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Abstract: When talking about homogeneous catalyst systems, it has long been assumed that the system at hand consists
of a transition metal complex in solution with the liquid interface representing the composition of the bulk solution.
Now, in light of considerable developments in the study of metal complexes dissolved in ionic liquids with their negligible
vapor pressures, more detailed studies of the composition at the liquid/gas interface became possible. These
investigations revealed pronounced surface enrichment and segregation effects of high relevance for practical
applications. This article reviews recent advancements in tailoring the interfacial composition of ionic liquid-based
catalytic systems. A particular focus is dedicated to surface enrichment phenomena, and a variety of parameters are
presented for deliberate control of the local concentration of the complexes at the surface, that is, the nature of the
ligands, the bulk concentration, the temperature, and the nature of the IL solvent. As experimental methods, angle-
resolved X-ray photoelectron spectroscopy (ARXPS) and vacuum-based pendant-drop surface tension measurements
were applied. The reviewed results are intended to provide the basis for the advancement of catalytic systems with high
surface areas, such as in supported ionic liquid phase (SILP) catalysis, where the interface design is directly

interconnected with catalytic performance.
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Introduction

The need for sustainable manufacturing and processing of
materials across the value chain substantially shapes modern
science and technology. One major objective to be ad-
dressed is the comprehensive transformation of the chemical
industry towards processes with efficient avoidance or
recycling of waste and secondary products.['l With a special
focus on atom-economical and selective conversions, it is
safe to say that the development, optimization, and upscal-

ing of novel catalytic systems play a decisive role in this
paradigm change.”

The overall performance of catalysts is essentially
influenced by their microscopic nature, that is, composition,
structure, and electronic properties of the active sites.*
Technical heterogeneous catalysts commonly feature a non-
uniform and defect-rich surface structure and thus an
intricate spectrum of catalytic centers differing in activity
and selectivity.”!! Especially for the production of more
value-added products, the potentially low selectivity can
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pose economic and ecological limitations, owing to the
required separation of the product mixture.”! Despite
significant progress in increasing the selectivity of heteroge-
neous catalysts in recent decades,™” homogeneous organo-
metallic catalysis has gained increasing appeal providing
uniform reactivity with well-accessible information on
structure-performance relationships."”! Based on this knowl-
edge, the structural variability of organometallic chemistry
in solution enables the deliberate design of the catalysts and,
thus, sensitive control over activity and selectivity on the
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molecular level. However, in contrast to heterogeneous
systems, costly procedures for catalyst separation and
recovery can limit lucrative applications.!"

Intending to combine the facile engineering of heteroge-
neous systems and the powerful catalytic performance of
metal complexes, techniques for immobilization of homoge-
neous catalysts in product-separable phases have received
significant attention.'>®! One intensively investigated ap-
proach is the heterogenization of organometallics by phys-
icochemical grafting onto the surface of solid support
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materials, e.g. by covalent bonding!! or electrostatic

interactions.™! However, the static fixation can considerably
compromise the tunability and characterizability and can
negatively affect activity and selectivity!'®'”! — the principal
advantages of homogeneous organometallic catalysis. Con-
sequently, the productivity of these systems for commercial
use has been questioned.'”! An alternative strategy ad-
dresses the immobilization of the homogeneous catalyst in a
supported liquid phase (SLP).'*! For this, a solid, high-
surface area support is impregnated with a thin film of
catalyst solution. The macroscopic properties of the catalytic
system are still governed by the powdery support material,
allowing for the favorable reaction engineering of heteroge-
neous catalysis with efficient separation of catalyst and
products. Within the immobilized liquid film, however, the
well-defined homogeneous surrounding principally grants
the full spectrum of chemical preferences provided by
organometallic catalysis. This concept is illustrated in Fig-
ure la.

The materials class of ionic liquids (ILs) offers immense
scope for scientific and technological innovation for this
type of catalyst immobilization, termed the supported ionic
liquid phase (SILP) concept.?™! TLs are liquid salts,
typically comprising bulky organic cations and/or anions
with low charge density, yielding low melting points,
oftentimes below room temperature. Given their ionic
character, ILs show extremely low vapor pressures and,
therefore, intrinsically provide coatings with excellent
persistence toward leaching into the surrounding gas phase,
even after extensive time-on-stream, e.g. more than 800 h in
Rh-catalyzed hydroformylation.’” The mostly organic back-
bone of the ions, on the other hand, enables task-specific
molecular design for deliberate tuning of physicochemical
properties for optimum performance regarding, for instance,
solvation and coordination behavior, hydrophobicity, misci-
bility, and wetting capability. SILP systems have been
successfully trialed for various other industry-relevant con-
versions, such as hydrogenation,”?* hydroformylation,>°!
carbonylation,?” and hydrosilylation,”?) to name but a few.
Beyond that, a study by Werner et al. demonstrated the
adaptable character of the SILP concept by systematically
varying the IL, the support material, and the -catalyst
complex, thereby achieving remarkably mild conditions in
water-gas-shift catalysis.")
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In this context, a fundamental understanding on the
nature of the IL/gas interface offers interesting parameters
for optimization in SILP catalysis.’ In principle, a partic-
ularly high catalyst concentration directly at the IL/gas
interface, where the feedstock concentration is at its
maximum, would result in the most efficient catalyst
utilization, as is signified in Figure 1b. This benefit becomes
particularly obvious considering the high viscosities of ILs
and, thus, the much slower diffusion rates of dissolved
solutes in solution compared to conventional solvents.?*>
Consequently, surface enrichment of the catalyst would
minimize the diffusion pathways in the liquid phase. Early
works on the composition of the IL/vacuum interface of
dissolved metal compounds in ILs in our group have
revealed strong enrichment of [Pt(NH;),]*" in the IL
[C,CiIm][C,0S0O5], while CI~ counterions were found de-
pleted from the surface using angle-resolved X-ray photo-
electron spectroscopy (ARXPS).[*! This surface activity was
attributed to the higher polarizability of the larger metal-
containing cation.’ A subsequent study employed the
phosphine ligand trinatrium-3,3’,3"-phosphintriyltribenzol-
sulfonat (TPPTS) as a suitable surface-active ligand to
trigger surface enrichment of a Rh complex, while the
precursor complex without TPPTS did not exhibit surface
affinity.”’ In a more recent study, the chemical and
interfacial behavior of another Rh complex, [Rh(COD),]-
[TfO], in ILs was investigated, and TPPTS was also used to
enhance the surface concentration of an in situ formed
Schrock-Osborn-type complex.””

This article provides an overview of recent results
addressing the behavior of organometallic complexes in IL
solution at the IL/vacuum interface, with a special focus on
enrichment and depletion effects probed by ARXPS. This
technique provides detailed insights into the surface compo-
sition of the samples and chemical information on the metal
complexes under investigation. The latter aspect has already
been realized in the pioneering XPS work for a Pd complex
dissolved ILs by the group of Peter Licence in 2005.°¥! Since
then, XPS has been intensively used to explore the
electronic and interfacial nature of ILs and their mixtures
and solutions.®™? Over the past years, our groups have
provided a significant set of data on the surface enrichment
of organometallic complexes in ILs, which are highlighted
and contextualized together with findings of other groups

b)

Reactants Products

ov 0 0.0°
® o Surface ® O 'Y ‘.
& enrichment

Figure 1. Schematic representation of the supported liquid phase (SLP) concept (for ionic liquids: supported ionic liquid phase, SILP a) from the
macroscopic (left) to the microscopic scale (right) and b) reduction of the diffusion pathways of reactants and products upon enrichment of the

catalytically active species (red spheres) at the liquid/gas interface.
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with different experimental techniques. In particular, we will
cover the interfacial behavior and chemical properties of
complexes with different ligand systems in IL solution
systems, as well as strategies how to deliberately modify the
ligands to achieve enrichment at the IL/vacuum interface.
Furthermore, the influence of the bulk concentration, the
temperature, and the nature of the IL on the local
concentration of the complexes at the interface will be
discussed. For selected examples, we will cross-correlate the
data and conclusions on the molecular level derived from
ARXPS with macroscopic surface tension measurements for
various bulk concentrations and analyze our data using the
Gibbs adsorption isotherm.

Since the purity of the used ILs is absolutely essential, as
are the developed methods and routines for preparing the
IL solutions with dissolved metal complexes, we start by
addressing these two aspects in the following. After a short
experimental account, we then discuss surface orientation
and enrichment effects in ILs and their mixtures, which sets
the stage for addressing the main topic of this review, that is,
the surface enrichment of catalysts with different ligands in
IL solutions. Particular focus will be given on the influence
of the catalyst bulk concentration, the temperature, and the
nature of the solvent IL. The review will close with a
conclusion, where we deduce detailed strategies for achiev-
ing surface enrichment of the catalyst complexes in general.

The specific systems included in this review have been
selected based on the following criteria: 1) The purity of the
IL has been verified, the surfaces were free from contami-
nations (a common challenge, particularly when working
with ILs from commercial suppliers), and the surface
composition has been characterized. 2) The metal complexes
are soluble over a wide composition range; solubility is a
challenge for many complex/IL combinations, but can e.g.
achieved by introducing side groups/ligands with a similar
chemical structure as the supporting IL. 3) The complexes
show surface enrichment. 4) Surface enrichment was studied
systematically over a wide composition range. 5) We wanted
to include charged and neutral complexes, and 6) results on
the catalytic performance where available.

Materials
ILs and metal complexes discussed in this review are

presented in Tables 1 and 2, respectively, including abbrevi-
ations used, full names (of the ILs), molecular weights,
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molecular structures, and color-coded assignment of specific
carbon species distinguished in the presented XP spectra.
Note that the metal complexes discussed in the following
will be referred to as “catalysts”, even though some of the
employed complexes might not have proven yet to be
catalytically active for a specific reaction.

Some of the ILs addressed in this review showed
surface-active contaminations, which were clearly discerni-
ble using ARXPS, e.g. by unexpectedly high Cy, and O 1s
signals (at 0° and even more at 80°; for experimental details
of ARXPS, see below).’**! As contaminations can largely
limit the meaningfulness of surface-sensitive experiments,*”
the respective ILs were cleaned by various procedures.*>*¥
All other ILs were used as received. The absence of
common Si-based surface-active contaminations® was
checked for every studied IL or solution using ARXPS.

The detailed synthetic routes of the studied functional-
ized ILs can be found in Refs.’***! In the following, we
briefly summarize some of the procedures applied to achieve
well-defined clean surfaces. Solutions, where a solid catalyst
or ligand was available, were typically prepared by stirring
the solute in the IL for several hours under ambient
conditions. For preparation of solutions of complexes 1-5,
the following general procedure applies (for additional
details see Refs.**7%): Mixtures of the precursor cis-
[PtCL,(CH;CN),] or [PdClL,(CH;CN),] and the ligand were
reacted in stoichiometric amounts in the respective IL at
100°C under medium vacuum (MV) conditions using
Schlenk-techniques until the metal precursor was fully
consumed and the released volatile CH;CN ligands were
fully removed yielding clear solutions (see also Scheme 1).
Typically, the solutions were further stirred for 1h under
the applied conditions to ensure quantitative conversion.
For solutions of 5, cis-[PtCl,(CH;CN),] and the ligand IL
[C;CNPFC,Im][PF] were first reacted without additional IL
solvent for 1h under the conditions applied above until
solidification of the mixture, before adding the IL solvent to
continue the reaction as described above.[>7 19
solutions were prepared by simply diluting freshly prepared,
more concentrated solutions.’**! For a 1%, solution of 5
in [C,C,Im][PF4] and solutions of 5 in [C,C,Im][PF], strong
X-ray-induced decomposition of the complex was observed
due to the presence of traces of iodine species in the
ILs.P* To prevent this effect, the ILs were cleaned by
extraction with Millipore water (resistivity 18.2 MQ-cm),
prior to the preparation of the catalyst solutions.”” Pre-
emptively, the cleaning procedure was also applied to all

T=100°C \NL\ (_\JN/
N, No~_Z" IL solvent, N cl Al
~\z = vacuum i
2 @ + [PtCl,(CH3CN),] ——— ) —N-Pt-N= ©
@ [ 2( 3 )2] -0 CHscN [szN] =N Plt N= [szN]
[TF,N] =

Scheme 1. Preparation of complex 1 in excess of [C;CNG,Im][Tf,N], which acts as both solvent and ligand. Complexes 1-5 were prepared in a

similar way also directly in other ILs [P>*¢*"

! Note that also non-functionalized ILs were successfully applied as solvents, so that the CN-

functionalized ligand IL was reacted in stoichiometric amounts with the metal precursor.?**”¢1
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Table 1: Nomenclature, molecular weights and structures of ILs used. The color coding indicates the assignment of carbon species to XP signals
(green: Cc; or CCZ/COO : Cheteror blue: Calky\)'

Abbreviation Name Molecular weight Molecular Structure
/g/mol
Chetero
[C,C,Im][PFg] 1-Ethyl-3-methylimidazolium hexafluorophosphate 256.13 N — N PF ©
241 6 : P A2 [ 6]
alkyl
Cco
. . /\ 00
1-Ethyl-3-methylimidazolium N _N
[C,CIm][OAC] scotate 170.21 N~ —«o
=\ ©
[C,GIm][TfO] 1-Ethyl-3-methylimidazolium trifluormethansulfonate 260.24 /N\?g\/ F3C’SO3
. . . ‘_‘
1-Ethyl-3-methylimidazolium N. N ©
[COIMICOSOS] e 236.29 _ \9@\/ /\0,303
i) ©
[C,CyIm][PF] 1-Butyl-3-methylimidazolium hexafluorophosphate ~ 284.18 /N\%\/\/ [PFe]
©
1-Butyl-3-methylimidazolium F3Cio-N...CF3
[CGImITEN] bis (trifluormethylsulfonyl)imide 419.37 /Nvg\/\/ 'I% Iy
00 00
‘—‘
[C,GIm][TfO] 1-Butyl-3-methylimidazolium trifluormethansulfonate 288.29 /N\pg\/\/ F CfSOS
3
-
1-Butyl-3-methylimidazolium ©)]
[C.Citmict chloride 174.68 /Nvg\/\/ [Cl]
‘—‘

1-Methyl-3 octylimidazolium

[CCilmI[PFe] hexafluorophosphate 340.29 /N\//g\/\/\/\/ [PFe]

=\ ©
1-Methyl-3-octylimidazolium N_ N
(GG ImI[TFO] trifluormethansulfonate 344.40 - \//@\/\/\/\/ F?,C’SO3
| — ©
1-(3-Cyanopropyl)-3- —\ F3Co N CFs
[G;CNGIm][TF,N]  methylimidazolium bis- 430.34 /N\7N\/\/CN S \/ :
(trifluormethylsulfonyl)imide C) (0] b O’\O
1-(1-Cyanomethyl)-1- O ©
[C,CNG,Pip][Tf,N] methylpiperidinium bis- 419.36 ® FaCs ’N*S’CF3
(trifluormethylsulfonyl)imide 7 ey d"(‘) 1
‘ - ‘
1-(3-Cyanopropyl)-3- N. N ©)
[GENGIm][PF] methylimidazolium hexafluorophosphate 295.16 - V@V\/CN [PFel
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Table 1: (Continued)
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Abbreviation Name

1-(3-Cyanopropyl)-3-
[C;CNPFC,Im][PFe] (3,3,4,4,4-pentafluorbutyl)
imidazolium hexafluorophosphate

1,3-Bis(2-(2-methoxy-ethoxy)ethyl)-

[(MPEC,)Im] | imidazolium iodide

1,3-Bis (2-(2-methoxy-ethoxy) ethyl)-

[(mPEG,)olm[PF] imidazolium hexafluorophosphate

Molecular weight Molecular Structure

/g/mol
FaC. NN ©
427.20 TN~ \7®\/\/CN [PFe]
Fo
400.26 0 = [I]e
©
41831 =), [PFel

/O\/\o/\, N\ég\/\o/\/o\

other ILs to prepare the 1 %.,, solutions of 5 and a 10 %,
of 5 in [C,CIm][TE,N]. For successful preparation of a
33.3 %m0 solution of 3 in [C,CNC,Pip][Tf,N], UHV con-
ditions were required, while in MV, solidification of the
entire mixture upon reaction progress was observed.” In
the case of the ligand substitution reaction of 12 with TPPTS
in [C,C,Im][C,0S0;], TPPTS was dissolved under inert gas
conditions for 70 h before 12 was added, and the reaction
mixture was stirred under vacuum for 24 h to yield a clear
solution.F"!

Experimental Aspects

The data provided in this review are mostly determined by
X-ray  photoelectron  spectroscopy  (XPS)  using
monochromated®  (and for one system non-
monochromated)® Al-Ko X-radiation (hv=1486.6¢V).
XPS yields quantitative insights into the composition of the
near-surface region along with chemical information, e.g. on
oxidation state, bonding conditions, and other interactions
of the atoms under investigation. The surface sensitivity of
XPS can be tuned by varying the electron emission angle 9 —
a technique referred to as angle-resolved XPS (ARXPS). At
0° (normal emission), the ID is 6-9nm in organic
materials,® corresponding to several molecular layers in the
surface-near region of the sample. At 80° (grazing emission),
the ID decreases to 1.0-1.5 nm, which mainly reflects the
topmost molecular layer of the sample.")

The investigated solutions were applied, unless stated
otherwise, under ambient conditions onto the setup-compat-
ible sample holders® as a ~0.5 mm thick film; for these
macroscopically thick films, the IL/solid interface did not
affect the composition at the IL/vacuum interface. Owing to
this fact (except where stated otherwise) “surface” corre-
sponds to the IL/vacuum interface throughout this review.
In the case of solid residuals, the particles settled to the
ground of the sample holder and were expected not to affect
the measurements. Solid IL samples were typically applied
as hot liquids (~80°C) after melting and thoroughly degass-
ing under MV conditions using standard Schlenk techniques.

Angew. Chem. Int. Ed. 2025, 64, €202422693 (6 of 26)

Detailed procedures for fitting and referencing of the
recorded ARXPS data can be found in Refs.,[?733:5657:60.63-65]
following an established procedure for neat ILs investigated
with the DASSA setup,®! which was expanded also to the
solutions presented herein. The typically applied deconvolu-
tion procedure for the broad C 1s signal envelope from ~289
to 284 eV is exemplified in Figure 2, with the assignment of
C atoms to XPS signals shown color-coded in Tables 1 and
2. The deconvolution procedures involved distinction of
three different types of C atoms contributing to the signal
envelope: C atoms bound to two heteroatoms within the
imidazolium ring, Cg, (green), C atoms bound to one
heteroatom, C, o , and C atoms bound to only other
carbon atoms and hydrogen, C,, (blue). The derived
intensities are expected to reflect the actual surface
composition within an uncertainty range of 5-10%. Raw
peak intensities were corrected using atomic sensitivity
factors (ASFs) derived from Ref.™! To compensate for the
inherently lower overall intensity detected at grazing
emission, the 80° spectra were multiplied by a geometry
correction factor.®! This procedure facilitates the compar-
ison of individual peaks for deducing orientational and
enrichment effects.

The surface tension values were assessed using the
pendant drop method. The measurements were performed
in a novel chamber under ultraclean vacuum conditions
down to the 107" mbar region, minimizing the influence of
moisture or dissolved gases."”? The cleanliness of the ILs
and catalyst solutions was checked before the measurements
using XPS.

Surface Orientation and Enrichment Effects in lonic
Liquids and their Mixtures

As a result of the anisotropic environment at the surface,
ions and molecules located in the surface-near region can
show distinct structural and molecular ordering to minimize
the surface free energy. This ordering can appear (1) in the
form of orientational phenomena at the surface, that is,
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Table 2: Molecular structures and weights of complexes used. The color coding indicates the assignment of carbon species to XPS signals (green:

Ce, or Ceypco0 : Cheteror Dlue: Cyyy). For assigment of IL-derived ligands (complexes 1-5) and structure of the [Tf,N] ™ anion, see Table 1.
Formula Abbreviation used Molecular weight Molecular Structure
in this thesis /g/mol
SN 7N~
=N \9\_ cl oN-
[PtCl,(C;CNG, Im),][TE,N], 1 1126.66 o S R ot
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‘N'\\ (/\N’
SN @ cl ON-
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Cl
) o ()
[PLCl, (C,CNC, Pip)][TENI, 3 1104.70 @,N_:N_p't_N:_/N\@@
1
meN© & N
©N \g\_ cl @ N~
[PtCl,(C;CNG,Im),][PFdl, 4 856.30 o e =/ ©
[PFe] =N=Ft=N=="[pF)
Cl
FsC CF3

[PtCI,(C;CNPFC,Im),][PF ], 5
[Ru(tpy) (bpy) CII[PF4] 6
[Ru(tpy) (dcb)CI|[PF4] 7
[Ru(dcbNa),((Cs).bpy)][PFel. 8

Fzéx ICle

Ny N

1120.38 \:N@ Cl @N‘:J
— l —
[PFGP\_\—-N-F;PN——/_[;FG]@
Cl
[PFq]
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®
[PFql
758.96
ONa 0 2® o
=\ 7\
\ N N=
NaO ’ \R'S
1376.01 —Ru-=
0 /= 8
N N
/ ’
NaO
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Formula Abbreviation used Molecular weight Molecular Structure
in this thesis /g/mol
ONa () 2® o
- 7 \
/,
\ N N=
NaOQ, 7R \ 7
[Ru(dcbNa),((C1).bpy)[PF el 9 1151.58 d _N—;Rq-
=N N
\ /
NaO
)
ONa (@) 2® e)
OMON&) 2[PFg]
- \
/,
N\ N -
NaQ /= |\
[Ru(dcbNa),((OC,),bpy)][PF, 10 1211.63 2 _N—IR
=N
\W/,
NaO
0]
ONa (0] 2® (e}
OMON&I 2[PF¢]
= 7 \
\ N N=
NaQ /= \ F
[Ru(dcbNa),((t-C4),bpy)][PF. 1 1235.74 . _N—IRq-
=N N
\ / \
NaO
)
00"
=
\/\/\/\—NYNJ‘ON
trans-[PtCl,(mPEG;Cglm),] 12 918.93 C|-5>\t [¢]]
/\/\/\/\N—N’\’O\/\
=/ 0™\-0_
© C)
[ 3 |
) .SO
[Rh(COD),|[TfO] 13 468.34 [B'Rh'gl Fyc-S08
SO3Na
@
Js_ oL SOe
[Rh(COD) (TPPTS),|[TfO] 14 1497.00 NeRhel| Fic™% L= P SO3Na
N3038

preferred orientations, configurations, and alignment of
ions, molecules, or certain functional groups, or (2) in the
form of surface enrichment phenomena in IL mixtures or
solutions, which are a deviation of the local concentration of
ions and molecules at the surface relative to the average
bulk concentration. Since orientational and enrichment

Angew. Chem. Int. Ed. 2025, 64, €202422693 (8 of 26)

phenomena can appear simultaneously and are super-
imposed in the XP spectra of our solutions presented herein,
we will illustrate these effects along instructive examples of
the neat IL [C4CiIm][CIC,SO;]® and binary mixtures of
[C,CIm][PF,] and the fluorinated analog [PFC,C,Im]-
[PF4]* in the following.
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Figure 2. C 1s spectrum of neat [C,C,Im][PF¢] in 0° emission with color-coded deconvolution and assignment to the molecular structure.

Figure 3 shows relevant XP spectra recorded from neat  spectra in these two geometries demonstrates the preferred
[CsC{Im][CIC,SO;] at 0° (black, more bulk-sensitive) and  surface orientations of both ions: While the spin-orbit-
80° emission (red, more surface-sensitive). Comparing the resolved Cl2p signals increase at 80°, the O 1s signal

™\ O
/N\’/g\/\/\/\/ I 503
100[C| 2p 1300r0 1s —0° ]
200+
0 100+
o
O
x . . 0 .
= 204 200 196 536 532 528
=
= . .
S120fN 1s 1 600} .
9
£
801 1400 1
40+ 1200 .

: : 0 . :
404 400 292 288 284 280
Binding Energy / eV

A |

Figure 3. Cl 2p, N 1s, O Ts, and C 1s XP spectra of neat [C3C,Im][CIC,SO;] in 0° (black) and 80° emission (red) at room temperature and molecular
structure with color-coded assignment of carbon species deconvoluted in XPS. Note that the employed instrument differs® from the instrument
used to acquire all other spectra presented in this review. Additionally, the derived surface orientation of the ions is schematically presented.
Reproduced from Ref.**! with permission from the PCCP Owner Societies.
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strongly decreases, unambiguously revealing that the Cl tail  spectrum of neat [C,C,Im][PF;] (fop C Is in Figure 4a), the
of the [CIC,SO;]" anion is directed towards the vacuum, C,y, signal of the C, chain shows an enhancement at 80°,
while the SO;~ groups point toward the bulk. A similar = which is due to the C, chains being directed toward the
orientational effect can be easily observed for the [C;C,Im]*  vacuum at the surface. This effect is well-studied and known
cation, when considering the N 1s and C 1s spectra. The for ILs with extended alkyl chains.[****7¥ [PFC,C,Im][PF]
N 1s signal showed a decrease, and — by contrast — the C,,;  also exhibits a preferred surface orientation, with the PFC,
signal, with its major contribution from the Cg chain, shows  chains pointing toward the vacuum. This effect is best
a strong increase when increasing the surface sensitivity. evident from the F 1s spectrum of the neat IL (bottom F Is
These findings revealed that the Cg chains terminate the  in Figure 4a), which shows a pronounced increase of the Fg,
surface, while the charged headgroups are located more  signal at 80°, while at the same time, the Fpgq signal of the
distant from the surface.®” The orientation of both ions is  anions decreases. For the binary mixtures of the two ILs, a
schematically presented at the bottom of Figure 3.1 surface enrichment of the fluorinated IL was observed at all

Preferential orientations are also observed for neat concentrations studied. This enrichment was evident from
[C,CIm][PFs] and [PFC,C,Im]|[PFs] ILs:® In the C1s an overall higher Fc, intensity than expected from the

O
N—
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T T = ‘ ' ' ' I I
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i 1 05t |
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| 0.0 e ; )

w
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i 110} ]
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I 1997 ] N/=,\N o
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Figure 4. a) F 1s and C 1s XP spectra of binary mixtures of [C,C,Im][PF¢] and [PFC,C,Im][PF¢] with different [PFC,C,Im][PF¢] concentrations and b)
normalized content of F¢, (red squares) in 80° emission plotted against the nominal/bulk concentration. The sample temperature was 95°C in all
cases. The dashed horizontal line indicates a situation with nominal composition at the surface, that is, in the absence of enrichment effects
and preferential orientations of the ions. Adapted from Ref.*®
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nominal composition at 0°, and pronounced signal increase
at 80°. At the same time, the C,,, consistently showed a
lower intensity than expected from the nominal composition
at all concentrations at 0° and remained constant or showed
a slight decrease at 80° due to the enrichment of
[PFC,C,Im][PF;] and the associated surface depletion of
[C,C,Im][PF,]. The surface enrichment of [PFC,C,Im][PF,]
is also evident from Figure 4b, where the normalized Fcp,
content (red), that is, the experimentally observed intensity
at 80° divided by the nominally expected intensity, is shown
for all concentrations: The increase of the normalized F g,
content with decreasing concentration indicates a higher
degree of enrichment at lower [PFC,C,Im][PF]
concentrations.[® This pronounced surface affinity of the
PFC, chains served as the basis for the deliberate enrich-
ment of a Pt catalyst presented in the following.

Surface Composition of Catalysts with different
Ligands in lonic Liquid Solution

Catalysts with lonic Liquid-Derived Ligand Systems

A fundamental requirement for studying catalyst solutions
using ARXPS is the sufficient solubility of the catalyst in the
IL. While for catalytic conversions a relatively low solubility
in the ppm range is typically acceptable, adequate intensities
can only be detected in ARXPS with a (surface) concen-
tration of, as a rule of thumb, >1%,,. Introducing IL
building blocks into the ligand system was an intuitive
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approach to obtain complexes that are highly soluble in
various ILs. With respect to potential catalytic applications,
such charge-tagged complexes have shown a particularly
high resistance against catalyst leaching, including - among
many examples™ — catalysts with nitrile-functionalized IL
cations as ligands.””” The following paragraphs describe
the formation of such catalysts, their interfacial behavior,
and the rational design of the ligand system for deliberate
surface enrichment, as well as a short discussion of the
impact of the surface enrichment in hydrogenation of
ethene.

Previous preparation routes for Pd complexes with IL-
derived ligands were based on the reaction of PdCl, and
stoichiometric amounts of the ligand at room temperature
and ambient pressure in volatile solvents such as dichloro-
methane or acetonitrile, as reported by the Dyson
group.”” 7 We now used a very different pathway directly in
the respective IL solvent under vacuum conditions:P®
Scheme 1 demonstrates this approach exemplarily for the
formation of the Pt complex 1 in [C;CNC,Im][Tf,N] from
the metal precursor cis-[PtCl,(CH;CN),]. The concept of
this route is the immediate removal of CH;CN ligands from
the reaction vessel by the vacuum pump after ligand
substitution by the IL cation at elevated temperature
(100°C).

The formation of the final product 1 was successfully
monitored using XPS in 0° emission and QMS, as shown in
Figure 5 for a mixture of the Pt-precursor -cis-[PtCl,-
(CH;CN),] and the IL [C;CNC,Im][Tf,N] with 1:4 molar
ratio (due to consumption of the solvent being the ligand
source, quantitative formation of the final product yielded a

0.8 ; — . 0.3— —— . —
a) Pt 4f, 0° emission Cl 2p, 0° emission 1.2-N 1s, 0° emission 1
wn —— Before reaction, RT
& 0.6 After reaction, RT N
e L NI CNcoord i
m
} 0.4 Nenrren
‘@
c L J
9 0.2
£
0.0 : f
N 1s, 0° emission ]
b)
: L N |
:f Im NCNcoord
© N
= L ,
‘©
c
2
< 100°C 0.0% : g
Room temperature 404 400 306

0 5 10 15 20 25 30 35 40 45 50
mass/charge m/z

Binding Energy / eV

Figure 5. a) Pt 4f, Cl 2p and N 1s XP spectra of a suspension of [PtCl,(CH;CN),] in [C;CNC,Im][Tf,N] with 1:4 molar ratio before (green) and after
(black) ligand substitution to yield a clear solution of 1 recorded in 0° emission at room temperature and color-coded deconvolution applied to the

N s spectrum after reaction, b) mass spectra of the initial reaction mixture at room temperature (green) and at 100°C

under CC-BY-NC-ND license.
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1:2 molar ratio, that is, 33.3 %, of the 1 in the IL). The
metal precursor showed a relatively low solubility in the IL,
yielding only a suspension, so that also the XP spectra of the
precursor solution at room temperature shown in Figure 5
(green) revealed relatively low intensities of the precursor-
specific Pt4f and CI2p signals at 74.2 and 199.0eV,
respectively.”® The N 1s region showed two distinct peaks
corresponding to the N atoms incorporated into the
imidazolium ring, Ny, at 402.1 eV and a joint signal from N
atoms of uncoordinated CN groups of the IL cation and
[TE,N]™, Nenroons at 399.7 eV. Owing to the low solubility of
the precursor, N atoms of coordinated CN groups of the
CH;CN ligands were expected to only show a minor
contribution Neneoora at ~401.3 eV (see discussion below).
The mass spectrum of the precursor solution measured at
room temperature in Figure 5b (green) revealed small
signals at 12-15, 24-28, and 38-41 amu assigned to CH;CN
vapor,® indicating slow abstraction of the labile ligands of
the precursor under UHV. Heating the mixture to 100°C
(grey in Figure 5b) resulted in a strong increase of these
signals, disclosing a boost of the reaction toward practical
rates. Upon progress of the reaction, the CH;CN-specific
signals and the overall pressure in the chamber decreased to
a minimum (not shown), while solid precursor particles were
visibly consumed, eventually yielding a clear solution.”

The success of the preparation route became evident
from comparing XP spectra of the precursor suspension
(green) with the fully reacted solution (black) shown in
Figure 5, revealing a strong increase of the Pt 4f and Cl2p
signals at 74.4 and 199.1 eV, respectively. The intensity now
excellently conformed with the nominal intensity expected
from the quantitative formation of 1 (33.3 %,,,).">® After the
reaction, the N 1s region showed an additional third peak,
Neneooras at 401.3 eV, whose intensity nicely matched the 1:2
Pt:Neneoord Tatio expected from the structure of 1.°°! The
applied deconvolution of the N 1s region with color-coded
peaks is also shown in Figure 5a. Since the appearance of
this peak was accompanied by an equivalent decline of the
Nenpn signal at 399.6 eV, this effect was assigned to
successful coordination of [C;CNC;Im]* to the metal via the
CN groups: upon coordination, the CN group acts as an
electron donor resulting in a shift to higher binding
energy.”

Our in vacuo preparation route has proven feasible for a
variety of complexes in the respective CN-functionalized ILs
(complexes 1-3)F! or in non-functionalized ILs, namely in
[C,C,Im][PFy] (4 and 5),7*" [C,C,Im][PF], [CsC,Im][PF],
[C,CIm][TE,N] (all 5)*) in various concentrations.>>7]
In almost all cases, the reaction was also successful under
medium vacuum (MV) conditions using Schlenk techniques,
which allowed for stirring of the mixtures and, thus, a more
practical and widely applicable preparation protocol (see
experimental section for details). For a 33.3 %,,, solution
of 3 in [C,CNC,Pip][T£,N], however, UHV conditions were
required for successful preparation.’ Notably, the prepara-
tion route was unsuccessful in [C,C,Im]Cl owing to the
competing coordination of CI” from the solvent rather than
the CN-functionalized ligands.!*"}
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The comparison of the XP spectra of complexes 1-3 in
the respective CN-functionalized ILs has proven to provide
interesting information on the electronic properties of the
coordinating moieties and the metal centers. Figure 6
contrasts the N 1s spectra recorded in 0° emission of
33.3 %0 solutions of 1 (middle, see also above) and the Pd
analog 2 (bottom) in [C;CNC,Im][Tf,N], as well as the Pt-
piperidinium complex 3 (top) in [C,CNC,Pip][Tf,N]. While
for solutions of 1 and 2 the Ny atoms gave a joint signal
with the Nrppy atoms, Neyrpn at 399.6 eV, the Ny signal
from the solution of 3 was detected more separated at
400.5 eV and thus shifted about 0.9-1.0 eV (distance b in
Figure 6) to higher binding energy.” This finding indicated
a significantly higher electron density at the CN group in the
imidazolium derivative [C;CNC,Im][Tf,N] due to the longer
separation between the functionalization and the electron-
withdrawing N atoms of the heterocycles, compared to
[C,CNC,Pip][Tf,N] with a short separation. This finding was
in line with results from a "N NMR study on pyridinium
ILs, unveiling that longer CN-functionalized chains, indeed,
result in higher negative charges localized at the nitrile N
atoms. !

These differences in electron density at the coordinating
atom, in turn, suggested a stronger coordination power of
the [C;CNC,Im]* cation when compared to [C,CNC,Pip]*:
The binding energy difference between the Ny and Neyeoora
signals of 1 in [C;CNC,Im][Tf,N] (1.6 eV, distance c¢ in see
Figure 6, middle) and 3 in [C,CNC,Pip][Tf,N] (1.3 eV, top),
induced by coordination of the CN groups to the metal, is
about +0.3 eV higher for the long-chained derivative, which
is in line with a stronger donation of electron density to the
metal upon coordination. An according shift of the Pt 4f
signals by 0.2 eV to lower binding energy for the solution of

N 1s, 0° emission 3in
a [C,CNC,Pip][Tf,N]

A

Nim " [CsCNC,Im][TF,N]
NCN/szN

Intensity / a. u.

2in

406 404 402 400 398 396
Binding Energy / eV

Figure 6. N 1s region spectra of 33.3%,,, solutions of 1 (middle) and 2
in [C,CNG,Im][TF,N] (bottom), and 3 in [C,CNG,Pip][TEN] (top). Al
spectra were recorded at 0° emission angle at room temperature.
Adapted from Ref.’? under CC-BY-NC-ND license.
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1 was also detected, though the magnitude of this shift is at
the limit of our experimental uncertainty."® Interestingly,
the solution of 2 in [C;CNC,Im][Tf,N] also revealed an
Nen—Neneoora shift of 1.3 eV, that is, 0.3 eV lower compared
to the solution of the Pt analog 1, and could be assigned to a
weaker Pd—N bond than Pt—N found computationally for
related systems.[

In the following passages, the interfacial behavior of the
complexes and a successful modification of the ligand system
to deliberately maximize the local catalyst concentration at
the surface will be discussed along 4 and 5 as model systems
in the well-studied commercially available IL [C,C,Im][PF;].
4 is equivalent to 1 but with [PF4]~ as counter anions instead
of [Tf,N]". The ligand system of 5 was complemented with
fluorous butyl chains (PFC,), which have exhibited surface
activity in binary mixtures of ILs before.*®®#1 The com-
plexes were prepared as [PFg]™ salts to ensure distinct peaks
in the XP spectra for the PFC, chains, which would
otherwise superimpose with signals of [Tf,N]™ also carrying
CF; groups.”>*%7%l Accordingly, the IL was chosen to be an
[PFs]- IL, and the non-functionalized butyl chain of
[C,CiIm] " yields a separated, IL-specific C,y, signal (see
experimental section and discussion below), which allows
for extracting the location of the IL cation at the
surface. 7!

Figure 7a depicts the Pt4f, F1s, N1s, and C1s XP
spectra of a 5%, solution of 4 in [C,C,Im][PF] in 0°
(black, more bulk-sensitive) and 80° emission (red, more
surface-sensitive). The Pt 4f;, signal is detected at 74.3 eV,
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the Fpps peak at 686.8 eV, and the Ny, peak at 402.2eV
originate from both complex and IL. Owing to the relatively
low catalyst concentration of 5 %, and partial overlay with
the Ny, (cf. Figures5 and 6), no sufficiently accurate
deconvolution of an Neyeoora peak was achieved. Also, no
Ny signal (~400 eV, cf. Figures 5 and 6) was detected since
the solvent [C,C,Im][PF,] did not contain a CN group. The
C 1s region showed a broad envelope typically fitted with
three peaks (see experimental section); the assignment of
carbon species of complex and solvent can be seen from the
color coding in Tables 1 and 2. The intensities detected at 0°
excellently agreed with the nominal composition of the
solution.’” At 80°, however, the Pt 4f signals declined to
~50% of the Osignals, while the F1s and N 1s signals
showed a slight decrease, and the C,, signal significantly
increased at 80° by ~30 %.°” These findings are in line with
a surface preferably terminated with the C, chains of the
[C,CiIm]" cation, while the imidazolium rings and [PF4]"
anions form a polar layer beneath, which is a well-known
effect for ILs with extended alkyl chains, as already
discussed above.**®7 The fact that the Pt signal of 4
showed the largest decline at 80° was attributed to a
preferential orientation of the homogeneously dissolved
complex in the topmost molecular layer, with the charged
imidazolium moieties of the ligands incorporated into the
imidazolium/[PF;]™ layer and the Pt center located slightly
below this layer.

XP spectra of an equivalent solution of 5, which only
differs from 4 in the PFC, chains, are shown in Figure 7b.

| _ Ptaf 5 F1s N 1s C1s
@ i 116
0.8t 5% 4 iN 14l Fore 1.2 .
0.6 [C4C4IM][PF] ] Nim 12 hetero
0° 3 ] Calkyl
0.4 . 1ol 0.8 |
——80 |
0.2 14l 0.4
0 0.8; 5% 5 in ] 1.6
0 41 F
204 1 0.8
= 2L
c N | C
£ iz CNcoord 0.4 CF3 CCFz
[
— 00 - - - 00 o
c) 80 76 72 1.2 116
. . 4
9.5%,, ligand in 5 os i3
[C,C Im][PF] o8
2t ] l
0.4 1 04
1r 1 ;
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0= . : . . 0.0 ; . ;
692 688 684 404 400 396 296 292 288 284

Binding Energy / eV

Figure 7. Pt 4f, F 1s, N s, and C 1s spectra of 5%, solutions of a) 4, b) 5, and c) 9.5 %, solution of [C;CNPFC,Im][PF¢] in [C,C,Im][PF4] in 0°
(black) and 80° (red) emission. Note that the solutions shown in b) and c) contain the same IL: PFC, ratio of 2:19. All spectra were recorded at
room temperature. Adapted from Refs.®**” under CC-BY-NC-ND and CC-BY-NC licenses.
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The spectra featured additional signals in the F 1s and C 1s
regions, Fep, at 688.8, Ccps at 293.7, and Ccp, at 2914 ¢V,
which originate from the PFC, chains. While the F.g, atoms
all contribute to a single signal, the fluorinated carbon atoms
Ccps and Cgp, can be distinguished due to the number of F
atoms bound to them.® Also, non-fluorinated C atoms
from the PFC, chains contributed to the Cy..,, signal (see
Table 2 for detailed assignment). In addition, the Nencoora
signal at 401.3 eV was now evidently discernible from the
N, signal, showing a much higher intensity. All complex-
specific Pt 4f, Fepy, Neneooras Cerss and Cep, signals showed
much higher intensities than the solution of 4. This effect
was even observed in the more bulk-sensitive 0° measure-
ments. Aside from that, the intensity of the solvent-specific
Ciy signal at 285.2 eV was detected eminently lower. These
observations revealed a strong enrichment of complex § at
the IL/gas interface and the associated depletion of the
[C,CiIm]" cations. The enrichment is solely caused by the
presence of the PFC, chains, which trigger localization of
the complex at the interface in a buoy-like fashion — referred
to as the “buoy effect”.”"!

More detailed insights into the catalyst-enriched surface
could be extracted from a comparison of 0° and 80° spectra
in Figure 7b. All complex-specific signals increase at 80°,
being most prominent for the Fcg,, Cep; and Ceg, signals of
the PFC, chains, while the Pt 4f peaks only showed a weak
increase. We assigned this behavior to a preferential surface
orientation of § with the PFC, chains exposed to the vacuum
and the Pt center located beneath. The C,y,, signal showed a
drastic decline at 80° to an extent where it is only a small
shoulder of the C 1s envelope, stressing the extreme enrich-
ment of 5 and the concomitant depletion of the solvent.”)

Additional information on the buoy effect was eluci-
dated by investigating the surface tension of the two
solutions using the pendant drop (PD) method.”™ The
surface tension of the catalyst solutions was measured under
ultra-clean vacuum conditions in a newly developed
chamber.F**1 At 298 K, the 5 %,,, solution of 4 showed a
surface tension of 43.9 mN/m, which is even slightly higher
than observed for neat [C,C,Im][PF4] with a surface tension
of 43.4 mN/m.* In contrast, for the 5%, solution of 5, a
value of 40.0 mN/m was found at 298 K, which is signifi-
cantly lower than for the solution of the non-surface-active
derivative and the neat IL. These observations attested to
the lowering in surface free energy, signified by the
measured surface tension, as the driving force for the strong
accumulation of 5 at the IL/vacuum interface.™

Given that the strong enrichment of 5 at the IL/vacuum
interface was solely induced by the buoy-like character of
the two PFC,—functionalized ligands, the interfacial behav-
ior of the ligand as an individual solute without being
attached to the metal center was also investigated.” For
this, a solution with a 9.5 %, concentration of only the
ligand [C;CNPFC,Im][PF,] in [C,C,Im][PF,] was prepared,
providing an identical IL:ligand ratio of 2:19 as in the
5 % mor solution of 5; the only difference is the absence of the
CLPt-moiety as the coordination partner. The XP spectra
shown in Figure 7c revealed much lower intensities for the
ligand-specific signals and a much higher intensity for the
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IL-specific C,y signal, when compared to the solution of 5
in Figure 7b. The intensities corresponded only to a moder-
ate surface enrichment of the ligand itself in the IL, and,
consequently, the surface enrichment of uncoordinated
[C;CNPFC,Im][PF,] was found much less pronounced than
for 5, which carries two of these surface-active ligands. This
observation was assigned to the fact that for removing 5
from the IL/vacuum interface and diffusion into the bulk,
the simultaneous removal of two surface-affine PFC, chains
must be accomplished, which one might denote a “surface
chelate effect”, in analogy to the chelate effect in coordina-
tion chemistry.” In a broader sense, this result indicated
that the catalyst design with two (or even more) surface-
active ligands bound to the metal center rather than one
yields a much higher degree of enrichment.

With the successfully achieved buoy-like accumulation
of § at the IL/vacuum interface and a non-enriched catalyst
4 suitable for comparison, the impact of the surface enrich-
ment on the catalytic performance was studied for hydro-
genation of ethene.”! The reactor setup involved a pool
with a stationary film of IL solution with a well-defined
planar gas-liquid contact area (71x22.5mm) to study the
impact of the enhanced catalyst concentration at the
surface.® 0.05%,,, and 1%, solutions of 5 and 4 in
[C,C,Im][PF4] were investigated and, indeed, the solutions
of § yielded a two times higher activity, expressed as
turnover frequency (TOF) at 313 K after 9 and 10 h time on
stream, respectively; the catalytic results for two runs (full
and open symbols) of the 1%, solutions of 5 (blue) and 4
(red) in [C,C,Im][PF4] are shown in Figure 8a. However, as
visible with the naked eye (see Figure 8b) and additionally
confirmed by in situ light scattering (not shown), metallic Pt
particles have formed acting as heterogeneous catalysts
under the reductive conditions of the hydrogenation
reaction./*”

ARXPS analyses were conducted before and after the
hydrogenation experiment for the 1%,,, solutions.”” Pt 4f
and F 1s XP spectra at 0° (left) and 80° (right) of solutions
of 5 (top) and 4 (bottom) are shown in Figure 8c. During
transfer between the experimental setups used for catalysis
and the ARXPS analyses, the relatively large Pt particles
settled to the ground of the vessel, and no metallic Pt could
be observed in XPS (BE~71.7eV).’®! Before catalytic
conversion, the spectra resemble the characteristics dis-
cussed above for the 5%, solutions and reflect surface
enrichment of 5, while 4 showed no surface affinity. After
the catalytic experiment (green), however, the solution of 5
showed a pronounced decrease in intensity of the complex-
specific Pt 4f and Fcg, signals at both 0° and 80°, while the
Fppe signal remained constant at 0° and showed a minor
increase at 80°. All other core levels (not shown) reflected
similar characteristics.™ These observations were in line
with a remaining lower amount of 5 dissolved in solution
due to the formation of metallic Pt particles, which are,
however, not within the information depth of XPS.[®! The
particles are possibly stabilized by surface-attached N-
heterocyclic carbenes (NHC), at least as transient
species.®® For the solution of 4 (bottom), the signal
intensities remain on a steady level before and after the
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Figure 8. a) Calculated turnover frequency (TOF) values of two runs (open and full symbols) in catalytic hydrogenation with 1%, solutions of 4
(red) and 5 (blue) in [C,C,Im][PF¢] (reaction conditions: 1.6 ml solution, T=313 K, pressure 0.62 MPa, composition of feed stream: 68 %, Ar,

16 %, Ha, 16 %, C,H,: residence time 42 s), b) photographs of fresh and spent (after 10 h at 313 K and catalytic conditions) catalyst solutions of
5, ¢) Pt 4f and F 1s XP spectra of fresh (black) and spent (green)1%,,, solutions of 5 (top) and 4 (bottom) in [C,C,Im][PF¢] in 0° (left) and 80°

emission (right) at room temperature. Reproduced from Ref.®®!

catalytic experiment due to a lower degree of Pt particle
formation due to the lower activity of 4. The higher activity
of 5 was assigned to the higher catalyst concentration at the
IL/gas interface.!

Polypyridyl-Based Catalysts

Polypyridyl ligands offer a large diversity of structures and
are widespread in various organometallic application areas —
bipyridine was even denoted as the “most widely used
ligand”,™ at the turn of the millennium. In view of catalysis,
polypyridyl complexes raised significant interest in water
oxidation,®! water gas shift reaction,”” and CO,
reduction,”” among more examples.”! A Ru-based polypyr-
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idyl complex was also investigated for the coordination of
CO, in [C,C,Im][T,N] to create a formate species.™

A first set of Ru(II)-based polypyridyl complexes, 6 and
7, was investigated in the ILs [C,C,Im][PF¢] and [C,C ,Im]-
[OAC].™ The complexes both contained a tridentate terpyr-
idine (tpy) ligand, and a bidendate bipyridine (bpy) or a
dicarboxylated bpy (dcb), respectively, and a Cl ligand.
Solutions with a nominal catalyst concentration of 2.5 %,
were prepared. However, only 6 in [C,C,Im][OAc] showed
full dissolution, while 6 in [C,C,Im][PF;] and 7 in [C,C,Im]-
[OAc] showed acceptable dissolution (for XPS) of around
~1.3 %o, With some remnants of undissolved complex. In
[C,CiIm][PF,], 7 was practically insoluble so that no
complex-related XP signals could be observed at all. The
ILs were chosen since the more hydrophobic IL [C,C Im]-
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[PF¢] exhibits a considerably lower surface tension
(43.4mN/m at 298 K)"*! than the more hydrophilic IL
[C,CIm][OAc] (47.1 mN/m at 298 K)*! Moreover, for
[C,C,Im][PF,] a widely inert character was expected, while
the basic character of [C,C,Im][OAc] increases the potential
for deprotonation of Cg, atoms of the [C,C,Im]* cation
forming acetic acid and the respective N-heterocyclic
carbene (NHC) capable of coordination.® An NHC-acetic
acid complex and acetic acid were detected in the gas-phase
over [C,CIm][OAc] by UPS and MS,*”! but the general
presence of NHCs in [OAc]-based ILs is still under
debate ¥

Indeed, our XPS investigations indicated a different
chemical behavior of 6 in the two ILs: While in [C,C,Im]-
[PF¢], the complex was found chemically intact, the measure-
ments of a [C,C,Im][OAc] solution indicated a second Ru
species formed by ligand substitution, possibly with the
coordinating [OAc]  anion or N-heterocyclic carbenes
generated in the IL (under vacuum). In the course of this
study, acetic acid vapor, which formed alongside the NHC
species, was detected over the neat IL and the catalyst
solution by QMS supporting the presence of NHCs in
solution, similar to the UPS and MS results by Holléczki
etal.’ Interestingly, this chemical alteration was not
observed for 7 in [C,C,Im][OAc] indicating that the
carboxylic acid groups prevented (partial) degradation of
the complex in the TL.[

For all solutions, the complex-specific signals showed a
strong decrease at 80° emission, which could not be
explained by a sole orientational effect but unambiguously
indicates depletion of 6 and 7 from the IL/vacuum
interface.® By contrast, the second Ru species found for
the solution of 6 in [C,C,Im][OAc] showed no angular
dependency, indicating a different interfacial behavior of
this species due to the different ligand spheres formed in the
solution.[*

Since overall the non-functionalized and COOH/COO"-
functionalized polypyridyl ligands of 6 and 7, respectively,
did not induce surface enrichment but rather depletion of
the complexes from the surface, we conducted a systematic
study on a second set of polypyridyl complexes 8-11, where
the ligands were functionalized with different side chains to
achieve surface segregation.l” Owing to the environmental
and toxicologic concerns of per- and polyfluoroalkyl sub-
stance (PFAS)-based side chains,”*'™! as used above to
facilitate surface enrichment of 5, and the proposed ban of
such substances on the European Union level, we consid-
ered only non-fluorinated modifications.®

In complexes 8-11, all coordination sites are occupied by
bpy ligands: Two were functionalized with carboxylate
groups (dcbNa) introducing charges for satisfying solubil-
ities, and one bpy ligand was modified with two C, (in
complex 8), C; (9), ethoxy (OC,, 10) or tert-butyl (t-C,, 11)
groups, acting as the potentially surface-active moieties.
Using long C, alkyl chains for surface enrichment was
inspired by a previously published study on a Ru complex
with a trioctylphosphine (C; chains) and a para-cymene
ligand showing strong enrichment in [C,C,Im][Tf,N] at the
IL/vacuum interface, as was derived from XPS, reactive-
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atom scattering (RAS) and time-of-flight secondary ion
mass spectrometry (TOF-SIMS).'"! However, the authors
studied only one complex, and the solution showed a
surface-active polysiloxane contamination, which might have
influenced the enrichment effect.'”"! Metallosurfactant-like
complexes were also investigated in aqueous solution,
showing enrichment with a special focus on structural
properties at the water/air interface and shapes of
micelles.['%1%)

1% e solutions of 8-11 in [C,C,Im][OAc] visibly dis-
played full dissolution of the complexes and are discussed in
the following to systematically compare the interfacial
behavior of the attached organic groups. Figure 9a depicts
C1s/Ru3d and N 1s XP spectra of the solution of 8. Very
intense Ru 3ds;, and N, signals were detected at 280.9 and
400.0 eV, respectively, which are at similar binding energies
as found for Ru catalyst solutions discussed above.[**®! The
Ru 3ds,, signal corresponded to only one Ru species (see
inset for 5x enhanced signal), ruling out a chemical
alteration in solution as observed for the solution of 6 in
[C,CIm][OAc]; also, the Ru3d:N,, ratio excellently
matched the stoichiometry of the complex confirming
stability in solution.”* Both the Ru3ds, and the Ny,
signals showed a largely enhanced intensity at 0° and 80°
compared to the nominal composition, which was immedi-
ately indicative of pronounced enrichment at the IL/vacuum
interface.™ The Cay signal, which contains contributions
from the IL and the ligand system of 8, showed an immense
increase at 80°, while the Ru3ds, and N, signals only
slightly increased revealing the C, chains as the surface-
active moieties terminating the surface.[! According to the
strong enrichment of 8, the solvent IL was found depleted,
as is evident from the Ny, signal showing a much lower than
nominal intensity at 0° and a further strong decrease at 80°.
Overall, these results for the Ru complex 8 with two
fluorine-free alkyl chains were in analogy to the buoy-like
enrichment encountered for Pt complex 5 with its PFA-
based side chains, and thus provide an interesting and
environmentally less concerning alternative to these
systems.*

Notably, this fluorine-free buoy effect was not detected
for equivalent 1 %,,, solutions of the complexes 9-11 with-
out long alkyl chains shown in Figures 9b--d."! The com-
plex-specific Ru3ds, and N, signals showed intensities
barely discriminable from the background, and the spectra
resemble findings discussed for solutions of complexes 6 and
7, suggesting depletion from the IL/vacuum interface also
for 9-11 in [C,C,Im][OAc]. These results thus revealed that
the C,_, OC, or t-C,-modified bpy ligands were unsuitable
for inducing surface enrichment of the complexes in this
IL.®

Bis(NHC) Catalyst

Inspired by the strong enrichment of 8 in [C,C,Im][OACc],
which was achieved through functionalization of the bpy
ligands with C, chains, we synthesized a Pt complex carrying
two NHC ligands modified with a Cg chain, and character-
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Figure 9. C 1s/Ru 3d and N 1s XP spectra of 1%, solutions of a) 8, b) 9, c) 10, and d) 11 in [C,C,Im][OAc] in 0° (black) and 80° emission (red).
Upscaled Ru 3ds, signals (x5) are depicted in the insets. All spectra were recorded at room temperature. Adapted from Ref.®! under CC BY

license.

ized its interfacial behavior.”" This investigation intended to
provide a system suitable for hydrogenation reactions, which
remains a homogeneous catalyst under typical reaction
conditions, other than complexes 4 and 5, as discussed
above.” The NHC-ligands were also functionalized with a
mPEG; chain to ensure satisfying solubilities in PEG-
functionalized ILs, which have attracted significant attention
as solvents and electrolytes in the recent past.P*1%-1%I It hag
been shown that incorporating ether and ester functional-
ities into the molecular structure of ILs can result in an
enhanced biodegradability and lower toxicity,'”'""! and
interesting physiochemical properties, such as relatively low
viscosities.'"™"""!  Bis-PEG-ILs, including [(PEG,),Im]T,

Angew. Chem. Int. Ed. 2025, 64, €202422693 (17 of 26)

which was one of the solvents used here, had been object of
recent ARXPS and PD investigations in our group.F¢712
These studies on the neat ILs revealed a preferential
termination of the IL/vacuum interface with the PEG-
functionalized chains.”%!"!

Figure 10a shows the Pt 4f, N 1s, C 1s and I 3d;, ARXP
spectra of a 1 %, solution of 12 in [(PEG,),Im] I. For clear
identification of the complex-related signals, we also show
the corresponding spectra of neat [(PEG,),Im]I in Fig-
ure 10b. The spin-orbit-resolved Pt 4fs, and 4f;, peaks of 12
were detected at 76.1 and 72.7 eV, respectively. Besides the
major Ny, signal at 401.7eV, a discernible low-binding
energy shoulder Nyyc was detected at 400.6 eV in the N 1s
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intensity expected for homogeneous distribution at the surface, that is, without surface enrichment of the comple, is indicated in a) (blue).

Reproduced from Ref.* under CC-BY-NC-ND license.

region, corresponding to the N atoms of the NHC ligands.

The excellent match of the Pt:Nyyc ratio of 1.0:4.3 derived
from the 0° spectra indicated the intactness of the Pt-NHC
coordination in solution.™ In the C 1s region, the C¢, atoms
of the IL and the coordinated Cyyc atoms of the NHC
ligands were treated as a joint signal, Ceynue, at 287.3 eV;
the Cieero atoms from 12 and the IL yielded a peak at
286.4 ¢V, and the C,, signal at 285.0 eV was only due to
the alkyl chains in 12.54

The 13ds, region is dominated by a major peak, Ij.., at
618.2 eV, which was also observed for the neat IL, and was
assigned to free I anions. The additional unexpected high-
binding energy shoulder at 619.4 eV, I, indicated a non-
innocent character of the IL by at least partial coordination
of I” anions to the Pt center, possibly by substituting a Cl
ligand.® The latter assumption was driven by a deficiency
of Cl ligands derived from the Pt:Cl ratio of only 1.0:1.3 at
0° (instead of nominally 1:2).”¥ However, NMR studies
revealed a Pt-containing byproduct from synthesis differing
from the stoichiometry of 12, which was not identified using
ARXPS but might have influenced the Pt:Cl ratio.” Syn-
thesis of an intensively cleaned batch without this second Pt
species resulted in a Pt:Cl ratio only slightly below the
nominal 1:2 ratio; this batch, however, was not suitable for
discussion of the surface composition due to a surface-active
Si contamination.” The non-innocent character of the I~ IL
was further underlined by the investigation of an equivalent
solution of 12 in [(PEG,),Im|[PF], which did not show any I
3ds, peak, and we thus excluded that the I, peak was due
to a contamination from synthesis.¥
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As was also observed for all the surface-active complexes
5 and 8, the complex-specific Pt 4f, Nyyc, and C,yy signals
showed much higher intensities at 0° than expected from the
nominal composition of the solution; the signals increased
even further at 80°, with the strongest increase observed for
the C,yy signal of the Cg chains; this observation unequiv-
ocally confirms the (PFA-free) buoy effect also for 12. As
evident from the Ny, and I signals, the solvent ions were
highly depleted from the surface. The strong enrichment of
the complex is also indicated in Figure 10a, where the
expected Pt 4f intensity (blue curve) is much lower than the
experimentally obtained one at 0° (black).® The PEG,
chains were found directed towards the bulk with no
presence to the outer surface, even though the surface
termination of such PEG chains in neat PEG-ILs indicated
moderate surface activity.’¥ The Cg chains, however, exhibit
a much stronger surface activity,* as was also observed in a
binary mixture of [(PEG,),Im]I and [CyC,Im][PF,], where
[CsC,Im]"* cations were found highly surface-enriched."?

Notably, in [(PEG,),Im][PF], 12 was found enriched to
a similar extent as in [(PEG,),Im]I, as deduced from the
almost identical XP spectra in Figures 10a and 70c.” This
observation is in line with the similar surface tension of the
two ILs (46.7 mN/m for [(mPEG,),Im]I and 45.6 mN/m for
[(mPEG,),Im][PF,], at 293 K);® the surface tension is
known to influence the local concentration of the catalyst at
the interface, as will be discussed below.[""]

The results reviewed up to this point provided informa-
tion on the chemical nature, orientation, and enrichment
effects of catalysts with different ligand systems, which had
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been chosen to enhance the catalyst concentration at the IL/
vacuum interface. Apart from structural features of the
ligands, surface enrichment effects are expected to be highly
affected also by the surroundings of the catalyst and external
conditions.F"*7%] Tn  the following chapters, we will
discuss the influence of the bulk concentration of the
catalyst, the sample temperature, and the IL solvent, mainly
along solutions of the surface-active complexes 5 and 8.

Influence of the Bulk Concentration

Owing to the excellent solubility of § in ILs, its interfacial
behavior was studied over a wide concentration range of 1-
30 %0 in [C4C,Im][PF;], which is the solvent used above for
demonstrating the buoy effect for 5.°**"! In Figure 11a, the
normalized Pt content is plotted (top) against the molar
concentration. The normalized Pt content is defined as the
detected Pt 4f signal intensity divided by the nominally
expected one; it thus is a measure of the surface enrichment:
A value of 1 (indicated by a grey dashed line) corresponds
to a situation with homogeneous distribution of the catalyst
in the bulk and at the surface, and random surface
orientations and configurations of the molecules.”” In
Figure 11a, both at 0° (black) and 80° emission (red), the
normalized content increased upon decreasing the bulk
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concentration of the catalyst, revealing the most pronounced
surface enrichment of the catalyst at the lowest
concentration.”” This result is greatly promising for
catalytic applications, where low catalyst concentrations are
practical, with the most efficient metal utilization using a
minimum of catalyst in the bulk at maximized surface
concentration. A similar trend, namely highest surface
enrichment at low concentrations, was found previously for
binary mixtures of the structurally related IL [PFC,C,Im]-
[PF,] mixed with [(C,0),Im][PF¢]*" or [C,C,Im][PF].*

Inspection of the absolute Pt4f intensities shown in
Figure 11a (bottom) provided more detailed insights into
the surface composition upon varying the catalyst
concentration.”>” While at 0° (black), the intensities
increased with increasing concentration according to the
higher bulk content of the catalyst up to 20 %, the 80°
intensities (red) only showed a strong initial increase from 1
to 5 %, but remain more or less on a steady level at higher
concentrations (note that the slight increase of the 80° data
going from 5 %, to higher concentrations was assigned to
the fact that the (small) bulk contribution to the 80° signal
bulk increases with increasing Pt content).’**” These results
suggested that the surface layer is already in the saturation
regime at 5%,, Wwhile a concentration of 1%y, is
insufficient to achieve saturation.”*”!
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Figure 11. Normalized contents (top) and total peak intensities (bottom) derived from metal signals of a) 5 in [C,C,Im][PF4], and b) 8 in
[C,C,Im][OAC], in 0° (black) and 80° emission (red) upon varying the catalyst bulk concentration. Adapted from Refs.?**”¢*! under CC-BY-NC-ND,

CC-BY-NC, and CC BY licenses.
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As is visible from Figure 11b, the variation of the
concentration of the PFA-free Ru complex 8 in [C,C,Im]-
[OACc] yielded a very similar behavior as found for 5 in
[C,CiIm][PF,]. For the Ru-based system, it was even
possible to study particularly low concentrations ranging
from 0.05 %o t0 1%y (mind the different concentration
and normalized content scales in Figures 11a and b):*! The
enrichment (normalized content) increased strongly upon
lowering the concentration (Figure 11b, top), and the
absolute Ru 3d intensities at 80° (Figure 11b, bottom, red)
showed a plateau starting at 0.5 %,,,, indicating saturation
of the surface with 8 already at 0.5 %, Which is much lower
than found for the Pt complex 5 (saturation at 5 %.,,). We
correlate this effect again with the surface tension of the
different solvents ([C,C,Im][PF¢]: 434 mN/m under
vacuum®! and [C,C,Im][OAc]: 47.1 mN/m; at 298 K),”
which has shown to substantially affect the surface affinity
of solutes in solution, as will be discussed later in this review.
However, the structure of the complexes could also contrib-
ute to the saturation concentration, influencing the packing
density of complexes at the IL/vacuum interface.*

The concentration-dependent enrichment effects ex-
tracted from XPS were also correlated to the surface tension
of the solutions, which was determined using the PD
method. Figure 12a depicts the obtained surface tensions for
solutions of 5 in [C,C,Im][PF,] with a catalyst concentration
between 0-10 %, at 298 K (black; left vertical axis) along
with the total Pt 4f peak area detected in XPS signals at 80°
(blue open squares, right vertical axis) against the molar
catalyst concentration.” Aside from the Pt4f signal, the
XPS data was now complemented with the Fg, (blue open
triangles) and C,, (blue open circles) signals.””! In
accordance with the Pt4f signal, these signals show an
increase and a decrease with increasing concentration,
respectively, until a plateau is reached at 5%y,; this
behavior again emphasized surface saturation with the Pt
complex at 5%, or higher.”>” The surface tension values
(black solid squares), however, showed a steady decrease
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with increasing concentration without displaying a plateau at
5 and 10%,,, even though XPS evidenced a similar
composition of the topmost surface layer.”*"! This behavior
was attributed to a significant change in cohesive forces
upon changing the catalyst concentration in the layers below
the topmost surface layer (in the bulk), which corresponds
to a change in surface tension and is also known for aqueous
surfactant solutions where the surface tension decreases
beyond saturation until the critical micelle concentration
was reached.™"! Even though the microscopic surface
composition of IL mixtures derived from ARXPS was nicely
correlated to surface tension data for IL mixtures in the
recent past,**"">""" 3 complete representation of the ARXPS
data with the surface tension was not achieved so far for the
system investigated herein.")

The Gibbs adsorption isotherm (see Equation 1), how-
ever, allows for analysis of the surface excess concentration,
which is the deviation of the number of surface-active
molecules within the surface plane from the number of
surface-active molecules nominally located within an equal
plane in the bulk. The surface excess concentration of dilute
solutions can be derived in a simplified form from the
concentration-dependent surface tension curve at a certain
temperature according to'"”

=1 ( dy x5 (dy
Fs=g7 (—dznxs)p, =RT (E ey

where 7’5 is the surface excess concentration of §, R is the
universal gas constant, 7 is the temperature, y is the
measured surface tension at a given temperature, and x; is
the molar bulk concentration of 5. The surface tension at
298 K vs molar concentration plot was fitted using a second-
order polynomial fit to calculate the surface excess concen-
tration given in Figure 12b. The surface excess concentration
rises with increasing concentration up to a plateau around
1.1-1.2x10"°* mol/m* (which corresponds to an area of
around 1.5-1.4 nm*molecule) starting at 5 %,,,, just like the
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Figure 12. a) Surface tension y at 298 K (black full squares, referring to left vertical axis) and total peak areas of the Pt 4f (blue open squares, x40),
Fcrc (blue open triangles) and C,, signals (blue open circles) in 80° emission at room temperature (referring to right vertical axis) of solutions of 5
in [C,C,Im][PF4] over a concentration range of 0~10%,,,,;; adapted from Ref.®*! under CC-BY-NC license. b) Surface excess concentration of 5 I's
calculated from the Gibbs adsorption isotherm vs the molar concentration of 5 x;.
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measured absolute intensity of the complex-specific Pt 4f
and Fcg, signals in XPS in Figure 12a. This finding empha-
sized the previously drawn conclusion of a saturated surface
starting at 5 %, while the saturation is not achieved at 3
and 1%.,,. These results signify that the surface excess
concentration can be nicely correlated to the surface
composition derived from XPS.

Influence of the Temperature

Since homogeneous catalysis can happen over a wide range
of temperatures, we also address the thermal behavior of
the local catalyst concentration at the surface.’™ The
thermal stability of § and the wide liquid window of the
respective [C,C,Im][PF;] solutions have proven highly
suitable for this intention.”™ In this chapter, we will first
discuss the results obtained from a 1%, solution corre-
sponding to a situation where the surface was not saturated
with the complex at room temperature (see previous
chapter), and thereafter compare to a solution within the
saturation range, that is, 5 % .
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Figure 13a depicts the normalized Pt and C,,, contents
recorded in 0° (black) and 80° (red) from a 1 %,,, solution
within a temperature range from 233 to 353 K. Both data
sets unambiguously reflected a decrease of the Pt content
upon raising the temperature, while the IL-specific C,yy
content increased.” These findings corresponded to a lower
degree of catalyst enrichment at the surface at higher
temperatures; subsequent recording of XP spectra at room
temperature after measurements at the temperature extrema
(open circles and triangles in Figure 13a) revealed reversi-
bility of the thermal effect.”” With this, the temperature
represents an interesting parameter for simple, sensitive,
and reversible adjustment of the surface catalyst concen-
tration. An according temperature dependence was reported
before for a binary mixture of the fluorinated IL
[PFC,C,Im][PF,] in [C,C,Im][PF;] and was assigned to the
larger contribution of the entropic term —TAS to the surface
free energy, favoring a less ordered, that is, a less catalyst-
enriched surface for the solutions./*

In contrast to the behavior observed for low concen-
trations, temperature-dependent measurements of a 5 %,
solution of 5 in [C,C,Im][PF] over a temperature range
from 213 to 313 K, shown in Figure 13b, revealed virtually
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Figure 13. Normalized contents derived from Pt 4f (top) and C,, (bottom) signals of a) a 1%,,, and b) a 5%, solution of 5 in [C,C;Im][PF] in 0°
(black squares) and 80° emission (red squares) at different temperatures. After measurements at the temperature extremes of the measurement
series, the sample was brought back to room temperature and measured again (open circles after cooling series and open triangles after heating

series). Adapted from Ref."* under CC-BY-NC license.
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constant normalized contents at all temperatures measured.
With this, no temperature effect was observed, and the
saturation of the surface with the complex was maintained
over the entire temperature range. It is worth noting that
the upper extreme of the temperature series was limited by
beam damage; it is well possible that at higher temperatures,
the surface saturation could have been disrupted by the
thermal effect observed for the 1 %, solution.>

Influence of the Solvent lonic Liquid

The final parameter affecting surface enrichment phenom-
ena discussed herein is the IL solvent. While the influence
of the IL on the electronic properties of organometallics was
addressed several times using XPS #4119 the different
interfacial composition in solutions of organometallic cata-
lysts when varying the solvent IL was, to the best of our
knowledge, only very recently investigated in our group.
Solutions of the surface-active catalyst 5§ have proven well-
applicable for this intention,® which will be discussed
primarily in this chapter besides complementary results from
solutions of 12.5*")

5 was prepared in [C,CIm]|[PF], [C,C,Im][PF],
[CsCIm][PF,], and [C,C,Im][Tf,N] and found completely
soluble in these ILs at all concentrations discussed in the
following. The [PFs]~ ILs only varied in their alkyl chain
length n of the [C,CiIm]" cation and, additionally,
[C,CiIm][Tf,N] was used to extract the influence of the
anion on the surface enrichment compared to [C,C,Im][PF;]
sharing the same cation. To broaden the dataset with
another anion, [C,C,Im]Cl was used as the solvent for only
the ligand [C;CNPFC,Im][PF,]; this system was compared
with the ligand in [C,C,Im][PFg], since preparation of 5 in
[C,C,Im]CI was not successful, as outlined above.*”

Pt4f and C1s XP spectra of 1%, solutions of 5§ in
[C,C,Im][PF] (black), [C,C,Im][PF,] (green), [CsC,Im][PF]
(blue) at 0° (left panel) and 80° (right panel) are depicted in
Figure 14a. For comparison, the Pt 4f spectra of a 1%,
solution of 5 in [C,C,Im][Tf,N] are also shown. In
the series of the [PF4] -based IL solutions, the Pt 4f signal of
5 showed a strong gradual decrease at 0° and 80° upon
increasing the C, chain length. This effect was also observed
for all other complex-specific signals (not shown), while the
IL-specific C,yy signals reflected an inverse trend, which is
most evident in the 80° spectra: the [C,C,Im][PF4] solution
showed only a minor C,, intensity, whereas in [C,C,Im]-
[PF4] values close to nominal were found and the [CyC,Im]-
[PF] solution showed a much higher intensity than expected
from the nominal composition.’”! Overall, these findings
displayed a decreasing degree of surface enrichment of § in
ILs with increasing C, chain length on the IL owing to its
higher surface affinity, facilitating competition of the IL for
presence at the surface. The Pt 4f intensity detected from
the [CsC,Im][PF,] solution was in line with the nominal
composition of the solution, demonstrating that the surface
affinity of 5 could even be suppressed to yield a homoge-
neous surface distribution by adequate choice of IL
solvent.!*”
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The comparison of the Pt 4f intensities detected for the
[C,CiIm][PF4] (green) and [C,C,Im][Tf,N] solu-
tions in Figure 14a immediately disclosed a much lower
signal for the [Tf,N]~ solution and, consequently, a strong
influence of the anion on the surface concentration of the
solute.! The intensities found for the [C,C,Im][Tf,N]
solution quantitatively conformed with homogeneous distri-
bution of 5 rather than surface enrichment, similar to
[CsC,Im][PF,]. This finding was also accompanied by a slight
increase of the C, signal at 80° for [C,C,Im][Tf,N] (not
shown), which is indicative of a larger presence of the alkyl
chains at the outer surface when compared to the solution of
[C,C,Im][PF4], where this signal showed a slight decrease at
80°.0" Also, for equimolar solutions of only the ligand
[C;CNPFC,Im][PF4] in [C,C,Im]CI and [C,C,Im][PF], the
effect of different anions on the surface composition was
successfully confirmed.®™ Even though the visible difference
in the XP spectra was much less obvious than found for the
solutions of 5 in [C,C,Im][Tf,N] and [C,C,Im][PF,] due to
the stronger surface affinity of 5 compared to the uncoordi-
nated ligand (see above), the ligand showed a higher
enrichment in [C,C;Im]Cl than in [C,C,Im][PF]."

Overall, for the 1%, solutions, the local concentration
of the catalyst at the surface was strongly influenced by the
length of the C, chain in the [C,C,Im]* cations and the
nature of the anion.” These structural features translate
into different interfacial behavior, which is related to differ-
ent surface tension values of the neat ILs."""! The differences
in surface tension of the employed ILs are visualized in
Figure 14b, depicting the temperature-dependent surface
tension curves of the neat ILs measured under ultraclean
high vacuum conditions.*®"""2' The surface tension de-
creases upon increasing the C, chain length of the [C,C,Im]-
[PF¢] ILs, and regarding the variation of anions, the surface
tension decreases in the order Cl™ > [PF4]™ > [Tf,N]~ for the
[C,CiIm]* ILs. The Pt4f intensity detected for solutions
with different ILs and concentrations was thus plotted
against the surface tension values y of the neat ILs at 298 K,
as shown in Figure 14c. The higher surface enrichment of §
(evident from higher Pt 4f intensity at both 0° and 80°) with
decreasing C, chain length discussed above for the 1%,
solutions of the [PF,]~ ILs (full and open black squares)
excellently goes along with an increase in surface tension
when decreasing the C, chain length. This was assigned to
the most effective lowering in surface free energy upon
accumulation of the surface-active complex 5 at the IL/
vacuum interface when the surface tension of the IL is
high.® The surface tension values of [CyC,Im][PF,] and
[C,C/Im][Tf,N] were even low enough to facilitate homoge-
neous distribution, as discussed above.) The effects
observed for the ligand-only solutions of [C,C,Im]Cl and
[C,C,Im][PF] support the found impact of the IL’s surface
tension on the magnitude of enrichment of the solute with a
much higher surface tension of 49.9mN/m for neat
[C4,CiIm]CI than that of 43.4 mN/m for neat [C,C,Im][PF],
at 298 K.

At higher concentrations, the solutions of 5§ exhibited a
different behavior. In contrast to the 1%,, solutions,
10 % Of 5 in the [PF¢]™ ILs resulted in a nearly constant
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Figure 14. a) Pt 4f (top) and C 1s (bottom) XP spectra of 1%, solutions of 5 in [C,C,Im][PF,] (black), [C,C,Im][PF,] (green) and [CsC,Im][PF]
(blue) in 0° (left) and 80° emission (right) at room temperature and Pt 4f spectrum of a 1%, solution of 5 in [C,C;Im][Tf,N] , b)
temperature-dependent surface tension y of neat [C,C,Im][PF¢] (black), [C,C,Im][PF4] (green), [CsC,Im][PF4] (blue), [C,C,Im][Tf,N] and

[C,CyIm]CI (red), the
(black), 710%,,i (blue) and 20%,,,

dashed line corresponds to 298 K, c) absolute Pt 4f intensity from solutions of 5 in the ILs with concentrations of 1%,
in 0° (full symbols) and 80° emission (open symbols) against the surface tension y of the neat ILs at

298 K. Note that for 1%, in [C,C,Im][Tf,N] and [C;C;Im][PF] the signals for 0° (full) and 80° (open) fall on top of each other. Adapted from Ref."

under CC BY license.

Pt 4f intensity at 0° and 80° (full and open blue squares in
Figure 14c). Since the 10 %, solution of 5 in [C,C,Im][PF]
the surface was found to be saturated with the complex, as
discussed above,”” this finding revealed surface saturation
also in [C,C,Im][PF,] and [C4C,Im][PF,].”"! Especially for
the solution of [C4C,Im][PF,], where no surface enrichment
of 5§ was found at 1%,,,, this finding was quite surprising;
apparently, a higher bulk concentration of 5 renders
accumulation of the complex at the interface more favor-
able, even to an extent where the surface is fully
saturated.'”) A different behavior was found for [C,C,Im]-
[T£,N], where at 10 %,, no enrichment was observed, but at
20 %o (full and open ). It was concluded

Angew. Chem. Int. Ed. 2025, 64, €202422693 (23 of 26)

that at 10 %, the particularly low surface tension of
[C,CiIm][Tf,N] prevented enrichment of 5, and only increas-
ing the concentration to 20 %, resulted in a situation where
surface enrichment is more favorable than homogeneous
distribution.

Conclusions

The present review summarized recent developments on
deliberately tailoring the interfacial behavior (along with
chemical aspects) of organometallic complexes in IL
solutions, which lays the basis for interface-enhanced
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catalysis. While the initial ligand systems investigated

provided a homogeneous distribution of the catalysts or

depletion from the interface, rational modifications of the

ligands with surface-active groups have shown to drastically

increase the local catalyst concentration at the interface.

With this as the basis, the interfacial catalyst concentration

was further fine-tuned by means of the bulk concentration,

the temperature, and the design of the solvent, in specific,

by tailoring its surface tension. According to the herein

presented studies, a recipe for maximum surface enrichment

of a catalyst would include

I) attaching surface-active groups to the ligand system
acting like buoys to render surface activity, e.g.
fluorinated alkyl chains or long, non-fluorinated alkyl
chains

II) attaching more than one buoy to achieve more
pronounced surface enrichment in a (surface) chelate-
like behavior

IIT) using a low bulk concentration

IV) applying a low temperature

V) choosing a solvent with high surface tension (such that
the ligand-induced decrease in surface tension of the
solution is large)

First experiments on the concept of interface-enhanced
catalysts by deliberate surface enrichment of organometallic
catalysts turned out to be promising since using a surface-
active catalyst has provided an activity twice as large as for a
homogeneously distributed analog. Future perspectives will
therefore be focused on elaborating this concept with more
relevant complexes, which remain homogeneous catalysts
under catalytic conditions, for more relevant conversions
and higher surface areas, such as in SILP catalysis. Also, the
nature of the gas atmosphere on surface enrichment
phenomena is expected to have a significant influence.
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