental conditions of PVD. This behavior arises from the typical second order
coalescence mechanisms of the long-chain ILs [9,46]. Similar behavior is observed for
[CgC1im][OTf] deposited on the Ag surface (graph D). Curiously, [CsC1im][NTf;] deposited
on Ag shows a very distinct behavior, as the dependence of the droplet counts with
the deposition rate is closer to observed for the short-chain ILs. This result agrees with
the size distribution of the droplets presented in Figure 4 (graphs 2, 4, and 6). Clearly,
droplets of [CsC1im][NTf;] deposited on Ag (images B, D, and F of Figure 4) are smaller in
comparison to the congener [CgC;im][OTf] deposited on the same surface (images B, D,
and F of Figure 5). Overall, these results indicate that, independently of the deposition rate,
the second order coalescence processes of [CsC1im][OTf] on Ag are clearly higher when
compared to what we observed for [CgCqim][NT1,].

For all the studied ILs, the wetting behavior did not reflect an excellent film-substrate
affinity since a continuous film was not obtained, even for the long-chain ILs. Despite the
CgCyim-based ILs having a lower film-vapor interfacial tension [24], the magnitude of the
substrate-film interfacial tension might be even high, as the obtained 3D film growth mode
(island growth) reveals. Although longer chain ILs have a greater droplet spreading, the
contact angle on both ITO and Ag surfaces is still considerable (=20 degrees) [9]. Other
authors have also investigated the island growth of ILs on the mesoscopic scale; employing
vacuum deposition methods, similar film morphologies (the formation of ionic liquid
microdroplets) were reported [35,68-70]. Further, there are many reports highlighting the
initial formation of a 2D wetting layer followed by droplet formation (3D growth) on a
wide range of solid surfaces [55,56,59,71]. Good wettability and spreading behavior have
been observed on gold [9,39,46,63,64,72,73] or organic surfaces [43,70] since the ion pairs
can interact with the surface by the formation of image dipoles (with gold) or through
dispersive interactions (with organic materials).

Herein, the experimental variables studied were found to have a visible influence on
the droplet formation and droplet spreading of the small ILs (C,Cyim). Our results led
us to raise the hypothesis that an increase in the deposition rate could have an impact on
the kinetics of the droplet formation and coalescence mechanisms, leading to higher first
order coalescence in the short-chain ILs, characteristic of high surface mobility. On the
other hand, the prevailing second order coalescence mechanisms known for long-chain ILs
(CgCqim) on solvophobic surfaces could explain the formation of large droplets, regardless
of the magnitude of the deposition rate. For a detailed comparison of the influence of
the anion for the smaller ILs (C,C;im), Figure 8 represents the dependence of the MD of
the droplets on the deposition rate (@, graph A) and the substrate temperature (Tqypst.,
graph B). Remarkably, the profiles observed for both ILs in each surface are very similar as
regarding to the effect of @ (A); the curves obtained are almost coincident, and superior MD
values are always observed for samples deposited on ITO, as a result of more preponderant
first order coalescence mechanisms. For both ILs deposited on ITO, a small increase in ¢
(from 0.05 to ~0.3 A /s) leads to a large increment in the MD, whereas for higher @ values,
the MD increases more slowly. The similar profiles observed for both ILs might suggest the
less significant role of the anion on the wetting behavior of the ILs on ITO.
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Figure 8. Graphical representations of the modal diameter of the IL droplets as a function of the
deposition rate (A) and the substrate temperature (B) for [C;C1im][NTf;] and [C,C1im][OTf]. These
results were derived from the analysis of the SEM micrographs relative to the simultaneous deposition
of each IL film (40 ML) on surfaces of ITO and Ag/ITO.

On Ag surfaces, a small (close to linear) increase in the MD occurs for all range of ¢
values. A similar increment in the MD as & increases above 0.3 A /s can be derived from
these representations. For both C,C;im samples, the droplets’ MD on ITO is (0.8 &+ 0.1) pm
higher than the value obtained for the Ag surface. Considering the effect of the substrate
temperature (for the same deposition rate, graph B), the MD of the microdroplets was, as
expected, lower on Ag surfaces. According to the results, the substrate temperature influ-
ences the MD of droplets deposited on ITO, especially for [C,C1im][OTf]. The formation
of larger droplets is a consequence of the increased surface mobility caused by the higher
substrate temperature [74]. On the other hand, the substrate temperature did not influence
the deposition process of the ILs on Ag, and a constant MD of (0.6 £ 0.1) um was observed
for both [C,C1im][NTf;] and [CoC1im][OTf]. These observations emphasize the higher
affinity /stability of the droplets on the Ag/ITO surface.

5. Conclusions

The impact of deposition rate and substrate temperature on the morphology of ionic
liquid (IL) films deposited by PVD on ITO and Ag/ITO surfaces was investigated for four
imidazolium-based ionic liquids (ILs): [CoC1im][NTH;], [CoCiim][OTH], [CsCim][NTH;],
and [CgCyim][OTf]. The film growth was characterized by the formation of three-dimensional
droplets/islands (3D growth). The increase in deposition rate and a small change in
substrate temperature were found to have a minor effect on the wettability of Ag towards
ILs with shorter alkyl chains (C,C;im), indicating good adsorption and stability of IL
droplets on the metallic surface. However, on the ITO substrate, a higher degree of droplet
coalescence was observed due to the higher surface mobility of the IL on the substrate. It is
noteworthy that the increase in deposition rate had a very similar effect on the formation of
films for both [C,C1im][NTf,] and [C,Cim][OTf], with the modal diameter of the droplets
obtained being identical for each deposition rate. The droplet morphology of the long-chain
ILs (CgCqim) was found to be influenced by changes in the deposition rate and/or substrate
temperature. Nevertheless, very large droplets were consistently observed on the ITO
surface, regardless of the deposition parameters.

In summary, the experimental data presented in this study provides reliable informa-
tion on the influence of deposition parameters on the nucleation and growth of IL films.
Our findings demonstrate that changes in the mass flow rate and substrate temperature
have a greater impact on the coalescence stage and morphology of IL droplets deposited
on ITO surfaces than those observed on Ag surfaces.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/fluids8030105/s1, Figure S1: Schematic illustration of the typical
mechanisms of nucleation and growth of ionic liquid films; Figure S2: Schematic representation of
the vacuum thermal evaporation methodology; Figure S3: Schematic representation of the ovens
of the ThinFilmVD apparatus and an image of an individual oven; Figure S4: Schematic repre-
sentation and images of the substrates support system; Figure S5: Morphology of the substrates
(ITO/glass and Ag/ITO/glass); Figures S6-517: Morphology of [C,C1im][NTf;] (S6), [CoC1im][OTf]
(59), [CgC1im][NT1,] (S12), and [CoC1im][OTH] (S15) films on ITO and Ag using Knudsen effusion
cells with different orifice diameters and employing different evaporation temperatures and the
respective size distribution of the droplets (S7, S8, 510, S11, S13, S14, S16, and S17); Figures S18-521:
Morphology of micro-/nanodroplets of [CoC1im][NTf,] (518), [CoC1im][OTf] (S19), [CsCqim][NTf,]
(520), and [C,C1im][OTf] (S21) fabricated onto ITO/glass and Ag/ITO/glass using Knudsen effu-
sion cells with different orifice diameters; Figures S22-529: Morphology of micro-/nanodroplets
of [CoC1im][NTf,] (522), [CoCim][OTf] (524), [CsC1im][NTf;] (S26), and [C,C1im][OTf] (S28) fab-
ricated onto ITO/glass and Ag/ITO/glass employing different substrate temperatures and the
respective size distribution (523, 525, 527, and S29); Table S1: Experimental conditions related to
the study of the effect of the mass flow rate on the morphology of the ionic liquid films deposited
on ITO/glass and Ag/ITO/glass surfaces; Table S2: Experimental conditions related to the study
of the effect of the substrate temperature on the morphology of the ionic liquid films deposited on
ITO/glass and Ag/ITO/glass surfaces.
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