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lonic liquids (ILs) serve as highly effective thin-film coatings in supported ionic liquid phase (SILP) systems,
combining the molecular definition and high activity of homogeneous catalysts with the facile product
recovery and recyclability inherent in heterogeneous catalysts. This study investigates a SILP system
[Rh(acac)(CO),], 4,5-bis(diphenylphosphino)-9,9-
dimethyl-xanthene (xantphos, xp), 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyllimide [C4Cslm]

composed of acetylacetonato(dicarbonyl)rhodium()

[NTf,], and SiO,, which is active towards the hydroformylation of ethylene. We employ in situ infrared (IR)
spectroscopy and density functional theory (DFT) to analyze the interactions among the Rh complex, the
xantphos ligand, the IL, and the reactants (H,/CO). Surface-modified SILP wafers with improved reflectivity
and wettability allow for successful IR spectroscopic studies in reflection absorption mode. We identify an
extended network of Rh species in the SILP system including [Rh(acac)(CO)(xp)], [Rh(acac)(CO),(xp)] along
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with the expected hydride derivatives that form in the presence of a reactive gas atmosphere, and show
that the IL itself can actively coordinate under the reaction conditions and participate in formation of key
DOI- 10.1039/d5cy01282a intermediates. Among others, the anion can stabilize species such as [HRh(NTf,)(CO)(xp)]” and the cation
might form NHC-based derivatives, such as [Rh(CO)(nhc)(xp)l*, which form at higher temperatures and

rsc.li/catalysis might persist during cooling.
homogeneous catalysts, such as molecular control and high
activity, with those of heterogeneous catalysts, including easy

1. Introduction

(cc)

For decades, ionic liquids (ILs) have been used as thin film
coatings in various catalytic applications. The supported ionic
liquid phase (SILP) concept, introduced by Mehnert et al'
and Riisager et al.,>* involves dissolving a catalytically active
transition metal complex in the IL, which is then
immobilized as a thin film on an (oxidic) support with a large
surface area. This approach combines the benefits of
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product recovery and recyclability of the catalyst.*”

In this context, ILs offer several advantages over
traditional solvents such as water® and/or organic
solvents.>® They show negligible vapor pressure and high
thermal stability, making them suitable for commercial gas-
phase reactions. Additionally, their solvent properties can be
tailored through molecular design and a wide variety of
possible  anion/cation  combinations."”™ A notable
application of SILP systems in (commercial) catalysis is in
hydroformylation (see eqn (1)), especially with Rh-based
precursors such as [Rh(acac)(CO),], which are often
combined with (bidentate) phosphine ligands (P,), and SiO,
supports.”

/ \AO (1)

+ CO+ H, -
We recently demonstrated that the IL phase directly affects
the catalytic performance of a SILP system. Under
hydrogenation conditions, the IL stabilizes the molecular
catalyst complexes, inhibiting decomposition.'” In catalysts
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optimized for the water gas shift reaction, the IL phase
modifies the speciation of a (freshly prepared) SILP through
ligand exchange reactions'® and enhances catalytic activity by
stabilizing transition states via intermolecular interactions.'*

To observe and understand such effects, it is crucial to
employ in situ or operando techniques that provide high
sensitivity to changes in the ligand sphere of the transition
metal complex. In this context, the investigation of SILP
systems using infrared reflection absorption spectroscopy
(IRAS) offers clear advantages over the conventional diffuse
reflection mode (DRIFTS). Moreover, IRAS is capable to reveal
orientation effects'>™"” and reduce gas phase bands through
polarization modulation. In order to use this technique, it is
however essential to prepare the SILP systems on a flat and
highly reflective metal surface.

In this work, we explore a SILP system based on
acetylacetonato(dicarbonyl)rhodium(x) [Rh(acac)(CO),],
4,5-bis(diphenylphosphino)-9,9-dimethyl-xanthene (xantphos,
xp), 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide [C,C,Im][NTf,], and SiO, that is active towards
ethylene hydroformylation. Importantly, this system has been
previously shown to be resistant to the formation of
nanoparticles from the molecular Rh complex, which is due
to the stabilization of the molecular complex by the xantphos
ligand.'* We combine IR spectroscopy in transmission (TIRS)
and IRAS mode with density function theory (DFT)
calculations and identify the most prominent Rh complexes
at different SILP compositions and varying experimental
conditions. To accurately perform the experiments, we
develop special SILP wafers for temperature-dependent IRAS
measurements, which ensure good reflectivity and prevent
dewetting of the IL films, thus leading to spectral stability
during heating.

With this approach, we study the speciation in the as-
prepared SILP catalyst in detail and monitor the formation of
the catalytically active hydride species and corresponding
intermediates in situ. Notably, our work provides evidence for
the formation of an extended network of Rh complexes and
identifies stabilizing effects of the xantphos and [NTf,]
ligands.

2. Experimental part
2.1. Preparation of SILP catalyst and reactor experiments

Catalyst synthesis involved the calcination of 5.00 g of silica
gel with 150 A pore size specification (315-500 um particle
size) at 600 °C for 8 h. The silica support was weighed into a
Schlenk flask and 2.162 g of [C,C,Im][NTf,] was added. The
Schlenk flask was then evacuated, flushed multiple times
with Ar and placed inside an Ar-inertized glove box (Vacuum
Atmospheres Company, model: OMNI-LAB). Inside the glove
box, we added 0.0243 g of [Rh(acac)(CO),] and 0.219 g of
xantphos. Around 15 ml of anhydrous dichloromethane
(DCM) was used as a solvent and added to the Schlenk flask
inside a fume hood. A Schlenk line was used to ensure O,-
free atmosphere in the flask. Then, an Ar-inertized rotary
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evaporator was used to thoroughly mix all the components
before the solvent was removed at 40 °C and 800 mbar for 1
h. The Schlenk flask was again flushed with Ar and stored
inside the glove box This leads to a volumetric pore filling
degree oy, = 0.3 according to eqn (2).

(2)

The molar ratio of xantphos to [Rh(acac)(CO),] was 4:1 and
the metal loading was 0.002 ggp Zsilica - Detailed information
on all reagents can be found in the SI Table S1.

Hydroformylation of ethylene was carried out in the
gradient-free gas-recycle Berty reactor. The Berty reactor
consists of a round, stainless-steel casing, inside of which is
a round catalyst basket (see Fig. 1a). The gas inlet is located
right below the catalyst basket and the turbine that
continuously stirs the gas mixture is directly above it (see
Fig. 1b)."® Rotation of the turbine at >5000 rounds per
minute ensures fully backmixed behaviour. Glass wool was
placed in the catalyst basket and 1.00 g of the prepared
catalyst was deposited from the top followed by another layer
of glass wool (see Fig. 1c). A steel wire mesh was placed
below and above the glass wool to keep the catalyst in place.
The catalyst basket was then placed inside the reactor and
quickly purged with helium. The reactor was then sealed,
and a leak test was carried out with helium (12 bar).

The feed gas flow rates and temperature ramp were set
using FlexLab software. The product gas stream was analyzed
using gas chromatography (GC, Varian 3900) with a flame
ionization (FID) detector and a PoraPLOT Q-HAT column (30
m x 0.32 mm). The conversion X and turnover frequency
(TOF) were calculated as per the eqn (3)-(5) based on the
peak areas obtained from the GC signals and the flowrates.
The peak area corresponding to each component in the
product stream was identified and divided by the response
factor to obtain the conversion.’® The amount of Rh (7cay),
was calculated by dividing the mass of Rh precursor,
[Rh(acac)(CO),], added to the catalyst by its molar mass
(258.03 g mol™).

Agthene
CEthene 2
X=1- —1- 3
CEthene,0 Agthene  AEthane +APropanal ﬁ ( )
2 2 3 6
. pv 1 bar 15 ml, min™* o
n T RT 60 min h
Ethene,0 RT 8.314] mol—l K 29215 K

=0.03705 mol h™* @
TOF — X/tEtheneo )

Neat
2.2. Transmission infrared spectroscopy (TIRS)

TIR spectra were recorded using an ALPHA II compact FT-IR
spectrometer (Bruker) in combination with a TIRS module, a
KBr beam splitter and DLaTGS detector. We first recorded a

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cy01282a

Open Access Article. Published on 24 March 2026. Downloaded on 4/15/2026 3:50:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Catalysis Science & Technology

spectrum of pure DCM in a liquid transmission cell (Pike)
as background (256 scans). Subsequently, we analyzed DCM
solutions of the pristine SILP components ([Rh(acac)(CO),],
xantphos, [C,C,Im][NTf,]) as well as their mixtures. More
detailed information eg  concerning the respective
concentrations can be found in the SI Table S2. Sample
spectra were recorded with 28 scans per spectrum, resulting
in an acquisition time of 57 s per spectrum. For all spectra,
we applied a resolution of 2 em™ and a scanner velocity of
40 kHz.

2.3. Infrared reflection absorption spectroscopy (IRAS)

We performed all temperature-programmed (TP-)IRAS
experiment using a Vertex 80v spectrometer (Bruker). The
spectrometer is equipped with a KBr beam splitter and a
liquid N,-cooled HgCdTe-detector. IRAS spectra were
acquired continuously (resolution = 2 em™; acquisition time
= 1 min). The IRAS reactor is connected externally to the
spectrometer and features all electrical and gas dosing
connections required. Please note that the complete beam
path remains evacuated during the measurement which
results in a high stability of the system. The samples are
placed on a Ta sample holder inside of the IRAS reactor. The
Ta holder includes a SiC plate on the bottom of the sample
holder which is in direct contact with the sample. A glass
fibre cable focusses the heating laser (980 nm, 140 W Nd:
YAG IR laser diode, JOLD-140-CPXF-2P-W, Jenoptik) through
the bottom window (Suprasil 3001, Korth) onto the SiC plate,

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Berty reactor setup: a) Berty reactor with part of the gas feed system, b) schematic cross section of the Berty reactor,’® c) catalyst basket
with its internal casing.

thus providing efficient heating of the sample. To read the
temperature, a type K thermocouple is in direct contact with
the sample. Finally, the stainless-steel IRAS reactor is water-
cooled to compensate for the indirect heating of the reactor
housing.

An elaborate gas system is connected to IRAS reactor, gas
dosing is controlled by five mass flow controllers (MFCs, all
from Bronkhorst). The combination of different types of
MFCs allows to control the gas flow precisely up to 20 mLy
min~. H, (Linde, >99.999%), Ar (Linde, >99.999%), CO
(Linde, >99.997%), and ethylene (Linde, minican, >99.5%)
were used within this work. Further purification of the CO
gas stream was achieved by passing through a consecutive
carbonyl trap (Gaskleen II Purifier from Pall Corporation).

Before the IRAS measurements, the IL solutions was all
freshly prepared, the detailed components can be found in SI
Table S3.

Fig. 2 illustrates the preparation of the SILP wafer in the
reactor. Initially, we place a customized SiO, beads wafer (see
below) into the IRAS chamber in Ar atmosphere (1 bar, 3.57
mL min~"). Next, we applied 20 pL of the respective DCM
solution on the center of the wafer using a GC injector (see
Fig. 2a). Subsequently, apply the reactant gas mixture at 1 bar
(see Fig. 2b) and continuously heat the sample from 30 °C to
200 °C at a rate of 2 K min™* using a fully automatized
procedure (see Fig. 2c, for details on the heating ramp and
applied gas atmosphere see SI, Fig. S1). After the completion
of the heating ramp, the reactor cell was cooled down, shortly
evacuated to remove all the gas in the system, and then
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Fig. 2 Preparation of SILP wafer TP-IRAS measurement: a) application of IL solution on SiO, bead wafers, b) introduction of reaction atmosphere,

c) laser heating of the sample and performance of TP-IRAS procedure.

purged with 1 bar Ar (3.57 mL min™"). We apply a fresh SiO,
beads wafer for each IRAS experiment.

2.4. Preparation and characterization of SiO, beads wafers

Silicon wafers (P/Bor, <100>, SSP, 675 + 25 um, CZ, 150 = 5
mm, 1-100 Ohm cm™, Active Business Company, Germany)
with a native SiO, layer of about 2 nm were cleaned with
ethanol, dried under N, and cut into pieces of 1 x 1 cm in
size. The wafers were coated with a 100 nm thick Au layer
(HMW Hauner, 99.99%, <3 mm granulate) using a custom-
built thermal evaporator (Torr International Inc, THE3-KW).
The samples were exposed to an O, plasma (Femto, Diener
Electronics, 100 W, 10 min, 5 sccm oxygen) and immersed
into an aqueous 0.1 wt% solution of LudoxTM (particle size
22 nm, Sigma Aldrich) particles for 5 min. Upon drying via
evaporation of water, a layer of particles was deposited onto
the substrate. The samples were analyzed by contact angle
measurement (droplet volume: H,O 2.5 pL and [C,C;Im]
[NTf,] 2 pL, Drop Shape Analyzer DSA25E, Kriiss Germany)
and scanning electron microscopy (SEM, GeminiSEM 500,
Zeiss Germany) and stored under ambient conditions. For
the sessile drop measurements, ultrapure H,O and [C,C;Im]
[NTf,] were applied. Before deposition onto these customized
substrates, the IL was dried in vacuo for 24 h.

2.5. Density functional theory calculations

Geometry optimizations were performed with Gaussian16 at the
BP86-D3 (ref. 20-23) level of theory in combination with the
def2-TZVP** basis set. All stationary points were fully
characterized as minima (only positive eigenvalues). A Gaussian
broadening of 10 em™ and a scaling factor of 1.012 (see ref. 25)
was applied to all visualized DFT-computed IR spectra. This
leads to an excellent agreement between the experimental and
DFT-computed spectra (see Fig. S2). To account for the flexible
nature of the species involved, we performed initially a
conformational sampling at the GFN2-xTB level of theory with
the CREST (2. 12) program system.>**” Constraints were used to
avoid ligand dissociation and to ensure appropriate sampling of
the isomers in the gas phase. Identified minimum energy

Catal. Sci. Technol.

conformers of each isomer were subsequently optimized at the
DFT level of theory. In order to test whether the addition of
diffuse functions would influence the prediction of IR spectra,
we performed additional calculations with the ma-def2-TZVP
basis set on a subset of the anionic species. The addition of
diffuse functions did not influence the resulting IR spectra and
in order to reduce the calculational overhead, we, therefore, did
not include diffuse functions in the calculations of the IR
spectra. In order to obtain energy profiles of key steps along the
reaction mechanism, the involved structures were reoptimized
with the SMD-GIL*® solvation model for [C4C;Im][NTf,] at the
RI-BP86-D3/def2-TZVP level including diffuse functions from the
ma-def2-TZVP basis set> on the phosphor atoms of xantphos,
rhodium and all atoms of the other ligands, hereafter for
convenience simply referred to as ma-def2-TZVPP. All transition
structures were obtained by means of climbing-image nudged-
elasticcband  calculations as implemented in Orca.*
Thermochemical corrections to the electronic energy were
computed at the same level of theory utilizing the standard
formalism. Domain based local pair natural orbit (DLPNO)-
CCSD(T)/ma-def2-TZVPP  single point calculations were
performed with ORCA utilizing automatically generated auxiliary
basis sets and tight PNO settings.*" The RI[JCOSX formalism was
applied to speed up the SCF calculations.** Computed multi-
reference diagnostics for the species involved were found to be
in the acceptable range for transition metal complexes (see SI
Table $4)***** and are similar in magnitude to previous works on
transition metal catalyzed reactions.'**>*® Additional single
point calculations at the ©®B97M-V/ma-def2-TZVPP” level of
theory were conducted without RI approximations.

3. Results and discussion
3.1. Evaluation of catalysts performance

We studied the hydroformylation of ethylene between 80 and
100 °C in a gradient-free Berty reactor, which provides highly
reproducible results for these studies (see SI Fig. S3). We use
SILP catalysts consisting of [Rh(acac)(CO),] + xantphos/[C,C{Im]
[NTf,]/SiO, with 0.2 wt% Rh loading and a Rh: xantphos ratio of
1:4 to overcompensate for potential interactions between

This journal is © The Royal Society of Chemistry 2026
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xantphos and SiO,.*® Furthermore, we apply an IL loading
oq, = 30% to ensure complete wetting of the surface of the
SiO, support with the SILP phase.”® Fig. 3a shows the
conversion and turnover frequency at each temperature. The
average conversion of ethylene is 1.6% (80 °C), 4.3% (90
°C), and 12.0% (100 ©°C) in the examined temperature
windows, respectively. This indicates that the catalyst is
already slightly active at 80 °C with a more pronounced
increase in ethylene conversion above 90 °C. The apparent
activation energy calculated from these temperatures was
107 kJ mol™" (see Fig. 3b). The calculated apparent
activation energy is of the same magnitude as in studies
from Qi et al, who reported an apparent activation energy
of 90 k] mol™" for bimetallic Rh-Co-catalyzed ethylene
hydroformylation.”” These results confirm that this system
maintains steady-state conversion of ethylene without any
signs of degradation of the molecular Rh complex.
Therefore, we apply the same catalyst composition with an
identical ratio of [Rh(acac)(CO),]: xanthpos:[C,C,Im][NTf,] in
our TP-IRAS studies.

3.2. Speciation of the Rh complex in the as-prepared IL phase

In order to understand transformations of the Rh complex
under reaction conditions, we first need to analyze in detail
the molecular interactions between the SILP components: the
catalyst precursor [Rh(acac)(CO),], the stabilizing xanthpos
ligand, and [C,C{Im][NTf,]. This includes, in particular,
changes in the ligand sphere of the active Rh metal that
already arise during preparation of the SILP.

To this aim, we recorded reference spectra for the
individual SILP components and their mixtures in TIRS
mode. Please note that we reduced the amount of [C,C;Im]
[NTf,] as compared to the SILP used in the Berty reactor

80°C 90 °C 100 °C
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experiment to prevent total absorption of the IL bands in the
IR spectra. To investigate the effect of varying the IL content,
we examined two mixtures of [Rh(acac)(CO),] with [C,C;Im]
[NTf,] in molar ratios of 1:10 and 1:25. Fig. 4 shows the
resulting spectra. In Fig. 4a, we identify characteristic IR
bands of the individual components. The IL cation [C,C,Im]"
shows a band at 1422 em™ from §(CH,), while the [NTf,]”
anion has several, more pronounced bands: 1350 cm™
(1(SO,)s + V(CF3)s), 1197 em™ (W(CS) + V(CF;)s), 1137 cm™
(W(CF3)as + V(SO,)s), and 1059 cm™ (V(SNS),s + V(CF;)s +
v(SO,)).*"** For [Rh(acac)(CO),] (1), the TIR spectrum shows
two pairs of peaks. The bands at 2083 and 2011 cm™
corresponds to the v(CO) vibrations from the two CO ligands
(highlighted in blue). The second pair at 1568 and 1526 cm™*
relates to v(acacng) and ¥(CCC) vibrations of the acac ligand.
The sharp peak around 1403 cm™ is due to the P-phenyl
vibration in xantphos.*> Note that the sharp feature at 1270
em™ results from total absorption of the DCM solvent and
has been greyed out in the spectra to facilitate the
discussion. The experimental and DFT-computed spectra of
xantphos and [Rh(acac)(CO),] (1) are in excellent agreement
as shown in Fig. S2.

Next, we evaluate the spectra of the mixtures shown in
Fig. 4b. The spectrum of the solution of [C,C;Im][NTf,] +
xantphos is a simple combination of the bands of the
individual components suggesting that no chemical
interactions between both species occur. In all mixtures
containing [Rh(acac)(CO),], however, we see changes in the
peak intensities and the appearance of new peaks. This
suggests that the chemical state of the Rh precursor
changes when the SILP system is prepared. We summarize
all newly observed bands, their proposed assignment, and

comparison with the respective DFT-derived bands in
Table 1.
b)60 " 1 " 1 " 1
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Fig. 3 Hydroformylation of ethylene in a Berty reactor using a SILP catalyst consisting of [Rh(acac)(CO),]: xantphos in a ratio of 1:4 dissolved in
[C4C4IM]INTf,] and supported on silica 150, particle size 350-500 um, IL loading ¢ = 30%. a): Ethylene conversion (black diamonds) and turnover
frequency (TOF, green squares) at 80, 90, and 100 °C; b): corresponding Arrhenius plot. Reaction conditions: 1.0 g catalyst, 0.2 wt% Rh, T = 80-
100 °C, p = 1.1 MPa, 15 mly min™* C,Ha4, 30 mly min™* H,, 30 mly min™ CO, average residence time 185 s.
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Fig. 4 Speciation in the SILP: TIR spectra for a) [Rh(acac)(CO),],
[C4C1IM]INTf,] and xantphos (xp) and b) their mixtures measured under
ambient conditions in DCM (refer to Table S2 in Sl for the preparation
of the respective solutions); c) proposed network of ligand exchange
reactions. d) Alternative formation of NHC complexes following an
oxidative addition of [C4Cylm]*.

In the [C,C,Im][NTf,] + [Rh(acac)(CO),] solution, the
characteristic peaks of the CO (2083/2011 cm™') and acac
(1568/1526 c¢cm™) ligands are smaller as compared to the
spectrum of pure [Rh(acac)(CO),]. Concerning the ratio of
carbonyl band intensities, we observe a slight increase of the
band at 2011 cm ™. In addition, a new peak appears at 1962
em™ at a higher IL content. Based on DFT calculations, we
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assign this band to the anionic complex [Rh(acac)(NTf,)
(CO)]” (8), which is formed by a ligand exchange between CO
and [NTf,] . Furthermore, the spectrum shows a shoulder at
2034 cm™" (see Fig. S4 in SI for better visualization) which we
attribute to the formation to [Rh(NTf,)(CO),] (7). The
observed band position aligns best with a ¢rans isomer (7c, A
= -15 ecm™"), while the computed thermochemistry favours
the cis, kN isomer (7a), which is predicted to show an
additional weaker band at higher wavenumber that could
indeed be hidden by the bands of [Rh(acac)(CO),] (1). In our
previous studies, we observed similar ligand exchange
reactions between CO and other IL anions such as CI"."?
However, the current data suggest that [NTf,] is not only
able to replace CO, but also the bidentate acac ligand to a
lesser extent. This highlights that the IL is not only an
“innocent” solvent but actively influences the speciation of
the molecular Rh complex. The increase in peak intensity at
higher IL:Rh ratio indicates that the amount of the majority
species [Rh(acac)(NTf,)(CO)] (8) increases when more [NTf,]
ligands are available. Furthermore, the presence of charged
species in the local environment of the intact [Rh(acac)(CO),]
(1) may induce slight geometric changes to the complex (e.g.
change in bond angles) that in turn can result in changes of
the CO band intensities. We additionally evaluated the
possible formation of n-heterocyclic carbene (NHC)
complexes from the [C,C;Im]" cation as suggested by
Nolan,***> however, we find only a poor fit with the
experimental data (see Table S8 in SI). Indeed, carbene
formation in deuterated [C,C,Im][NTf,] ILs under similar
conditions has been investigated in the past by Scholten and
Dupont.*® They observed only transient carbene formation
and only in presence of the phosphine. They showed that
presence of some amounts of MeOH, serving as a weak base,
significantly increases the carbene formation. However, their
work highlights that the precursor [Rh(acac)(CO),] alone did
not form carbenes even in the presence of a weak base. This
indicates that in situ carbene formation from [C,CiIm]"
affords a metal complex with either xantphos or other
phosphine-based ligands and might follow an oxidative
addition reaction.”” Our results show that the ligand
exchange takes place in a dynamic equilibrium and is
enhanced at higher concentrations of [C,C;Im][NTf,], which
is particularly true for the real SILP material.

The spectrum of the mixed solution of xantphos and
[Rh(acac)(CO),] does not show the characteristic CO peaks of
[Rh(acac)(CO),] (1) and the acac bands are largely suppressed.
In addition, a new, intense band appears at 1965 cm™!, which
is assigned to [Rh(acac)(CO)(xp)] (3). Furthermore, this peak,
together with the smaller signal at 2035 cm™' indicates a
small amount of [Rh(acac)(CO),(xp)] (¢trig. bipy.) (2a). The
corresponding changes in the bands of the acac ligand
confirm both assignments (see SI Fig. S6 and Table S6). Note
that in both species, xantphos coordinates in monodentate
binding mode, similar to other phosphine species.*® In
general, xantphos is regarded as a structurally versatile ligand
with report of mono-, bi-, and even tridentate complexes

This journal is © The Royal Society of Chemistry 2026
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Table 1 Peak assignment via DFT, all wavenumbers in cm™, for more detailed data on different isomers of species (7a-b), (9a-d) and (10a-b) see S|,

Tables S5 and S8

Nr. Species Vexp VDET VDFT ~ Vexp
1 [Rh(acac)(CO),] 2011 2021 (vs) 10
2083 A=72 2085 (vs) A=64 (-2)
2a [Rh(acac)(CO),(xp)] (trig. bipy.) 1965 1984 (vs) 19
2035 A=70 2040 (vs) A=56 5
2b [Rh(acac)(CO),(xp)] (sq. pyr.) 1930 1929 (vs) (-1)
1999 A=69 2000 (s A=71 1
3 [Rh(acac)(CO)(xp)] (sq. pyr.) 1965 1968 (vs) 33
4 Distal-[HRh(CO),(xp)] (ee) <1975 1949 (w) >(-26)
1990 A>15 1989 (vs) A =40 (-1)
<2075 A< 85 2059 (m) A=70 >(-16)
5 Distal-[HRh(CO)(xp)] (cis) 1975 1986 (vs) 11
6 Distal-[Rh(NTf,)(CO)(xp)]” (trans, kO) 1999 2000 (vs) 1
7a,c [Rh(NTf,),(CO),] 2034 2019/2018 (vs) (-15)/(-16)
~2083 A =49 2089 (vs) A =70/64 ~6
8 [Rh(acac)(NTf,)(CO)]” 1962-65 1978 (vs) 16-13
9a-d [HRh(NTE,)(CO)(xp)]” <1975 ~1941 (vs/w) >~(-34)
2016 A>41 2015/2028 (w) A =74-141 (-1)/12
&2075 &A > 100 &2063/2081 (w) &A =122-140 &(-12)/6
10a Distal{Rh(CO),(nhc)(xp)]" (eq) 1975 1976 (vs) 1
2016 A=41 2018 (vw) A =42 2
@Rh @P OH
@c @o
—- DLPNO-CCSD(T)
--wB97M-V
5
E
g
>
S \
L.‘)” ANG =12
< ) AA*G =1.0
2 e ‘
ﬁig - ; ? Wosbeco 7 D3arco
\\ 7’ —
—4 1 “H //,
————————————————————————————— _’,
AAG =-3.9 is0.
AAG = -4.8 (sq. planar) ¢=>» (qu. pyr.)

[Rh(acac)(CO),] | + xp

[Rh(acac)(CO),(xp)]
(trig. bipy.)

[Rh(acac)(CO)(xp)] | + CO

Fig. 5 Ab initio reaction profile of the formation of the catalyst precursors in [C4C4Im][NTf,] after mixing [Rh(acac)(CO),] and xantphos. Final
energies are computed with the ma-def2-TZVPP basis set as described in the method section. Thermal corrections to free energies were

computed at the BP86-D3/ma-def2-TZVP + SMD level of theory.

depending on the metal center and counter ligands.**>* Our
DFT and ab initio calculations reveal that the addition of
xantphos to [Rh(acac)(CO),] is an exothermic process with a
very low energy barrier of only +1.0 kcal mol™" (Fig. 5). The
following CO elimination is even more exothermic with a
similarly low energetic barrier of +2.0 kcal mol™'. According
to our calculations, the overall process to form [Rh(acac)(CO)
(xp)] (3) has a reaction energy of —4.0 to 5.0 kcal mol™". To
the best of our knowledge, the formation of possible
intermediates during the formation of [Rh(acac)(CO)(xp)] (3)
has not been studied before. Surprisingly, we observe
[Rh(acac)(CO),(xp)] (2) as a possible intermediate, which is

This journal is © The Royal Society of Chemistry 2026

thermodynamically favoured and might coexist as transient
species in the IL solution to some small extent. In the gas
phase, the formation of [Rh(acac)(CO),(xp)] (2) is slightly
endergonic, which showcases the stabilising effect of the IL
(see Fig. S23 in SI) in this process. Note that the resulting
complex [Rh(acac)(CO)(xp)] (3b) has a square planar geometry
but can be easily converted to the square pyramidal analogue
by coordination of xantphos' second leg to give the
experimentally observed complex [Rh(acac)(CO)(xp)] (3a).
Overall, energetics derived from DFT corroborate our
results from the TIRS spectra. Both indicate that [Rh(acac)
(CO),] (1) converts immediately upon addition of xantphos
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and [Rh(acac)(CO)(xp)] (3) becomes the majority species in
the solution in line with previous studies on xantphos-based
systems.>*>® The addition of [NTf,]” to [Rh(acac)(CO),] (1)
and subsequent elimination of CO to form [Rh(acac)(NTf,)
(CO)] (8) is, in contrast, estimated to be endothermic with a
reaction energy of +21.0 kcal mol™ at the ®B97M-V level of
theory (see SI Fig. S5). It is noteworthy that the final
energetics obtained at the DLPNO-CCSD(T) and ®B97M-V
level of theory are very close to each other. Therefore, we used
the ®B97M-V level of theory for all other calculations, as it is
known to perform well for transition metal complexes.””

The spectrum of the solution containing [Rh(acac)(CO),],
xantphos, and [C,C{Im][NTf,] shows two comparatively small
peaks at 1999 cm™ and 1965 cm ™" as well as a weak feature
at 1930 cm™. Since both [NTf,]” and xantphos are available
for ligand exchange reactions, we compared the DFT-derived
bands of the corresponding Rh complexes and found very
good agreement with several complexes. We assign the band
at 1999 cm™ to [Rh(NTf,)(CO)(xp)]” (6) and [Rh(acac)
(CO),(xp)] (sq. pyr.) (2b), the latter also leading to the smaller
band at 1930 cm™. This would mean that the IL stabilizes a
different isomer of [Rh(acac)(CO),(xp)] (2), as it is the case
without IL. However, this is not strictly in line with the
computed enthalpies at the DFT level which still favour 2a in
solution (see Table S8 in SI). The band at 1965 cm™ is
assigned to [Rh(acac)(CO)(xp)] (3), however, it is likely that
[Rh(acac)(NTf,)(CO)]” (8) is also present, as observed in the
mixture of [Rh(acac)(CO),] and [C,C,Im][NTf,], which was
described previously. Due to dynamic nature of ligand
exchange reactions and the similar spectral characteristics of
the resulting complexes, it is strongly expected that several
species coexist in solution. Again, considering previous works
regarding the formation of NHC complexes in imidazolium
based ILs,*® we also investigated the possible formation of
carbenes derived from respective complexes involving
xantphos as a ligand. Particularly the complexes of type
distal-[Rh(CO)(nhc)(xp)]" (cis/trans) (S19) showed respective
peaks in the range 2000-2009 cm™', which could be in
agreement with the experimentally observed band at 1999
em™'. Assuming a simple oxidative addition reaction and
formation of acacH (Fig. 4d), we were also able to compute
the reaction energy of the formation of the NHC complexes,
which is exothermic and in the range of -19 to -24 kcal
mol™. Since NHC formation usually affords higher
temperatures”” or hydroformylation reaction conditions,*® it
is unlikely but cannot be fully excluded.

Our data shows that there are molecular interactions
between the components of the SILP catalyst that induce
changes in the speciation of the Rh complex. In addition to
the expected replacement of the acac ligand by xantphos, our
systematic experiments and DFT calculations show that
xantphos can also replace the more strongly bound CO
ligand.>®>° This ability extends to some extent to the IL anion
[NTf,]". As a result, DCM solutions of the SILP components
contain several Rh complexes that can dynamically
interconvert via ligand exchange reactions. The species
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identified in the DCM solution including [Rh(NTf,)(CO)(xp)]”
(6), [Rh(acac)(CO)(xp)] (2), [Rh(acac)(CO)(xp)] (3), and
[Rh(acac)(NTf,)(CO)]” (8) presumably also form during the
preparation of the SILP and are regarded as the new
precursor complexes for the catalytic process. These results
are supported by systematic experiments and extensive DFT
calculations, including calculations for relevant isomers.
Given the chemical similarity and possible interconversion of
species in SILP solutions, an unambiguous assignment of all
bands remains challenging, and a minor unidentified species
cannot be ruled out. The present analysis is our best
evidence-based interpretation to date, without a claim to
completeness.

To further investigate changes caused by reactants and
thermal treatment, we apply similar DCM solutions to
prepare SILP wafers and examine them in TP-IRAS
experiments.

3.3. SiO, beads wafers for IRAS experiments

A challenge in designing suitable SILP systems for IRAS
experiments is the limited wettability of the IL on the native
gold surface, which prevents the formation of a stable IL thin
film on the substrate and thus prevents measurements over
sufficient amounts of time. To enhance the wettability, we
develop custom wafers to ensure good wetting in the IRAS
experiments. These wafers consist of four layers as shown in
Fig. 6a. A Si wafer serves as the substrate. A thin Ti layer (2
nm) acts as a binder and ensures adhesion between the Si
and Au layers. A sufficiently thick, reflective Au coating (100
nm) enables IR measurements in reflection-absorption
mode. SiO, beads deposited onto the wafer via immersion in
a solution of Ludox nanoparticles (diameter ~22 nm) further
adds roughness to enhance wettability via Wenzel wetting®®
and hold the IL phase in place through capillary forces.®* We
subsequently use these modified substrates or the IRAS
experiments to provide stable measurement conditions.

Fig. 6b shows a scanning electron microscopy (SEM)
image of the surface of Au/Ti-coated wafers (Ti/Au/Si) while
Fig. 6¢ presents the SiO, bead-functionalized wafers (SiO,(22
nm)/Au/Ti/Si) used in the IRAS experiment. These SEM
images indicate that a single layer of close-packed SiO, beads
covers the Au film on the wafer. Importantly, the structure of
the SiO, beads wafers remains intact after application of the
SILP phase and performance of the TP-IRAS measurements
with only few perturbations in the packing (see Fig. 6d).

To compare the wetting properties of the Au-coated wafers
and SiO, bead-functionalized wafers, we performed contact
angle measurements with [C,C,Im][NTf,], the results are
shown in Fig. 6e and f, respectively. We measured wetting
angles of 31.7° + 0.5° for [C,C,Im][NTf,] for the Au/Ti/Si
wafers and 10.2° + 0.6° on SiO,-beads/Au/Ti/Si wafers. Further
contact angle measurements, including those of ultrapure
H,O and 12 nm SiO, beads, can be found in the SI Table S7.
These results demonstrate that the presence of surface
roughness, implemented through a layer of SiO, beads to the

This journal is © The Royal Society of Chemistry 2026
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a) SiO, beads (22 nm)

Au (100 nm)

s

c) SiO,(22 nm)/Au/Ti/Si
(freshly prepared)

b)

i
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Au/Ti/Si

d) SiO,(22 nm)/Au/Ti/Si (after application of

IL phase andTP-IRAS experiment)

e) Contact Angle (Au/Ti/Si) [°]
[C,C,Im][NTf,]: 31.7 £ 0.5

f) Contact Angle (SiO,(22 nm)/Au/Ti/Si) [°]

[C.CIm][NTf,]: 10.9 0.7

Fig. 6 Characterization of SiO, beads wafers: a) scheme and SEM pictures (scale bar = 300 nm) of b) Si wafers coated with a Ti and Au layer (Au/
Ti/Si), c) with an additional layer SiO, beads (LudoxTM, SiO,(22 nm)/Au/Ti/Si) wafers before and d) after application of the IL phase and TP-IRAS
experiment; contact angle measurements on e) Au/Ti/Si and f) freshly-prepared SiO,(22 nm)/Au/Ti/Si.

reflective Au/Ti/Si wafers significantly improves the wetting of
the SILP phase. The capillary forces between the beads
contribute to stabilization of the liquid phase during the TP-
IRAS procedure, making the SiO, wafers an ideal substrate
for IRAS studies.

3.4. Speciation of the Rh complex under reaction conditions

To investigate the speciation of the Rh complex under reaction
conditions, we performed in situ IRAS on SiO,-beads/Au/Ti/Si-
supported solutions of [Rh(acac)(CO),], xantphos, and [C,C,Im]
[NTf,] with varying compositions. We refer to these model
systems as SILP wafers in the following. In particular, we
investigated SILP wafers of increasing complexity with i)
[C4CiIm][NTf,], ii) [Rh(acac)(CO),] + [C4C,Im][NTf,], and iii)
xantphos + [Rh(acac)(CO),] + [C4C,Im][NTf,]. We exposed these
to a reactive gas atmosphere (CO/H2) and gradually heated the
system to 200 °C.

In case of the [C,C,Im][NTf,] SILP wafer (see SI Fig. S7),
we observe wavy structures >2100 c¢cm ', which are due to
imperfect subtraction of the CO gas phase bands. In
addition, fluctuating bands appear at 1930, 1879, 1847, 1801

This journal is © The Royal Society of Chemistry 2026

ecm™" when the IL is heated. These bands also appear in the
reference spectra of [C,C{Im][NTf,] recorded in attenuated
total reflection (ATR) and TIRS mode (see SI, Fig. S8). We
attribute the temperature-induced fluctuations to minor
changes in the morphology of the [C,C;Im][NTf,] films.
Therefore, we expect similar fluctuations in the subsequent
experiments with the SILP wafers. For this reason, we will not
take the corresponding bands into account for the
assignment of Rh complexes.

Fig. 7 shows the temperature-resolved spectra acquired
between room temperature (RT) to 200 °C and after cooling
back to RT. In each subfigure, the topmost spectrum is the
reference spectrum of the unmodified SiO, beads wafer,
measured at the start of the experiment at RT in 1 bar Ar.
The second spectrum was measured after application of the
liquid phase. As with the TIRS results, we focus on the CO
region of the spectra and identify Rh complexes via their CO
vibrations. The corresponding IR peaks are highlighted in
different colors for easier differentiation.

Fig. 7a displays selected spectra acquired upon heating
[C4C{Im][NTf,] + [Rh(acac)(CO),] on a SiO, beads wafer in H,/
CO atmosphere. After adding the IL solution (second
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Fig. 7 In situ IR spectra of model SILP system under different atmospheres and temperatures: system with: a) [Rh(acac)(CO),] + [C4C1Im][NTf,]
exposed to CO/H,; b) xantphos + [Rh(acac)(CO),] + [C4C41IM]INTf,] exposed to CO/H,; post-analysis included subtraction of the CO gas phase
according to;%? c) proposed network of ligand exchange reactions. Reaction conditions: T = 30-200 °C, p = 1 bar, 2.6 mly min™* H,, 0.9 mly min*

CO, 2.5 mly min® Ar.

spectrum from top), we observe a double band at 2083 and
2011 cm ™' as well as weaker features at 2071 cm™*, 2022
em™, and 1966 cm™'. According to the reference spectra
measured in TIRS mode (see Fig. 4), we assign the peaks at
2083 and 2011 cm™ to the intact [Rh(acac)(CO),] (1)
precursor. Ligand exchange with [NTf,]” leads to the
formation of [Rh(acac)(NTf,)(CO)] (8), which results in the
smaller band at 1966 cm™. We attribute the additional pair
of bands at 2071 and 2022 cm™* to a Rh complex with two
[NTf,]” ligands [Rh(NTf,),(CO),] (7), for detailed analysis of
different isomers see SI Table S8. This species was not
observed in the TIRS measurements, presumably due to the
lower IL content. A comparison of the relative peak
intensities shows that intact [Rh(acac)(CO),] (1) remains the
majority species in the system at RT. Upon heating the
SILP wafer, the intensity of all peaks gradually decreases.
This also holds for the IL-related bands at 1930, 1879,
1847, and 1801 cm™', which suggests that the changes in
peak intensity are due to morphological changes of the IL

Catal. Sci. Technol.

film. We also considered the DFT-derived bands for hydride
species (see SI Table S8, species S$5-S9) that could
potentially form and are the catalytically active species in
the hydroformylation cycle. Since a few of the predicted
bands show reasonable agreement with the experimentally
observed bands, their presence in small quantities cannot
be completely ruled out. Nevertheless, the overall poor
agreement and the fact that these bands would only lie
below the signals of the already identified species suggest
that the contribution of hydrides to the observed spectrum
is negligible.

In summary, we therefore conclude that the Rh precursors
[Rh(acac)(CO),] (1), [Rh(NTf,),(CO),] (7) and [Rh(acac)(NTf,)
(CO)]” (8) do not undergo further conversion in the presence
of H, and CO, or during heating. Please note that, in
accordance with the reactor studies, we do not observe any
indication of degradation of the molecular Rh complex into
nanoparticles in the DRIFT spectra - this would be apparent

from an CO adsorbate band at ~2044 cm *.*

This journal is © The Royal Society of Chemistry 2026
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Fig. 7b shows selected spectra recorded during heating of
xantphos, [C,C;Im][NTf,] and [Rh(acac)(CO),] on a SiO, beads
wafer in H,/CO atmosphere. This SILP wafer contains all
components of the corresponding real SILP catalyst. After
addition the solution dropwise to the wafer, the IR spectrum
(second from top) shows two peaks at 1999 and 1966 cm .
Note that the bands <1930 ¢cm™ are not evaluated due to
fluctuating signals from the IL. The results agree perfectly
with the TIRS results, and in accordance with previous
discussion, we assign the observed bands to [Rh(acac)
(COLGP)] (sg. pyr) (2b), [Rh(acac)(NTE)(CO)] (8), and
[Rh(NTf,)(CO)(xp)] (6). Based on the peak intensities,
[Rh(NTf,)(CO)(xp)]” (6) and [Rh(acac)(CO),(xp)] (2) are the
majority species in the system at this stage of the
experiment.

With the introduction of the CO/H, atmosphere, the peak
at 1999 cm™" disappears and the band at 1966 cm ™" increases
in intensity. At the same time, we observe a shoulder at 1990
cm™'. As the temperature rises, an additional band gradually
appears at 1975 cm ', Above 100 °C, this band strongly
increases in intensity at the expense of the peak at 1966
em™. In addition, peaks at 2083 cm™" and 2075 cm ™" as well
as a shoulder at 2016 cm™ appear in the spectra around 90
°C. The decrease in the peak at 1999 cm™ indicates the loss
of [Rh(acac)(CO),(xp)] (2) and [Rh(NTf,)(CO)(xp)]” (6) in CO/
H, atmosphere. The gain in intensity of the band at 1966
em™' in CO/H, atmosphere indicates a relative increase of
[Rh(acac)(CO)(xp)] (3) and [Rh(acac)(NTf,)(CO)]” (8) in the
SILP. These changes point to small variations in speciation
upon introduction of the gas phase. We attribute the more
severe changes observed upon heating to the formation of
hydride species. According to our DFT calculations, the ee
and ea isomer of [HRh(NTf,)(CO)(xp)] (9) correspond to the
bands at 2075 cm™' and 2016 cm ', respectively. Both add
intensity to the low wavenumber side of the intense band at
1975 cm™'. Moreover, [HRh(CO),(xp)] (4) is likely to
contribute to the bands at 1966 cm™ (at the high
wavenumber side) and 2075 cm™" and is responsible for the
more pronounced shoulder at 1990 cm™. The band at 1975
em™ indicates the formation of [HRh(CO)(xp)] (5) through
the loss of CO from [HRh(CO),(xp)] (4). However, the reaction
conditions and high temperatures during the IRAS
experiments might again be beneficial for the formation of
several NHC-based complexes presumably via oxidative
addition of [C,C;Im]" to a Rh complex in presence of acac
and xantphos.*® Among the computed NHC complexes,
[Rh(CO),(nhe)(xp)]” (10, in particular the distal, ea isomer)
exhibits a very strong band at 1976 cm™" which also matches
the intense feature at 1975 cm ' observed at elevated
temperatures (>100 °C) and persisting after cooling. The
second DFT-computed band at 2018 cm™ is also in
agreement with the experimental data (band at 2016 cm ™).
Assuming an oxidative addition reaction of [C4C,Im]', the
enthalpy of this processes also favours NHC formation by —44
to -47 kcal mol'. Formation of respective NHC-based
hydride species was also investigated by DFT. It leads only to
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poor agreement with the experimentally obtained spectra but
cannot be excluded. In particular distal-[HRh(CO)(nhc)(xp)]
(S20) would give rise to bands at 1927-1934 cm™" and weaker
bands in the range 1977-1981 cm™'. While the latter bands
are in agreement with the experimentally observed band
around 1975 cm™", the experimental data does not allow a
clear interpretation of the band around 1930 cm™'. However,
it was also noted before that the NHC complexes do neither
inhibit the hydroformylation of alkenes nor change the
selectivity, which indicates that they are either transient
species and/or allow for fast ligand exchanges as soon as the
alkene is present under reaction conditions.*®

Fig. 7c shows a mechanistic overview of the conversion
between the identified Rh complexes. The left column
illustrates the generally accepted mechanism>® in which the
precursor [Rh(acac)(CO),] (1) binds xantphos via ligand
exchange and forms [HRh(CO),(xp)] (4). This complex then
loses CO to form [HRh(CO)(xp)] (5), the catalytically active
species for alkene binding and conversion. Furthermore, we
were able to detect the intermediates [Rh(acac)(CO),(xp)] (2)
and [Rh(acac)(CO)(xp)] (3) for the first time in this work. Our
results also indicate that Rh complexes with [NTf,]  ligands
are present in considerable amount in the SILP as well. The
right column extends the scheme with these species. These
include [Rh(NTf,),(CO),]” (7) and [Rh(acac)(NTf,)(CO)]" (8)
which immediately form from the [Rh(acac)(CO),] precursor
and ultimately lead to [HRh(NTf,)(CO)(xp)] (9). Note that loss
of [NTf,]” from [HRh(NTf,)(CO)(xp)]” (9) also generates the
catalytically active species [HRh(CO)(xp)] (5). These results
lead to two important observations: First, all observed
hydride complexes [HRh(xp)CO] (5), [HRh(xp)(CO),] (4), and
[HRh(NTf,)(CO)(xp)]” (9) contain a xantphos ligand. This
underscores the role of xantphos ligand not only in
stabilizing the molecular Rh complex against degradation,
but also as an important factor in the formation of the
catalytically active hydride species that which accumulate in
the SILP at >100 °C in the absence of the ethylene reactant.

Second, both [HRh(NTf,)(CO)(xp)]” (9) and [HRh(CO),(xp)]
(4) contain at least one CO ligand, which means that a
catalytically active hydride species can be formed from both
complexes. While it is well established at this point that
[NTf,]” can coordinate to Rh to form various complexes, its
influence on the energetics of the catalytic hydroformylation
mechanism remains unclear. To improve our understanding
of the energetics of CO and [NTf,]” exchanges within the key
intermediates observed in the in situ IR spectra, we
performed additional DFT calculations. They consider both
unbound and bound CO and [NTf,] ligands in the first
coordination and solvation shells. In order to obtain reliable
starting structures, we screened van der Waals complexes of
uncoordinated ligands and different isomers of the
[HRh(CO),(xp)] (4), [HRh(CO)(xp)] (5), and [HRh(NT,)(CO)
(xp)] (9) with CREST. The most stable complexes where
further optimized at the SMD-BP86-D3/ma-def2-TZVP level
and final energies obtained with ©B97M-V/ma-def2-TZVPP
single point calculations. The results are summarized in
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Fig. 8 Calculated relative Gibbs free energies of key hydride species
at the SMD-®B97M-V/ma-def2-TZVPP//SMD-BP86-D3/ma-def2-TZVP
level of theory. All species contain equal sets of ligands in either the
first solvation or coordination spheres. Energies in kcal mol™ relative
to distal-[HRh(CO),(xp)] (ea) (4).

Fig. 8. The dissociation of CO from species [HRh(CO),(xp)]
(4), is endothermic (+25.9 keal mol™), with dissociation from
the ea isomer being energetically more favourable than from
the ee isomer. This is in line with previous experimental and
computational results on the dissociation process.®® The
addition of [NTf,]” to the -catalytically active hydride
[HRh(CO)(xp)] (5) via the central nitrogen atom seems to be
sterically hindered and the resulting complexes are 3-5 kcal
mol™" higher in energy than distal[HRh(CO)(xp)](cis) (5a).
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However, coordination via the oxygen atom has a slight
stabilizing effect of 2.0 kcal mol™ for the respective isomer
[HRh(NTf,)(CO)(xp)]” (9¢). Contrarily, addition of (NTf,) to
distal-[HRh(CO)(xp)](trans) (5¢) favours coordination via the
nitrogen atom and stabilizes the complex by 1.0 keal mol ™.
Thus, the addition of |[NTf,]7 might contribute to
stabilization of the hydride species in the SILP, especially
in excess of IL and at higher temperatures. The ability of
the [NTf,]” anion to participate in the formation of the
complex even opens up additional mechanistic pathways
for the hydroformylation of small alkenes. However, we
cannot categorically rule out the possibility that NHC
complexes such as (10) are formed under the given reaction
conditions and that these complexes largely remain present
after cooling.

4. Conclusions

In this study, we investigated the molecular interactions
within SILP catalysts for the hydroformylation of ethylene
using in situ IR spectroscopy and ab initio calculations. Our
most important findings are summarized below.

The combination of a [Rh(acac)(CO),] precursor, a four-
fold excess of xantphos, [C,C;Im][NTf,], and SiO, yields a
SILP catalyst that shows stable performance in ethylene
hydroformylation and achieves conversion rates of up to 12%
at 100 °C.

During the preparation of the SILP material, molecular
interactions in the IL phase cause changes in the speciation
of the Rh complex. Our investigations reveal an extended
network of Rh complexes, including some that have not been
reported previously. In particular, xantphos and the [NTf,]
anion of the IL act as a ligand and partially replace the CO
and acac ligand from the [Rh(acac)(CO),] precursor. This
results in the formation of e.g. [Rh(NTf,)(CO)(xp)], [Rh(acac)
(CO)(xp)], [Rh(acac)(CO),(xp)], and [Rh(acac)(NTf,)(CO)] . The
presence of xantphos in all identified Rh highlights its
stabilizing role. The formation of [Rh(acac)(CO)(xp)] with
xantphos bound in monodentate fashion is in analogy to
other phosphine ligands and was identified as an exothermic
process with negligible activation barriers.

We further analyzed changes in the speciation via in situ
IRAS spectroscopy in reactive atmosphere using specially
developed SILP wafers with improved wettability for the IL
phase.

In H,/CO atmosphere, the speciation in the SILP phase
presumably further changes towards the formation of
hydrides. In particular, we observe the formation of Rh-
hydrides with either xantphos and/or [NTf,] ligands ie.
[HRh(CO)(xp)], [HRh(CO),(xp)], and [HRh(NTf,)(CO)(xp)] -
Formation of [NTf,] -containing Rh hydrides can have a
stabilizing effect, which may open up new routes for the
catalytic hydroformylation cycle. However at elevated
temperatures we cannot exclude the formation of NHC-based
species from [C,C;Im]" such as [Rh(nhc)(CO)(xp)] which
might also persist after cooling to room temperature.

This journal is © The Royal Society of Chemistry 2026
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