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Water-Induced Reordering in Ultrathin lonic Liquid Films

Supporting Information

Survey spectra and Ti 2p spectrum under UHV conditions
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Figure S1. Survey spectra of the sample in UHV before IL deposition (a) and after IL

deposition (b). The Ti 2p region of the TiO; surface in UHV before IL deposition is shown in

(c).



Calculation of inelastic mean free path of [C4Cilm][BF4]

The inelastic mean free path (IMFP) of photoelectrons from [C4Cilm][BF4] was calculated

using the formula for organic materials by M. P. Seah [1]:

(4+0.442,%°+0.104E°87%)q,, 17

L= 0.3
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Where Z); is the average number of protons from one ionic liquid (IL) pair, E is the maximum
kinetic energy of photoelectrons from the TiO; substrate, and ay. is the cube root of the IL’s

atomic volume. The IMFP, A;; = (2.6+0.2) nm for [CaC1lm][BF4].

The average number of protons from one ionic liquid (IL) pair, Zi, was calculated using:

cZc+nZy+bZg+fZ
o (c+n+b+f)

Where ¢, n, b, and f are the number of C, N, B and F atoms in one IL pair; and Zcnsr is

number of protonsin C, N, B and F. Z,=3.9 for [CaC1Im][BF4].

The maximum kinetic energy of photoelectrons from the TiO; substrate in eV, E, was
calculated using the mean of the maximum kinetic energy of photoelectrons emitted from
the O in the TiO;. Each maximum kinetic energy was calculated using the energy of the X-ray
photons from an Al Ka source (1486.6 eV) and the binding energy of the O 1s region (530.2
eV), which were acquired from the normalised in situ X-ray photoelectron spectroscopy

data. For this study, E was found to be 956.4 eV.
The IL atomic volume in nm3, a3, was calculated using:

. 10%Mm,,
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Where M. is the molecular mass of one IL pair (for [C4Cilm][BF4], Mi1=226), pi is the density
in gcm of the IL (pi=1.2gcm3 for [C1Calm][BF4] [2]), Na is Avogadro’s constant, and h is the

number of H atoms in one IL pair. For [C4C1Im][BF4], a/,’=0.0104 nm?3.



Calculation of film thickness of [C4Cilm][BF4]

The film thickness of the ultrathin film of [C4CiIm][BF4] in nm, di, was calculating using the

following (derived from the Beer-Lambert law [3, 4]):

/
dlL= -AIL In (—)
lo

Where Ay is the inelastic mean free path of photoelectrons from [C4Cilm][BF4] in nm (for
calculation of this, see previous section), / is the intensity of the O 1s signal from the TiO»
substrate after IL deposition, Ip is the intensity of the O 1s signal from the TiO, substrate

prior to IL deposition. For this ultrathin deposition of [C4C1lm][BFa4], di= (10+1) A.

The number of layers was calculated by dividing di by the ‘thickness’ of one [C4Cilm][BF4]
pair. The thickness of one [C4Cilm][BF4] pair was assumed to be ~4 A, which is in good

agreement with Mezger and coworkers [5].



1-butyl-3-methylimidazolium tetrafluoroborate on anatase TiO> (101) and O 1s

assignments

Measurements were taken of [C4Cilm][BFs] on anatase TiO, (101), prior to the
measurements examined in the main text. This data was not included in the main text due
to beam damage. The IL, [C4Cilm][BFs] was deposited onto an anatase TiO, (101) single
crystal. Instead of one regime of exposure to water, this system was exposed to two
different relative humidities with the same water vapour pressure. The first regime was
exposure to 6 mbar of water at 20°C, corresponding to a relative humidity (RH) of ~20%. The
second regime was exposure to 6 mbar of water vapour at 7°C, corresponding to RH ~60%.
Between these measurements, the system was left to pump to ultra-high vacuum (UHV)

overnight.

O 1s spectra
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Figure S2. O 1s spectra of [C4C1Im][BF4] on anatase TiO; (101) before exposure to water,
during exposure to water at 20% RH, under UHV after overnight pumping (OP), during

exposure to water at 60% RH, and again under UHV conditions after the second exposure.



Fig S2 shows the O 1s spectrum recorded during both of these regimes, alongside
measurements taken before any exposure to water, after pumping to UHV, and after
pumping to UHV again after the second exposure regime. The peak assigned to molecular
adsorbed water is much more visible here than in the data presented in the main text. This
is due to the intensity of the gas-phase water peak being much less than that of gas-phase
peak in the main study. This peak also appears at 533.3 eV- the same binding energy of that

assigned to adsorbed water in the main study.



N 1s spectra

Figure S3a shows the N 1s spectrum before exposure to water, and can be fitted with three
peaks: the largest peak, situated at 402.3 eV is assigned to N in the imidazolium ring of the
cations [6]. The peaks at 400.9 eV and 399.6 eV have been assigned as beam damage
species, the binding energies of which are consistent with peaks associated with beam

damage species observed by Wagstaffe et al [6].
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Figure S3. (a) N 1s spectrum before water exposure, (b) N 1s spectrum at 70% RH, and (c) N
1s spectra throughout PS 1 to PS 3.

Fig S3b shows the N 1s spectrum at 70% RH. No new peaks appear upon exposure, and the
peaks at 400.9 eV and 399.6 eV increase in relative intensity (with a combined percentage of
the N 1s region due to beam damage of 11%, compared to a combined percentage of 4%
prior to water exposure). A theoretical study conducted by Mele et al [7] into the
interactions between imidazolium-based ILs and water revealed that water interacts with
the cation at the imidazolium carbons as they are capable of hydrogen bonding. It was also
proposed that the presence of water separated the cation and anion species, replacing the
cation/anion interaction. It is not clear whether a similar interaction has occurred here from
either the N 1s or C 1s data. The peaks in the N 1s spectrum do not show any indication of
returning to their original intensity values during PS 1 to PS 3. This confirms that these peaks
are a result of damage to the sample from prolonged X-ray exposure. This behaviour has
been observed in XP spectra of other imidazolium based ILs [6, 8]. Conversely, there is no
evidence of beam damage in the C 1s or F 1s spectra. For further discussion on beam

damage, see later in the SI.



F 1s spectra

Fig S4a shows the F 1s spectrum before exposure to water, and can be fitted with two
peaks: the peak at 686.4eV arises from the F in the tetrafluoroborate ion [6, 9]. As
mentioned in the main text, the smaller peak at 684.3eV is thought to arise from F-Ti
bonding at the IL/TiO; interface [6]. In the work by Wagstaffe et al with the same IL on
anatase TiO; (101) [6], the peak associated with F-Ti bonding makes up approximately 56%
of the F 1s signal. In our study, this peak only makes up approximately 9% of the F 1s signal,
which emphasised that the thickness of our IL film is greater than the (approximately)

monolayer IL film studied by Wagstaffe.

Upon water exposure, the relative intensity of the peak associated with the anion increases
(from 91% to 93%), while the peak associated with the F-Ti bonding decreases (from 9% to
7%). The decreased relative intensity could be the result of an attenuation effect, whereby
the adsorbed water has increased the depth of the sample, resulting in an attenuation of

the F-Ti signal from the buried IL/TiO; interface.
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Figure S4. (a) F 1s spectrum before exposure to water, (b) F 1s spectrum at 70% RH, and (c) F
1s spectra from PS 1 to PS 3.

As water is evacuated from the system, the molecular adsorbed water eventually desorbs

from the surface, and the peak associated with the BF4 anion begins to decrease.

Cammarata et al [10] showed, using attenuated total reflectance infrared spectroscopy, that
water interacts with the [BF4]" anion via hyrdrogen bonding, both in imidazolium- and non-

imidazolium-based ILs. This finding was also corroborated by Baldelli’s group [11] using the



more surface sensitive technique of sum-frequency generation spectroscopy, who examined
the interactions and surface orientation of [C4C1Im][BF4] and water. Ridings et al [12] used
neutral impact collision ion scattering spectroscopy to show that small amounts of water in
an imidazolium-based IL (1-hexyl-3-methylimidazolium chloride, [C6C1im][Cl],) can influence
the composition of the IL surface. They found that at higher water concentrations the anion
showed an increased presence at the IL surface, with the alkyl chains of the cation moving
towards the bulk. Hence, as the water content is increased the charge at the surface
becomes more negative. They attribute this behaviour to the influence of water on the
hydrogen bonding network in the IL, specifically hydrogen bonding between the anions and
water. While we do not see any evidence of bonding between the water and the BF4 ions in
the F 1s spectra, we do observe a relative intensity change that suggests a rearrangement of
the anion preferentially towards the IL/water interface. This somewhat corroborates the
idea that water adsorbed on the IL influences the composition of the surface ions, bringing
the anion and imidazolium ring toward the IL/water interface. However, these data are not
the result of observation of the IL/water interface with a water-miscible IL. The data
presented here, while appear to agree well with the findings of the study of [CsC1Im][CI] and
water, are from an ultrathin sample of IL; not surface-sensitive measurements of bulk IL

combined with water.



Atomic percentage concentration calculations

The concentrations of C, O and Ti were calculated for the TiO, surface prior to IL deposition
using the total areas of each region and the associated relative sensitivity factor (RSF) for
that element. The uncertainties have been calculated using the standard deviation of the

region area in CasaXPS.

Table S1. Composition (in atomic percentage) of C, O and Ti on the rutile TiO; (110) single
crystal substrate prior to ionic liquid deposition.

Region RSF Composition (%)
C1ls 1.00 2.3+0.6
O1s 2.93 70.410.6
Ti2p 7.81 27.3+0.3

The concentrations of C, N and F were also calculated for the ultrathin film before exposure
to water and at PS 1. These are shown below with their associated uncertainties in Table S2.
The peak areas of the C 1s, N 1s and F 1s regions at PS 1 were used as the rearrangement of
ions was most prevalent at PS 1. Also displayed are the concentrations for C, N and F for
bulk IL. The values adapted from Ref [13] were originally calculated using high-resolution

XPS spectra of bulk [CaC1lm][BFa].

Table S2. Composition (in atomic percentage) of C, N and F in the sample before exposure to

water and at PS 1. N 1s and F 1s spectra are featured in the SI.

Composition (%)

Region RSF Before PS1 Bulk IL*
Cis 1.00 73%2 70+1 55.6
N 1s 1.80 9.4+0.3 10.3+0.4 13.2
F1s 4.43 17+1 19.740.4 31.2

* Indicates values adapted from Ref [13] for bulk [C4C1lm][BF4] for comparison to
the values from this work.

It should be noted that he relative sensitivity factors in Tables S1 and S2 were obtained from

the CasaXPS library, as the equipment was not calibrated for these factors.



Assignments of all composite peaks of all regions

The following table displays the binding energies and assignments of all peaks of all regions

displayed both in the main text and in the supporting information.

Binding Energy (eV)

Region (£0.1 eV) Assignment
285.5 Cy, alkyl chain
C1s 286.8 Cz, imidazolium
287.0 Cs, imidazolium
287.9 Cs4, imidazolium
399.6 Beam damage
N 1s 400.9 Beam damage
402.3 N, imidazolium
530.2 TiO2 substrate
531.5 Hydroxyl (Ti-OH)
O1s 533.0 Hydroxyl (C-OH)
533.3 Adsorbed H.0
535.9 Gas-phase H20
F1s 684.3 F-Ti
686.4 F, BF4
I:' Indicates peak appears upon exposure to water
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Beam damage

Evidence of beam damage appearing in the N 1s spectrum has been reported in numerous
works involving imidazolium-based ILs and XPS [4, 14, 15]. However, in this work, beam
damage was only evident in the N 1s spectrum and not in the C 1s or F 1s regions as one
may expect (F 1s spectra featured earlier in Sl). This effect has been seen before in XPS
studies of imidazolium ILs [14]. Rastered measurements were taken to minimise sample
beam damage, and it can be seen from the N 1s spectra that no extra peaks appear to
manifest in the region throughout the experiment. This demonstrates that rastered
measurements do somewhat reduce beam damage to IL films. In addition, the peak
associated with the N in the imidazolium ring dominates the region throughout the
experiment, which shows that that the vast majority of the [C4Cilm]* cations of the IL film
remain intact. Water has been known to exacerbate beam damage, and is demonstrated in

the beam damage investigation outlined below.

Investigation into beam damage

A short investigation was carried out on the effect of prolonged X-ray exposure on the
ultrathin IL film. An IL film was deposited onto the TiO; substrate in the same manner as the
experiment (also dosed for 30 minutes). Similarly, measurements were taken in three
regimes: before exposure to water, during water exposure (at a pressure of 8 mbar and 285
K, which corresponds to a relative humidity of ~70%) and after water exposure. The regime
after water exposure was seceded into three measurements, named here as Pump Stages 1
to 3 (similarly abbreviated to PS 1 to PS 3 in all figures). These scans, however, were not
rastered. The sample was gently heated in UHV conditions to remove some of the beam-
damage species once measurements were taken. As a comparison, the effect of only
prolonged X-ray exposure was observed by returning the sample to the in situ cell and
subjecting the sample to two more non-rastered measurements, labelled as “beam damage
test”, or BDT. Each measurement took approximately one hour, and with additional time
compensating for sample heating, the experiment overall took eight hours. Fig S5 shows the

N 1s region in both investigations.
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Figure S5. (a) N 1s region before and after exposure to water, and (b) N 1s region after
heating in UHV and subject to two further scans. The label BDT stands for ‘beam damage
test’. These measurements were taken on two different areas on the sample, and have not

been calibrated.

The change in shape of the N 1s region is the most dramatic in S5a, where the sample was
subject to both water and non-rastered measurements. Throughout PS 1 to PS 3, the sample
was no longer surrounded by high-pressure water vapour. The shape of the N 1s region
does change throughout PS 1 to PS 3, but it does not change as significantly as in the
presence of water vapour. This is supported by the scans shown in S5b, where the sample
was only subject to non-raster measurements. While the N 1s region does not return to its
original shape (i.e. predominantly one signal) after heating, the increase in intensity of the
shoulder at lower binding energy is marginal over time compared to that in S5a. Therefore,

it can be concluded that water has a significantly exacerbating effect on the beam damage

of IL samples.
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