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The role of relative humidity (RH) on the kinetic spreading and equilibrium contact angles of droplets of two
[Rmim][NTf,] ionic liquids (ILs) on a mica surface was investigated using contact angle measurement and
atomic force microscopy (AFM) imaging. Firstly, with contact angle measurement, we found that
increasing RH accelerates the kinetic spreading and reduces the equilibrium contact angles of the
droplets of two studied ILs on mica. Then by analyzing the mica surface with AFM imaging, we observed
that the increasing RH leads to enhanced water vapor adsorption on mica and accordingly enhanced
coverage of the IL precursor film on mica. It is essentially the enhanced coverage of the IL precursor film
that induces the acceleration of IL droplet spreading and the reduction of their equilibrium contact
angles. The analysis of experimental results also suggests that the surface diffusion coefficients of IL
precursor films as well as the equilibrium contact angles of IL droplets have a threshold at a RH of ~70%,
which indicates the formation of a complete water monolayer on mica. Such a water layer facilitates the

formation of a uniform IL precursor film on the mica surface, which would modify the surface energy of
Received 26th June 2017 . d thus th tact le of IL droplet ica. The findi f th ti tigati
Accepted 25th August 2017 mica an us the contact angle o roplets on mica. The findings from the present investigation are

instrumental in the fundamental understanding of the wetting behavior of ionic liquids in humid

DOI: 10.1039/c7ra07077b environments and also offer practical insights into applications of ionic liquids in lubrication and
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1. Introduction

Room temperature ionic liquids (ILs) are liquid salts composed
solely of ions." Their low vapor pressure and high thermal and
electrochemical stability showed promise for using them as
green solvents,>® in lubrication®* and electrochemical energy
systems (e.g., super capacitors, fuel cells and batteries).®*” Many
of the aforementioned applications are interface dominated, in
which the wetting properties of ionic liquids on a solid surface
play a critically important role.® The statics®'® and dynamics**™*?
of the wetting behaviour of ionic liquids on solid surfaces have
been studied only in a few cases, leaving a number of questions
unanswered in the literature.® Some new observations such as
asymmetric electrowetting”® and time-dependent contact
angles'* still await for further investigations. Although the
fundamental causes of the time-dependent contact angles at
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some solid-liquid interfaces are not fully explained yet,'*"
previous reports indicated that molecular (ad)sorption and
‘overturning’ at the solid-liquid interface are important causes
for such phenomena,'®* and the solvation of the top adsorbed
layers on the solid surface by water were shown to be key for
molecular reorientation and subsequent change in the apparent
contact angle.'***** In the case of ionic liquids, it has been
shown that the time-dependent contact angle of some imida-
zolium ILs on mica was caused by a thin precursor film
extending from the droplet via surface diffusion process, the
development of such precursor film involves molecular re-
orientation and packing process, similar to that of self-
assembled monolayers (SAMs) of organic molecules on solid
surface.™

By investigating the effect of water on the interfacial layering
and spreading of a group of hydrophobic ILs on mica, we
proposed that the precursor film in the peripheral of the ILs
droplet on mica could be an extension of the interfacial layering
of ILs between the droplet and the mica surface.” Although
molecular solvation layers of ILs have been extensively studied
at various solid surfaces,?' the fundamental causes of the
spontaneous layering is not clear, reported studies so far indi-
cated that confinement, surface charge and water content are all
important factors.»***¢ The effect of water on the interfacial
nanostructure®****”3® and wetting behaviour® of ILs has been of
growing interest in recent years. However, the interactions of

This journal is © The Royal Society of Chemistry 2017
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water with ILs are complicated,* and its effect on the solvation
layers®** and surface tensions* of ILs appear to be not mono-
tonic. Trace amounts of water can enhance ion layering on mica
by facilitating K™ dissociation,**2 but excessive amount of water
were shown to disrupt the interfacial layering of ILs due to both
packing and capillary effects,">*”*** and the details seem to
depend on identity of individual ILs.

When the system involving an IL droplet spreading on solid
surface like mica is placed in a humid environment, the water
effects have two forms: water absorbed in the IL and water
adsorbed on the mica surface. These two forms can have
different effects on the wetting behaviour of ILs. Langmuir
pioneered the research on water vapour adsorption and showed
that adsorbed water can change the surface energy of solid
surfaces through masking effect. Zisman investigated the
effect of humidity on the wetting and spreading of hydrophobic
liquids on surfaces of borosilicate glass, quartz, and sapphire,
and the results suggested that adsorbed water can lower the
wettability of these substrate by the studied liquids.***
However, latter research by Cazabat et al. using ellipsometry*”*®
found that humidity facilitates the spontaneous spreading of
tiny droplet of PDMS on oxidized silicon wafers. Zeid and Brutin
studied the effect of relative humidity on the spreading
dynamics of blood drops on glass and show that the drop
spreading is marked by fast and slow regimes,** however, even
the slow spreading regime in their study is much faster than the
contact angle relaxation of ILs on mica."* All these studies
suggest that the humidity effect is specific to droplet material,
and the exact mechanism behind the humidity effect is
different for different droplet materials. This paper studied the
effect of humidity on the kinetic wetting (namely contact angle
relaxation) of ILs on mica. By recording the contact angle
relaxation using sessile drop methods and characterizing the
mica surface using atomic force microscopy (AFM), the effect of
water adsorption on the precursor film formation and macro-
scopic spreading of ILs is discussed and highlighted. We
identified that the enhanced spreading of IL droplet on mica
under increased humidity is driven by the enhanced IL
precursor film due to water adsorption on mica; while water
absorbed by the ILs from humid surroundings plays a minor
role. In addition, we revealed for the first time that although
increasing the humidity tend to increases the adhesion and
friction between hydrophilic surfaces in ILs,*”*° it actually
enhances the spreading of these ILs on mica. This intriguing
finding presents an important step toward a deeper under-
standing of the IL-water interactions on mica, and offers
implications to application of ILs as lubricants.

2. Experimental section

Muscovite mica (ProSciTech, grade V-1, 12.5 mm disk) was
chosen as the substrate in this study for its atomic flatness. In our
experiments, the mica disks were cleaved by inserting the sharp
tip of a pair of tweezers at the side of the mica disk. Contact
mode AFM scanning indicates that the mica surface has a RMS
roughness less than 0.2 nm over a 1 pm x 1 um scanning area.
The ILs chosen in this study were 1-ethyl-3-methylimidazolium
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bis(trifluoromethylsulfonyl)imide  ([emim][NTf,]), 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide ([bmim]
[NTH,]). Contact angles were measured using the SCA 20 system of
Data Physics.

To investigate the effects of relative humidity (RH) on the
relaxation of droplets, a 0.2 L air-tight quartz cell (see Fig. S17)
was used. Saturated salt solutions were used to change and
maintain the RH inside the cell at certain levels® (see Table
S1t). In our experiments, freshly cleaved mica disks were pre-
exposed to each level of RH for ~14 hours, such a long expo-
sure time would be sufficient for the mica surface to be equili-
brated with the vapor phase. Then the IL drops were deposited
on these pre-equilibrated substrates and the contact angle was
measured using the sessile drop method. The temperature was
maintained at 22 + 1 °C in the quartz cell. RH was varied from
20% to 90% in these experiments.

The MultiMode 8 AFM from Veeco Instrument was used in
tapping mode for characterization of the mica surface. TAP150A
(Bruker) cantilevers were used with a resonant frequency of
150-200 kHz and a spring constant of 5-10 N m~'. The nominal
tip radius is 8 nm. The AFM scanning resolution is 512 pixels
per line.

The pre-wetting was achieved by dipping the freshly cleaved
mica surface into the pure [bmim][NTf,] and removing the
substrate for AFM imaging and sessile drop measurement (see
ESIT material for more information).

To check the effect of RH on the water concentration inside
the IL, [bmim][NTf,] was exposed to the RH of 37% and 90% in
the quartz cell for varying period of time. The change of water
concentration with time was monitored using Karl Fischer
titration. The surface tension of the IL with different water
concentration was measured using the pendent drop method.

3. Results and discussion

After an IL drop was deposited on the pre-equilibrated mica
surface in the quartz cell of different RH, the variation of its
contact angle with time was recorded. The relaxation of the
contact angle with time can be characterized by the initial
contact angle (measured immediately after the initial viscous
relaxation of the droplet, i.e. several seconds), the ‘final’ contact
angle ¢, and a relaxation time 7. v can be determined by fitting
the time-dependent contact angle with an exponential decay
function 6, = ae™"" + ¢,** where ¢ is time and a and c are the
fitting parameters.

The contact angle relaxation of both ILs against time and
under various RH levels was plotted in Fig. 1. For [emim][NTf,],
it took less than 25 min to obtain a final (stable) contact angle;
for [bmim][NTf,] the relaxation time min falls within 45 min.
When RH was increased from 20% to 90%, the relaxation time
decreased by more than one order of magnitude, to less than
3 min for both ILs. For reference, the advancing and receding
contact angle of [bmim][NTf,Jon mica was measured using
sessile drop methods (Fig. S2at). The time dependence of the
advancing and receding contact angle was also recorded and the
result was plotted in Fig. S2b.f It is seen that the receding
contact angle (RCA) decreased significantly with time, while the
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change in the advancing contact angle (ACA) was much less.
The reduction of the RCA with time is very likely to be caused by
the re-orientation of the IL molecules adsorbed on the mica
surface. As the NTf, ILs are hydrophobic and the mica surface is
hydrophilic, water molecules tend to move from the bulk of the
IL to the interface to form a water layer, such process causes the
IL ions near interface to slowly reorder themselves, which we
believe to be causing the receding contact angle to decrease with
time.*® On the other hand, the ACA was measured by increasing
the droplet volume, while the contact line expands on the mica
spot that was partially covered by IL precursor film, these
islands of IL film are isolated and uniform molecular re-
orientation is not very likely, therefore the values of ACA are
more stable.

The observation here differs from that by Belman et al.>* due
to the difference of the system setup. Here we used freshly
cleaved mica and in ref. 21 there is already a physically adsorbed
octadecylamine or chemically adsorbed octadecanethiol film on
the solid substrate. A thin film of IL is left behind after
retracting the IL droplet from the mica surface using a syringe,
which produced the pre-wetting effect. This is to be discussed in
detail in the following section.

We have proposed in previous report that the contact angle
relaxation of ILs was mainly caused by the thin precursor film
spreading ahead of the bulk of the droplet, and showed that the
propagation of the precursor film obeys the law of surface
diffusion,***>* this has recently been re-confirmed by Liu
et al.™ We also proposed that the evolution of the precursor film
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Fig.1 Contact angle relaxation of [emim][NTf,] and [bmim][NTf,]-ILs
against time (min) on mica at various levels of relative humidity.
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follows a process that resembles the self-assembled mono-
layers, which involves adsorption and molecular reorientation
as suggested by Ulman et al.'” Here by using tapping mode AFM
we imaged the surrounding area of a [bmim][NTf,] droplet on
mica after initial spreading of ~30 min. The scanning was done
at the relative humidity of 38% and 51% respectively. It is seen
from Fig. 2a and b that the area in the vicinity of the contact line
was covered by patches of thin film with thickness of ~1.7 nm,
suggesting that the patches are actually one ion pair of [bmim]
[NTf,].>* When RH was increased from 38% (Fig. 2a) to 51%
(Fig. 2b), the area fraction of the IL precursor film on mica
increased from ~50% to 72%, suggesting that the water
adsorption enhanced the precursor film formation of ILs.** We
argue that since the bulk of the droplet tightly follows the
spreading of the precursor film before reaching an equilibrium
contact angle, the macroscopic spreading of the droplet can
actually be described by the law of surface diffusion. Two
supplementary experiments was conducted to check this
assumption, namely AFM imaging of the mica surface pre-
wetted by one IL, and the spreading on such a pre-wetted
mica surface by droplet of the same IL (Fig. S31).

From the tapping mode AFM image (Fig. S4at) we see clearly
that apart from some tiny residual droplets (R < 1 mm), the
whole surface is actually covered by a thin film of ~3 nm, which
is equal to the thickness of two ion pairs of [bmim][NTf,].>* By
tracking the contact angle evolution of a same type of IL droplet
on the pre-wetted mica surface, we observe that the equilibrium
contact angle of ~22 degrees was obtained instantly (<20 s) on
the pre-wetted mica surface and there is no contact angle
relaxation after the inertia spreading (Fig. S4b and inset). This
observation has two implications: the first is that the droplet of
[bmim][NTf,] does not wet the pre-wetted mica surface
completely but has a finite contact angle; the second is that
once the mica surface is pre-wetted by the IL thin film, the
equilibration of the contact angle should be instant. Since
spreading of the apparent triple line follows the propagation of
the precursor film," the spreading kinetics of the droplet
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Fig. 2 Tapping mode AFM image of the vicinity of the three phase
contact line of a macroscopic droplet on mica surface at (a) RH of 38%
and (b) RH of 51%. The image size is 1 um. A line scan below each image
shows the profiles of the partial monolayer of [omim][NTf,].
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essentially reflects the extending of the precursor film,*>>
which was described as

R=R =Dt 1)

where R is the droplet base radius, R is the radius of the
precursor film. D is the surface diffusion coefficient, and ¢ is
time. It is worth being noticed that eqn (1) only applies before
the contact angle decreases to its plateau.

In order to quantify the kinetics of spreading, the droplets
radii were extracted from the sessile drop images during contact
angle relaxation. The variation of droplet radius R (mm) against
the square root of time /¢ (Vmin) was plotted together
(Fig. S57). The droplet radii increased approximately linearly
with /¢ before it levels off, which resembles the spreading
behaviour of precursor films through surface diffusion.*** The
calculated surface diffusion coefficient D was plotted in Fig. 3.
From Fig. 3, it is seen that D is between 10~ m> s™' and
10~° m® s~ . These values are of the same order of magnitude as
those reported in the literature for PDMS precursor films
(spreading of microscopic droplets) on various substrates.*
This is the first time that the surface diffusion mechanism was
verified for characterization of the kinetics of the contact angle
relaxation. D increases slowly before RH reaches 65%. However,
it increased by approximately one order of magnitude (10 times
and 8 times for [emim][NTf,] and [bmim][NTf,] respectively)
when RH was increased from 35% to 75%, this is followed by
another notable increase when RH reaches 90%. Worth being
noted is that Cazabat et al. suggested that the dependence of the
diffusion coefficient of precursor film spreading on hydrophilic
and hydrophobic substrates ought to be differentiated, because
hydrophobic substrates adsorbs negligible amount of water
even at high RH levels, which make the observed spreading
largely independent of the friction coefficient.>® As suggested by
previous literature, the difference between the surface diffusion
coefficient of the two ILs was probably caused by the difference
between the molecular weight and viscosity of the ILs.*”**

The exact mechanism of the enhanced spreading of liquid
droplets on solids under humid environment is still open to
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Fig. 3 Surface diffusion coefficient of [emim]INTf,] and [omim][NTf,]
as a function of relative humidity.
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debate.*® However, since mica is a hydrophilic substrate, we
attribute the quickened spreading partially to the reduction of
the friction coefficient of solid surfaces, as suggested by
previous report.**** Because the conformational freedom and
the mobility of adsorbed water increases dramatically at high
RH,*** the friction coefficient on mica can be reduced by as
much as 50% when RH is increased from 20% to 80%.%*

We have reported the formation of IL precursor films
through extended layering on mica surface and attributed the
contact angle relaxation to the propagation of such film." Gong
et al. suggested that whether ILs can develop extended layering
on mica surface is largely dependent on the amount of water
adsorbed on the mica surface.** Under higher RH levels IL
droplet tend to develop precursor film more easily because the
adsorbed water molecules facilitates the exchange between the
cations of ionic liquid and K" ions on the mica surface.** Since
water coverage on mica increases with the RH levels and the
precursor film fraction of IL on mica scales with the amount of
adsorbed water or the water area fraction, the precursor film
coverage should also increase with RH. AFM imaging of water
adsorption on mica is frequently subject to interference of the
scanning tips.*® However, Xu et al. has obtained very neat image
of water adsorption on mica using graphene templating to seal
the water molecules on mica.* The fact that the area fraction of
the precursor films in Fig. 2a (~50%) corresponds to the water
layer fraction from ref. 60 at the same relative humidity appears
to support such conjecture. The developed precursor film will
produce a pre-wetting effect on mica surface similar to that
displayed in Fig. S4.f A detailed AFM imaging of the IL
precursor film coverage on mica under varying humidity is
beyond the scope of this investigation.

Adsorbed water can significantly alter the surface energy of
mica surface and this has been characterized by ref. 61. Simi-
larly, the adsorbed precursor film of IL is also expected to
change the surface energy of mica and cause a variation of the
contact angle. When adsorbed water facilitates the IL droplet to
form extended patches of monolayer on mica surface at the RH
<70%, the IL droplet would contact ‘patched’ heterogeneous
mica surface. Based on the results in Fig. 2 and those from ref.
41, we assume that the surface coverage of the precursor film
scales with the water monolayer coverage on mica. Therefore,
the contact angle of the same IL on the ‘patched’ mica surface
should decrease with the area fraction of the IL precursor film.
On such heterogeneous mica surface, the final contact angle of
the studied ILs are expected to obey Cassie's equation.®

The value of cos(f) was plotted against RH in Fig. 4, and the
results indicate that the cos(f) increases linearly with RH before
the contact angle levelled off at RH ~70%. The turning point of
cos(6) (RH of ~65%) also agrees with the suggested RH level of
water monolayer formation.**

Worth noting is that we reported previously the molecular-
layering of water-saturated ILs at interfaces with mica was dis-
rupted and significantly weakened due to the hydrogen bond
between water molecules and the IL ions. As a result, the contact
angle relaxation was also reduced." Here by turning our focus
from water-inside the ILs to the water adsorbed on the mica
surface (between IL droplet and mica), the effect of water on the

RSC Aadv., 2017, 7, 42718-42724 | 42721
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with RH.

interfacial phenomena of ILs appear to be strikingly different.
Since ionic liquids are hygroscopic and they absorb water from
air, the increase of water concentration in the ionic liquids
under a humid environment can lead to potential change to the
mica-IL interaction.***” It is important to know the variation of
water concentrations under different RH levels. Therefore we
measured the change of water concentration of [bmim][NTf,]
exposing to both ambient (38%) and high (90%) levels of RH,
the results from Karl Fischer titration were shown in Fig. 5. In
our experiments, it took less than one hour for the two ILs to
reach an equilibrium contact angle at RH of ~40% (~25 min for
[emim][NTf,] and 50 min [bmim][NTf,]). Their water mole
fraction increased to 0.03-0.04 by exposing to the RH of 38% for
60 min. It is seen from Fig. 1 that the spreading time of the ILs
droplet decreases sharply at higher humidity, which means less
time for taking up water within the spreading time. The water-
vapor adsorption on the mica surface and the subsequent
contact angle relaxation (spreading) is much faster than water
absorption by the ILs at corresponding RH levels. Therefore, the
increase of water concentration in the ILs within the spreading
time is not significant at high RH level. For example, at higher
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Fig. 5 Increase of water mole fraction in [emim][NTf,] and [bmim]
[NTf,] under RH of 38% and 90%.
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Fig. 6 Surface tension of [emim][NTf,] and [bmim][NTf,] ILs against
their water concentration.

RH (90%), it takes less than 5 minutes for [emim][NTf,] and
[bmim][NTf,] to reach a final contact angle and the increase of
water mole fraction within such a short time is less than 0.03.

The surface tension of the [bmim][NTf,] ILs of different
water concentration was measured using pendent drop method
and was shown in Fig. 6. The results indicates that the surface
tension (y) of the [Rmim][NTf,] IL is hardly affected by the
presence of water, this is consistent with previous findings by
Freire et al.*® and Liu et al.,” although the ILs investigated here
are slightly different. Therefore, we conclude that the absorp-
tion of water at the IL-air interface does not cause a notable
change in the surface tension of the studied ILs. Although ILs is
likely to take up water molecules from humid air, it does not
cause significant interfacial effect within the time of contact
angle relaxation.” Therefore, in summary, from this experi-
mental study on the effect of humidity on the IL droplet_on_-
mica system, both the changes in the spreading velocity and the
final contact angle were caused by the water adsorbed on the
mica surface, the water taken by the ILs from the surrounding
humid environment seem to have a minor effect on the wetting
behaviour of ILs.

4. Conclusions

The role of water vapor adsorption on the kinetic spreading and
contact angles of two [Rmim][NTf,] ILs on mica surface has
been investigated under varying levels of relative humidity. It
was found that increasing RH significantly accelerated the
spreading of the studied IL droplets on mica and also reduced
their equilibrium contact angles. This is attributed to the effect
of adsorbed water. Water vapor adsorption enhances IL
precursor film formation, as revealed by AFM imaging. We
propose that water vapor adsorption on mica modifies the mica
surface into a heterogeneous substrates and the coverage of the
ILs precursor film increases with RH, while equilibrium contact
angles of the investigated ILs decrease with RH. Both the
surface diffusion coefficients and the equilibrium contact angle
have a threshold at the RH of ~70%, which is believed to be

This journal is © The Royal Society of Chemistry 2017
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caused by the formation of a complete water monolayer on mica
under such condition. This study could offers fundamental
insights to applications of ILs in lubrication and electro-
chemical energy systems.
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