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The interaction of metal complexes with ionic liquids, with a particular focus on the stability and surface
concentration of the metal centers, is crucial in applications involving catalysts based on supported ionic
liquids. In this study, we synthesized the complexes [Ru(tpy)(bpy)CU[PF¢]l and [Ru(tpy)(dcb)Cl[PF¢] (tpy =
2,2',2"-terpyridine, bpy = 2,2’-bipyridine, dcb = 4,4'-dicarboxy-2,2’-bipyridine) and we prepared
solutions using the ionic liquids (ILs) 1-ethyl-3-methylimidazolium acetate [C,CiIm][OAc] and 1-butyl-3-
methylimidazolium hexafluorophosphate [C4CiIm][PFg]l. The chemical environment of the Ru(i) metal
center and the interfacial behavior of the complexes in the different IL solutions were determined using
angle-resolved X-ray photoelectron spectroscopy (ARXPS). In [C4CiIm][PFgl, [Rultpy)(bpy)CUIPFg]

Received 18th January 2024, maintains its chemical structure, while in [CoC1ImI[OAc], partial changes in the chemical environment of

Accepted 9th February 2024 the Ru center are indicated by XPS, likely due to ligand exchange. The presence of carboxylic acid
functional groups in the bipyridyl ligand seems to inhibit this ligand exchange. The investigated

complexes do not exhibit surface activity but are depleted from the IL/gas interface. These findings hold
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Introduction

Supported ionic liquid phase (SILP) catalysis presents a new and
interesting alternative to traditional heterogeneous catalysis."
SILP catalysts comprise a thin ionic liquid (IL) film containing a
dissolved catalytically active transition metal complex, dispersed
across the large inner surface area of a porous solid support.”
Consequently, homogeneous catalysis occurs within a liquid
environment at the microscopic level, while the catalyst material
remains solid on the macroscopic scale. These systems conveni-
ently combine the advantages of homogeneous and heteroge-
neous catalysts, offering uniform active sites, efficient metal
utilization, and easy separation from reactants and products.’
The very high surface areas and small thicknesses of the
immobilized IL film make the structure of the gas/IL interface a
particularly interesting parameter for the overall performance
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significance for the design of new supported ionic liquid phase catalysts based on Ru complexes.

in SILP catalysis.® Previous studies have indicated that the
nature of the ligands influence the concentration profile of
the catalyst complex in solution, which may range from homo-
geneous distribution to surface enrichment or depletion at the
interface.>*® If the catalyst tends to accumulate near the gas/IL
interface, the total process is expected to be more efficient.
Therefore, it is crucial to determine the factors influencing the
surface enrichment of catalysts in ILs, a matter that has not
been fully elucidated yet. Another significant factor is the
stability of the dissolved metal complex in the IL, as alterations
in the chemical environment of the active site are likely to have
a decisive impact on -catalytic performance. It is well-
established that ILs can function as non-innocent solvents,
for example, by coordinating with the metal center’>'* in a
complex or by facilitating nanoparticle formation."®

The unique properties of the Ru(u) polypyridine complexes,
such as their strong light absorption in the visible range, long-
lived excited states, and good chemical stability, resulted in their
application in various fields, including photochemotherapy,®
multicomponent devices,'” dye-sensitized solar-cells,"®'® and
catalysts for the water oxidation reaction.”® Furthermore, Ru
complexes have demonstrated success as catalysts in ILs.”'™>®
More recently, the SILP concept has been employed to immobi-
lize Ru complexes for the conversion of CO, into value-added
compounds.”® Therefore, it is important to investigate the
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interaction of Ru complexes with ionic liquids with a particular
focus on the stability and surface segregation or depletion of the
metal centers, as these aspects play a pivotal role in applications.

In this study, we examined the surface structure and stability
of polypyridyl ruthenium complexes in imidazolium-based
ionic liquids, namely, 1-ethyl-3-methylimidazolium acetate
([C2C4Im][OAc]) and 1-butyl-3-methylimidazolium hexafluoro-
phosphate ([C,C,Im][PF¢]). To accomplish this, we employed
angle-resolved X-ray photoelectron spectroscopy (ARXPS) to
investigate the IL/vacuum interface, enabling a quantitative
analysis of the chemical composition of the near-surface
region.””” We determined the surface chemical composition
of the ILs, surface enrichment effects, and the chemical state of
the dissolved metal complexes.

Experimental methods

[Ru(tpy)Cl;], dcb and [Ru(tpy)(bpy)Cl][PFs] were prepared
according to previous reports (tpy = 2,2',2"-terpyridine, bpy =
2,2"-bipyridine, dcb = 4,4’-dicarboxy-2,2'-bipyridine).>*° ILs 1-
butyl-3-methylimidazolium hexafluorophosphate (JC,C,Im][PFs],
purity: 99%) and 1-ethyl-3-methylimidazolium acetate ([C,C;Im]-
[OAc], purity: 98%) were purchased from Iolitec and used
as delivered. All other materials used for synthesis were of
reagent grade and obtained commercially without further
purification.

[Ru(tpy)(dcb)CI][PF¢] was synthesized as follows: 199 mg of
Ru(tpy)Cl; (0.45 mmol), 110 mg of 4,4’-dicarboxy-2,2'-
bipyridine (0.45 mmol) and 157 mg of LiCl were heated at
reflux for 4 h in a 40 mL solution of ethanol-water (75:25) and
0.2 mL of triethylamine. The mixture was filtered hot and its
volume reduced to 10 mL. After adding 1 mL of HCI (1 M) it was
chilled in the refrigerator for 24 h, affording a dark purple/
black precipitate over a red solution. The product was filtered
and washed with water (3 x 5 mL), acetone (5 mL) and diethyl
ether (10 mL) and then dried in a vacuum desiccator for 24 h.
The solid was then dissolved in methanol (5 mL) and precipi-
tated with a KPFe-saturated water solution (3 mL). Finally, the
product was filtered and washed with water (5 mL), ethanol
(5 mL) and diethyl ether (10 mL). Yield: 270 mg (79%). Anal.
calc. for [Ru(tpy)(dcb)Cl][PF¢]-3H,0: C, 39.9; H, 3.1; N, 8.6.
Found: C, 40.3; H, 3.0; N, 8.7. 1H-NMR (500 MHz, DMSO-d6):
& ppm 10.27 (d, 1H); 9.28 (s, 1H); 8.99 (s, 1H); 8.84 (d, 2H); 8.70
(d, 2H); 8.45 (dd, 1H); 8.29 (t, 1H); 8.01 (t, 2H); 7.62 (d, 3H); 7.45
(dd, 1H); 7.35 (t, 2H).

The mixtures of [Ru(tpy)(bpy)Cl|[PFs] and [Ru(tpy)(dcb)Cl]-
[PFg] in 1-ethyl-3-methylimidazolium acetate [C,C;Im][OAc]
and 1-butyl-3-methylimidazolium hexafluorophosphate [C,C;Im]
[PF¢] with 2.5%;,, nominal concentration were prepared by
stirring the complex powder in the ILs under ambient conditions
for at least 2 h. [Ru(tpy)(bpy)Cl|[PFs] in [C,C,Im][PFs] and
[Ru(tpy)(dcb)Cl][PF¢] in [C,C;Im][OAc] gave saturated solutions
with minor amounts of remaining solid. [Ru(tpy)(dcb)CI|[PFe] in
[C4C4Im][PF¢] yielded a suspension with a more or less undis-
solved complex, as concluded from visual inspection; in line with

This journal is © the Owner Societies 2024

PCCP

this, the absence of complex-related signals in XPS confirms the
very low solubility. [Ru(tpy)(bpy)Cl][PFe] in [C,C,Im][OAc] gave a
clear solution without any visual solid residuals. The exact
weighed proportions are given in Table S2 in the (ESIt). A drop
of the liquid samples was taken from the bulk of the solution and
placed onto the setup-compatible molybdenum sample holders.>”
In case of the saturated solutions, solid residuals settled to the
ground of the sample holder reservoir, and thus were not detected
in the surface analysis by XPS. The samples were left for degassing
in the fast-entry load lock of the ultra-high vacuum (UHV) system
for several hours before conducting further experiments.

The ARXPS measurements were performed using the dual
analyzer system for surface analysis (DASSA), which comprises
two electron analysers mounted for simultaneous measure-
ments at 0° and 80° emission relative to the surface normal
of macroscopically thick non-volatile liquid samples.>” Simul-
taneous detection at the two angles has the advantages of
avoiding sample tilting, minimizing beam damage, and ensur-
ing that the ARXP spectra are measured at the same time under
the exact same conditions. ARXPS at 9 = 0° (normal emission)
probes the near-surface region with an information depth (ID)
of 6-9 nm for organic materials, while the ID at 3 = 80°
decreases to 1-1.5 nm, which mainly corresponds to the top-
most surface layer of the sample.”” Measurements were carried
out using a monochromatized X-ray source with Al Ko radiation
(XM 1000, hv = 1486.6 eV, 238 W). Survey scans were recorded
with a pass energy of 150 eV, and region scans with 35 eV
(~0.4 eV combined energy resolution). The binding energy
scale was referenced to the C 1s signal of carbon atoms solely
bound to other carbon atoms and hydrogen (Caugyijary) at
285.0 eV. 80° spectra were referenced to the binding energy of
the N 1s signal originating from nitrogen atoms of the imidazo-
lium ring Ny, signal at 0°. Quantitative analysis of peak inten-
sities was conducted using atomic sensitivity factors (ASFs).*!
The XP spectra were normalized to the overall intensity (sum
over all ASF-corrected intensities) of the nominal 2.5%py,
solution of [Ru(tpy)(bpy)Cl][PF¢] in [C,C;Im][OAc] recorded at
0°. Each set of 80° spectra was scaled up by an individual
geometry factor to compensate for lower intensity compared to
0° spectra. After this normalization, intensity differences
between 80° and 0° emission angle can be directly translated
into enrichment/depletion effects or preferential orientations of
ions at the outer surface. Additional fitting procedures of XP
spectra are presented in the ESL{ In order to remove an
unwanted surface-active contamination in the solution of
[Ru(tpy)(dcb)Cl][PF¢] in [C,C,Im][OAc] (as discussed below) the
sample was mildly sputtered using Ar' ions (1 kV, 10 mA, 30 s).

Results and discussion

The chemical structures of the Ru polypyridyl complexes and the
ILs employed are shown in Fig. 1. Solutions of [Ru(tpy)(bpy)Cl]
[PFs] and [Ru(tpy)(dcb)Cl][PFs] in [C,CiIm][OAc] and [C,C;Im]
[PFs] with 2.5%,, nominal concentration were prepared and
investigated using XPS. In the complexes, the Ru(ir) metal center
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is hexa-coordinated, terpyridine is a tridendate ligand, bipyri-
dine is a bidendate ligand, and the remaining position is
coordinated by a ClI™ ion. The overall charge of the complexes
is +1 and the counterion is hexafluorophosphate [PF¢]” in both
cases. The ILs employed have a similar imidazolium cation,
[C,C,Im]" and [C4C,Im]", differing only in the length of one of
the side chains. However, they have different anions, namely
hexafluorophosphate, the same anion present in the Ru
complexes, or acetate. The high basicity of the acetate anion
potentially results in deprotonation of the C, carbon of the N,N'-
disubstituted imidazolium cation producing N-heterocyclic
carbenes (NHCs) and acetic acid.*** Note that NHCs could
potentially act as ligands modifying the chemical structure of the
complexes.*>*® [C,C,Im][OAc] was subject of a recent ARXPS and
molecular dynamics (MD) study by the Newberg group addres-
sing the surface structure of a mixture with [C,C,Im][Tf,N].>”
However, to the best of our knowledge, neat [C,C,Im][OAc] was
not characterized using ARXPS before; hence, we provide a
detailed description herein.

[C4C4Im][PF,] and [C,C,Im][OACc]

We first address the characterization of the employed neat ILs
by ARXPS. A full ARXPS characterization of neat [C,C,Im][PF]
was previously reported by our group.*® A corresponding set of
XP spectra of the commercial [C,C;Im][PF¢] batch used in this
study, measured at 0° (black, normal emission) and 80° (red,
grazing emission) is shown in Fig. S1 in the (ESI{). While 0°
emission spectra typically provide information on the bulk
composition of the sample, 80° emission spectra mainly reflect
the structure of the topmost molecular layer at the surface. The
XP spectra, in particular the increase of the alkyl C 1s signals at
80°, and the quantitative analysis shown in Table 1a, confirm

Chetero‘

[Ru(tpy)(bpy)CII[PF¢] [Ru(tpy)(dcb)CI][PF¢]
Chetero(l)
TNON
®N®: 9 Ccoo \;?@
Co T N® ° o Calkyi
[PFel
Caikyl

[C,C4Im][OAC]

Fig. 1 Chemical structures of the Ru complexes [Ru(tpy)(bpy)CU[PFe] and
[Ru(tpy)(dcb)Cl[PFg] and ionic liquids [CoCiIm][OAc] and [C4CilmI[PFel
employed in this work with assignment of XPS signals to the molecular
structure (note that for sake of clarity the assignment of carbon species
from the ligands is only shown for bpy. XPS signals from the tpy and dcb
ligands were assigned accordingly).

[C4C4Im][PFe]
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the previously observed interfacial behavior. In brief, the
[C4CiIm]" cation of [C4C;Im][PFs] shows a preferred surface
orientation with the alkyl chains terminating the IL/vacuum
interface with the cationic headgroups and anions located below.

Fig. 2a shows the C 1s, N 1s and O 1s XP spectra of
[C2C1Im][OAc] in normal and grazing emission (note that a
wide scan is depicted in Fig. S2 in the ESIt). In the C 1s region,
several species can be distinguished according to an estab-
lished deconvolution procedure for the well-studied 1,3-
alkylimidazolium ILs.”” The corresponding fit along with the
assignment of signals to the molecular structure is shown in
Fig. 2b: carbon atoms bound to two heteroatoms, that is, the
carbon atom in C, position in the imidazolium ring and the
carbon atom in the carboxylate group, were detected at 287.4 eV
to give a joint signal Cg jcoo (green). Carbon atoms bound to
one heteroatom in the imidazolium ring Cpetero (violet) and
carbon atoms solely bound to other carbon atoms and hydro-
gen in cation and anion C,jy (blue) were detected at 286.4 and
285.0 eV, respectively. The N 1s region shows a single peak at
401.8 eV corresponding to the equivalent nitrogen atoms in the
cationic heterocycle. The O 1s region shows a major signal at
530.4 eV, which corresponds to the oxygen atoms in the acetate
anion. At higher binding energies, the spectrum shows a small
broad peak between 532 and 534 eV (marked as * in spectrum;
also see inset in O 1s spectrum for 5x enhanced signal), which
is more visible in the spectra of the solutions presented below;
a similar peak is also visible in spectra reported by Gokturk
et al.*® This feature could be due to the presence and/or slow,
continuous build-up of acetic acid under UHV conditions,
which is formed upon deprotonation of [C,C,Im]" cations to
produce NHCs.*>** Even though the presence of NHC com-
plexes in [OAc]™ ILs is still under debate in the literature,*?
acetic acid has been detected as an evaporation product of
[C,C1Im][OAc] by UPS (gas phase) and mass spectrometry.** We
confirm this finding by quadrupole mass spectrometry, as
shown in Fig. S3a (ESIf). When studying [C,C,Im][OAc],
CH3;COOH-specific signals are found at 12-18 amu, 24-31
amu and 60 amu.*® They show minor intensity at room tem-
perature, but strongly increase at 50 °C. The quantitative
analysis of the 0° and 80° XP spectra is provided in Table 1b.
The data is in accordance with literature,®® and the stoichio-
metry derived from the 0° emission spectra in Fig. 2a shows
excellent agreement with the nominal composition of the IL.
Comparing 0° and 80° emission spectra in Fig. 2a reveals a
minor increase in intensity for the Cyy, signal, while Cpetero
and N 1s signals slightly decrease. In analogy to the interfacial
behavior of the [C,C,Im]" cation mentioned above, this is an
indication for a preferred orientation of the [C,C;Im]" cation
with the aliphatic moieties directed towards the vacuum. Also,
the O 1s signal shows a slight decrease at 80°, which indicates a
preferential surface orientation of the [OAc]™ anion with the
methyl group occupying the outer surface, while the charged
carboxylate group is pointing towards the bulk. These arrange-
ments are in accordance with results on the organization of
ions at the IL/vacuum interface in an IL mixture presented by
the Newberg group.®”
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Table 1 Quantitative analysis of XPS core level spectra of (a) neat [C4CiIm][PF¢l, (b) neat [C,CiIm][OAc] and nominal 2.5%mo solutions of (c)
[Ru(tpy)(bpy)CU[PFel in [C4CyIm]IPF¢], (d) [Rultpy)(bpy)ClU[PFe] in [CoCiIm]IOAC] and (e) [Rultpy)(dcb)ClU[PFg] in [CoCiIm]IOAC] (the surface of the latter
solution was cleaned by sputtering). Note that the binding energies of spin—orbit-resolved signals correspond to the more intense signal at lower binding

energy, that is, Ru 3ds/, Cl 2pz/, and P 2pz,,

Ru 3d Ru ds; low BE Cl2p C 1s C,(/COO) C 1s hetero C 1s alkyl N 1s Im N 1s ligand O 1s OH O 1s OAc F1s P 2p
(a) Neat [C4C,Im][PFy]
Binding energy/eV 287.4 286.5 285.0 401.9 686.5 136.6
Nominal 1 4 3 2 6 1
Experimental, 0° 1.0 4.0 2.8 1.9 6.1 1.1
Experimental, 80° 1.0 3.8 34 1.8 59 1.1
(b) Neat [C,C4Im][OAc]
Binding energy/eV 287.4 286.4 285.0 401.8 530.4
Nominal 2 4 2 2 2
Experimental, 0° 2.1 4.1 1.8 2.0 2.0
Experimental, 80° 2.0 4.1 2.0 1.9 2.0
() 2.5%mor [Ru(tpy)(bpy)CI][PFs] in [C,C,Im][PF]
Binding energy/eV 280.8 — 287.4 286.5 285.0 401.9 399.9 686.4 136.4
Nominal 0.025 0.025 1.0 4.3 3.4 2.0 0.13 6.2 1.0
Experimental, 0°  0.013 — 1.0 4.2 3.1 2.0 0.064 6.4 1.2
Experimental, 80° 0.007 — 1.0 4.2 3.9 1.9 0.051 5.8 1.1
(d) 2.5%mor [Ru(tpy)(bpy)Cl][PFs] in [C,C;Im][OAc]
Binding energy/eV 280.9 280.0 198.0 287.5 286.4 285.0 401.7 399.9 530.3 686.5 136.7
Nominal 0.025 0 0.025 2.0 4.3 2.4 2.0 0.13 2.0 0.15 0.025
Experimental, 0° 0.020 0.004 0.026 2.1 4.5 2.2 1.9 0.064 2.0 0.15 0.032
Experimental, 80° 0.009 0.005 — 2.0 4.3 2.8 1.8 0.040 1.9 0.11 0.025
(€) 2.5%mo1 [Ru(tpy)(deb)Cl][PFe] in [C,C,Im][OAc] (sputtered)
Binding energy/eV 280.9 197.7 287.5 286.4 285.0 401.7 399.9 531.4 530.3 686.5 136.7
Nominal 0.026 0.026 2.1 4.3 2.4 2.0 0.13 0.10 2.0 0.15 0.026
Experimental, 0°  0.012 0.015 2.1 4.4 2.0 2.1 0.074 0.089 2.0 0.073 0.004
Experimental, 80° 0.004 2.1 4.5 2.3 2.0 0.043 0.17 1.9 0.061
1.8 T
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(a) C 1s (left), N 1s (middle) and O 1s (right) spectra of neat [C,C4Im][OAc] in 0° (black) and 80° (red) emission and (b) C 1s spectrum in 0° emission

with applied deconvolution and assignment of peaks to the molecular structure. All spectra were recorded at room temperature.

Nominal 2.5%;,, solution of [Ru(tpy)(bpy)Cl][PF¢] in
[C4C1Im][PFg]

Fig. 3a shows the C 1s/Ru 3d, N 1s and F 1s XP spectra
corresponding to a nominal 2.5%;,, solution of [Ru(tpy)(bpy)Cl]
[PF¢] in [C,C{Im][PF¢]; the full set of spectra along with a wide

This journal is © the Owner Societies 2024

scan is shown in Fig. S4 in the ESL{ Apart from the signals
corresponding to the IL solvent (¢f Fig. S1, ESIt), the Ru 3ds),
peak is observed at 280.8 eV confirming dissolution of the
complex. The observed binding energy is in a comparable range
reported for a series of Ru(u) complexes in the solid state.*’
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(a) C 1s/Ru 3d (left), N 1s (middle) and F 1s (right) spectra of a nominal 2.5% o solution of [Ru(tpy)(bpy)CU[PFgl in [C4C4ImI[PF¢l in 0° (black) and 80°

(red) emission and (b) C 1s/Ru 3d spectrum in 0° emission with applied deconvolution and assignment of peaks to the molecular structure (note that for
sake of clarity the assignment of carbon species from the ligands is only shown for bpy). XPS signals from the tpy ligand were assigned accordingly. All

spectra were recorded at room temperature.

However, it should be noted that interactions of the solute with
the IL could result in significant shifting of the metal signal (up to
~1.1 eV for Pd 3ds), in a solution of an in situ formed phosphi-
neimidazolylidene Pd complex in [CgC,Im][Tf,N] compared to a
solution of the same complex in [CsC,Im][OAc],** but oftentimes
less pronounced***®). The Ru 3ds, signal is hidden underneath
the Cjyiary signal with a spin-orbitinduced binding energy
difference of 4.2 eV with respect to the Ru 3ds/, signal. The Ru
3ds/, signal was fitted according to the expected intensity ratio of
2:3 for d;, and ds), orbitals, as is shown in Fig. 3b. In the N 1s
region, in addition to the Ny, peak at 401.9 eV, a low intensity
peak, Nipy/hpy, is observed at 399.9 eV, which is assigned to the N
atoms in the polypyridine ligands.

Table 1c shows the nominal and experimentally determined
composition of the nominal 2.5%, solution of [Ru(tpy)(bpy)-
Cl][PF¢] in [C4C,Im][PF¢]. The amount of Ru observed is lower
than the nominal one, as deduced from the quantitative
analysis of the signal in 0° emission, which yields a Ru complex
concentration of ~1.3%;, in the IL (notably, the XP signal at
0° stems to ~85-90% from the IL bulk and only to 10-15%
from the topmost surface layer; thus, it is considered a quite
accurate estimate for the bulk composition, even in cases where
the topmost layer is depleted from a certain species). We thus
attribute the too low Ru content in the IL solution to ~50% of
undissolved complex, due to a lower solubility of the complex
than the nominal 2.5%,, (saturated solution, see Experi-
mental section). Notably, the Ru : Npy/bpy ratio agrees well with
the expected stoichiometry of the complex. This observation
suggests that the chemical interaction of the Ru(u) metal
center and the tpy and bpy ligands is preserved in the IL
solution. However, no Cl 2p signal (expected at ~198 eV for
Cl 2p3/,) could be unequivocally resolved (see Fig. S4 in the
ESIt), due to the low concentration of the complex in
[C4C1Im][PFs] and the low cross-section of the Cl 2p level.

7606 | Phys. Chem. Chem. Phys., 2024, 26, 7602-7610

Therefore, abstraction or substitution of the Cl ligand cannot
be fully excluded.

The comparison of normal and grazing emission spectra in
Fig. 3a reveals a decline of the Ru 3ds, signal at 80° by ~50%
relative to the 0° signal, which indicates a depletion from the surface:
a simple estimation, considering the inelastic mean free path of
2.8 nm for the Ru 3d photoelectrons and a thickness of the topmost
IL layer of ~0.4 nm (height of an overall neutral layer of IL anions
next to cations),** yields a signal reduction by 50%. Principally, a
decrease at 80° could also be due to preferential orientation of the
complex at the surface, with the tpy and/or bpy ligands (Cy,y; atoms)
pointing towards the vacuum, while the Ru-Cl entity is rather
directed towards the bulk of the solution; however, for this situation,
one expects a signal reduction by only ~30% at 80° in case of a
perfect orientation. As we observe a significantly larger decrease, we
propose a depletion of the complex from the topmost layer; never-
theless, some contributions due to orientational effects cannot be
ruled out. For the Ny, signal at 399.9 eV, a slight decrease is
observed at 80°. Please note that the evaluation of the peak
intensities of the Ny, signal has a relatively large uncertainty
due to the low concentration of the complex and the low cross-
section of N 1s photoelectrons. The Ny,, and F 1s signals show a
weak decrease at 80°, while for the Cyyian peak a clear enhance-
ment was observed. This behavior is well-known for 1,3-alkylimida-
zolium-based ILs, where the cation shows a preferred orientation at
the surface with the aliphatic side chains being directed towards the
vacuum, as outlined above.*>**** The slightly larger increase of the
Calyiary Signal than typically found for the Cyuy signal of neat
[C4C,Im][PF¢] (see Fig. S1, Table 1a and ref. 38, ESIt) is within the
experimental uncertainty of our XPS measurements.

Nominal 2.5%;,,,; solution of [Ru(tpy)(dcb)CI|[PF¢] in [C,C,Im][PF]

As already discussed above, the solubility of [Ru(tpy)(bpy)Cl]
[PFe] in [C4C,Im][PF,] is relatively low. This situation worsens

This journal is © the Owner Societies 2024
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when adding two carboxylic acid functional groups to the
bipyridine ligand (see Fig. 1, [Ru(tpy)(dcb)Cl][PF,]) yielding a
suspension with an essentially undissolved complex, as con-
cluded from visual inspection. Indeed, XPS spectra of a nom-
inal 2.5%p,, solution of [Ru(tpy)(dcb)Cl][PFs] in [C,C;Im][PFs]
(not shown) do not show any complex-related signals, i.e.
adding two carboxylic acid functional groups to the bipyridyl
ligand decreases the solubility of the complex in [C,C,Im][PFs]
to an extent that the complex cannot be observed with XPS.
When carboxylic acid functional groups are present in the
complex, H-bonded structures are expected in the solid,*®
which may stabilize the crystal structure decreasing its solubi-
lity in [C,C,Im][PFs].

Nominal 2.5%,,,; solution of [Ru(tpy)(bpy)CI][PF] in
[C2C;Im][OACc]

Fig. 4a shows the C 1s/Ru 3d, N 1s, F 1s and O 1s XP spectra of a
nominal 2.5%y,, solution of [Ru(tpy)(bpy)Cl][PFs] in
[C2C4Im][OAc] in normal and grazing emission (the full set of
spectra along with a wide scan is depicted in Fig. S5 in the
ESIT). While, as expected, the main peaks observed are due to
solvent IL [C,C,Im][OAc] (¢f. Fig. 2), the Ru 3ds/,, Npyppy and F
1s signals confirm the presence of the complex. In addition, Cl
2p and P 2p signals were detected with a very low intensity (see
Fig. S5, ESIt). Fig. 4b depicts a more detailed view on the Ru
3ds/, signal, revealing a major peak at 280.9 eV and a low-
binding energy shoulder at 280.0 eV. Most notably, the major
Ru 3ds,, peak is at a similar position as in the equivalent
[C4C4Im][PF¢] solution (see Fig. 3) suggesting the same oxida-
tion state and chemical environment of the metal center. The
quantitative analysis of the peak intensities is shown in
Table 1d and reveals that the total Ru 3d area at 0° agrees well
with the nominal metal content. This finding is in line with the

PCCP

visual inspection of a clear solution without any visual solid
residuals with all of the Ru-complex being dissolved, which is
in contrast to the [C,C,Im][PF¢] solution. In 0° emission, the
proportion of the low-binding energy species is roughly 1/5 of
the total Ru 3d area.

More detailed information on the nature of this species can
be obtained from the N 1s spectra, which overall are quite
similar to the spectra described above. However, the quantita-
tive analysis of the N,y ppy signals in 0° emission reveals a
significant stoichiometric deficiency of the ligands (by a factor
of ~2). This could be due to substitution of about half of the
polypyridyl ligands, which then evaporate under UHV condi-
tions. Possible substitution agents could be the [OAc]™ anion or
NHCs present/forming in the solution alongside acetic acid.
Similar to what has been observed for neat [C,C,Im][OAc] (see
above), acetic acid vapor was also detected for the solution of
the complex by mass spectrometry as depicted in Fig. S3b in the
ESI, which indicates the presence of NHCs in solution. How-
ever, no direct XPS-evidence could be extracted from our
spectra for coordination of NHCs to the metal center. For this,
an additional peak shifted about ~1 eV*® to lower binding
energies relative to the Ny, signal is expected, which would
overlay with both the Ny, and the Nipy1py signal. For coordina-
tion of the [OAc]” anion to the metal center, a new species
shifted to higher binding energy relative to the O 1s signal
should be visible. In fact, the weak broad peak in the O 1s
spectrum between at 532 and 534 eV is slightly more pro-
nounced than found for neat [C,C;Im][OAc], which would be
in line with both coordination of NHCs (due to more pro-
nounced formation of acetic acid) and [OAc]™ (due to electron
donation of the O atoms to the metal). Furthermore, the low
binding energy component in the Ru 3ds,, signal is compatible
with an electron-donating ligand. Finally, it is worth noting that
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16p C1s/ Chetero’ _1_2_N1s L \‘thy/bpy i
141 Ru3d ~"eere . Nim |}
12} 191 IR
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0.8} 106} ]
06 0.4
P o4l 1%
Q o2f Ru 3dg),1 02
—~ 00¢f ) ) ) : 0.0 ; ) 0 ! ) ) ) ) 0 i ) -
% 292 288 284 280 404 402 400 398 692 690 688 686 684 682 680 534 532 530 528 526
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Fig. 4 (a) C 1s/Ru 3d (left), N 1s (middle left), F 1s (middle right) and O 1s (right) spectra of a nominal 2.5%,0 solution of [Ru(tpy)(bpy)Cl[PFg] in

[CoCyIM]IOAC] in 0° (black) and 80° (red) emission with applied deconvolution and assignment of peaks to the molecular structure (note that for sake of
clarity the assignment of carbon species from the ligands is only shown for bpy) and (b) more detailed view on Ru 3d region. All spectra were recorded at

room temperature.
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no changes of the spectra were observed over the typical
measurement time for the whole set of spectra, which is shown
in Fig. S6 (ESIt), ruling out pronounced beam damage effect
being responsible for the low-binding energy Ru signal.

The 80° emission spectra reveal a pronounced decrease of
the dominating high-binding energy Ru 3ds,, signal to roughly
half of the intensity detected at 0°, similar to the findings
discussed for the [C,C,Im][PF¢] solution (see Fig. 4b and
Table 1d); this behavior again indicates a depletion of the
corresponding complex from the topmost layer. Interestingly,
the low-binding energy Ru 3ds,, peak shows similar intensity at
0° and 80°, indicating that this species is not surface-depleted
but rather homogeneously distributed at the surface and in the
bulk. We attribute this to a higher surface affinity of the species
with the low Ru 3ds, binding energy. The F 1s signal of the
complex counterions at 80° decreases to a smaller extent than
the overall Ru signal, indicating that the counterion is depleted
from the surface to a lower extent than the complex. Further-
more, the Cyjiyyary signal shows a significant increase at 80°,
which is attributed due a preferential orientation of the
[C,CiIm]" and [OAc]™ ions of the solvent IL with the alkyl
atoms pointing towards the vacuum side.

Nominal 2.5%,, solution of [Ru(tpy)(dcb)CI][PF,] in
[C2C4Im][OACc]

After preparation, the 2.5%;,; solution of [Ru(tpy)(dcb)Cl][PFg]
in [C,C;Im][OAc] solution showed the presence of a contam-
ination, which was observed by a particularly intense Cqy1 at
285.0 eV and O 1s signal at 531.9 eV showing enhancement at
80°, probably due to a surface-active organic species. These
species were successfully removed by mild sputtering the liquid
sample with low energy Ar' as done in the past for similar
surface contaminations®” (for details see Experimental section);
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Fig. S7 in the ESI{ contrasts the C 1s/Ru 3d and O 1s spectra
obtained before and directly after sputtering. The Ru 3ds;
signal was found at 280.9 eV without significant change in
binding energy after the surface-cleaning procedure. This bind-
ing energy is also in accordance with the solutions discussed
above, indicating intactness of the complex after treating the
surface with sputtering.

The C 1s/Ru 3d, N 1s, F 1s and O 1s spectra of the solution
after sputtering are shown in Fig. 5 (full set of spectra along
with a wide scan is shown in Fig. S8, ESIt). The main signals
stem from the IL, and the presence of the Ru(u) complex in
solution is confirmed by the Ru 3ds,, peak at 280.9 eV and the
Nipy/deb Signal at 399.9 eV. Table 1e shows the corresponding
quantitative analysis of the ARXPS spectra: the Ru content, as
deduced from the bulk-sensitive 0° spectra, is about half of the
nominal metal concentration, which is in contrast to the
solution of [Ru(tpy)(bpy)Cl][PFs] in [C,C,Im][OAc]. This obser-
vation indicates that the presence of carboxylic acid functional
groups decreases the solubility of the Ru complex, as is also
evident from a minor amount of visible particles remaining
undissolved. The Cl 2p XPS signals at 0° emission showed an
intensity consistent with the 1:1 expected ratio with the Ru 3ds,
XPS intensity. Furthermore, the Nipqc, Signal is consistent
with the detected Ru signal, which is in contrast to the behavior
of the solution of [Ru(tpy)(bpy)Cl]|[PFs] in [C,C;Im][OAc], where
a deficit of the Nyppy signal relative to the Ru signal was
found, probably due to ligand substitution. This finding
indicates the intactness of the [Ru(tpy)(dcb)CI]" cation in
[C,C4Im][OAc], which could be due to the presence of the
carboxylic acid/carboxylate functional groups in the ligands
potentially resulting in a more inert complex.”® By comparing
the normal and grazing emission spectra, similar effects as
discussed above become evident. The Ru 3ds, peak and the
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Fig. 5 C 1s/Ru 3d (left), N 1s (middle left), F 1s (middle right) and O 1s (right) spectra of a nominal 2.5%mo solution of [Ru(tpy)(dcb)Cl[PFg] in
[CoCyIM]IOAC] in 0° (black) and 80° (red) emission with applied deconvolution and assignment of peaks to the molecular structure (note that for sake of
clarity the assignment of carbon species from the ligands is only shown for dcb). The surface of the sample was cleaned by sputtering prior to the

measurement. All spectra were recorded at room temperature.
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Nppy/deb Show a significant decrease at 80°. Overall, the complex
shows a similar behavior as the derivatives discussed above and
is depleted from the topmost surface layer.

Conclusions

We conducted ARXPS measurements on solutions of
[Ru(tpy)(bpy)CI][PFe] and [Ru(tpy)(dcb)CI[PF] in [C,C,Im][PF]
and [C,C;Im][OAc], all with the same nominal concentration of
2.5%mo1. In [C4C{Im][PF¢], the chemical environment of the
metal center in [Ru(tpy)(bpy)Cl][PFs] remains preserved. How-
ever, when dissolved in [C,C;Im][OAc], the metal center in
[Ru(tpy)(bpy)Cl][PFs] undergoes partial changes in the chemical
environment, probably by ligand exchange. The presence of
carboxylic acid functional groups in the bipyridyl ligand in
[Ru(tpy)(dcb)Cl][PF¢] seems to inhibit ligand exchange. For all
solutions but [Ru(tpy)(bpy)Cl][PFe] in [C,C,Im][OAc], we found
a lower Ru intensity than expected from the nominal weigh-in,
which is accordance with a lower solubility of the respective
complexes in the ILs. Overall, all complexes investigated herein
do not exhibit segregation to the IL/gas interface. The XPS
signals originating from the investigated Ru complexes rather
show a clear decrease at grazing emission, suggesting that the
metal is not directly present at the outer surface. This behavior
is attributed to a depletion of the complex from the topmost
layer. These findings provide a basis for targeted manipulation
of the IL/gas interface, e.g. for SILP catalysis. We are currently
investigating rational modification of the ligand system for
surface segregation of these catalysts.
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