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Dissolving organometallic complexes in supported films of ionic
liquids has recently been introduced as a strategy to immobilize
molecular catalysts. This allows fixing molecular catalysts in a
widely tailorable environment without the drawbacks of complex
grafting chemistry. The first examples appear to be highly promis-
ing.1 The question arises, however, to what extent the highly polar
ionic liquid influences the structure and properties of the metal
organic complex. Therefore, the detailed characterization of sup-
ported films by solid-state NMR spectroscopy2 was explored for a
fully functional catalytic system.

As a case study, we focus on a bifunctional catalyst system.3

The supported catalyst comprising [Pd(DPPF)(CF3CO2)2]4 (Lewis
acid function) and CF3SO3H (Brønsted acid function) immobilized
in a thin film of imidazolium salts (Figure 1) showed exceptional
activity in the addition of aniline to styrene, providing the
Markovnikov productN-(1-phenylethyl)aniline under kinetic control
and theanti-Markovnikov productN-(2-phenylethyl)aniline under
thermodynamic control.

Catalysts were prepared by immobilization of [Pd(DPPF)-
(CF3CO2)2] and CF3SO3H in imidazolium salts (C3N2H2MeRAlkyl)+-
CF3SO3

- supported on silica. Four different ionic liquids were used,
which provide a series of catalysts IL/Pd with decreasing polarity
of the ionic liquid (IL) in the sequence EMIm> BMIm > HMIm
> HM2Im.4 For comparison, a series of reference samples (IL/H+)
was prepared, for which only the Brønsted acid CF3SO3H was
supported in the thin film of the ionic liquid.

Analysis of the porosity by nitrogen adsorption showed that the
mesopore volume decreased from 0.76 cm3‚g-1 (parent support)
to ca. 0.13 cm3‚g-1 for the supported catalysts. Closer inspection
of the isotherm showed that the ionic liquid entirely filled pores
with less than 9 nm radius, whereas larger pores remained
unaffected. Transmission electron micrographs showed the spherical
beads of the fumed silica support (Figure 1). However, the ionic
liquid film was much thinner than expected (calculated to 3 nm
thick). Thus, the majority of the ionic liquid molecules were not
part of an even, physisorbed film on the silica surface, but rather
resided in the mesopores. However, in the IR spectra, the SiOH
band of the parent silica (3741 cm-1) was broadened and shifted
to ca. 3320 cm-1 for the supported catalysts, indicating that all
SiOH groups were involved in hydrogen bonding. This proves that
the entire silica surface has been covered by ionic liquid. Note that
the fact that all SiOH groups are interacting does not allow us to
conclude how thick the film is.

The 1H MAS NMR spectra of the materials were surprisingly
well resolved, and the signal for each proton of the imidazolium
cation was identified (Figure 2). The additional broad signal is
assigned to the acidic proton of CF3SO3H.

The line width of the nitrogen-bound methyl and methylene
groups increased with increasing size of the imidazolium cation in
the order EMIm/H+ < BMIm/H+ < HMIm/H+ < HM2Im/H+

(Figure 2). In NMR spectra of solids, the chemical shift anisotropy
is not averaged out by the motion of the molecules, but can be
reduced by magic angle spinning (MAS).5 At frequencies above
5000 Hz, the spectra were independent of rotation speed, indicating
that coupling constants to other nuclei in the sample were well
below 5000 Hz. Quadrupolar interactions were also insignificant
(IH ) 1/2). Differences inT2, which is not influenced by MAS,
thus, were responsible for the changes in line width and can be
taken as a measure for the mobility of a particular atomic group.6

The increase in line width, therefore, shows that the mobility of
the aromatic ring decreased with increasing size of the imidazolium
cation. On the other hand, the line width of the terminal methyl
group in the alkyl side chain was equal (25-28 Hz), showing that
the flexibility of the alkyl group was not influenced by the size of
the cation.

A large increase of the line width was observed when [Pd(DPPF)-
(CF3CO2)2] and CF3SO3H were immobilized in the supported ionic
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Figure 1. Concept of immobilizing organometallic complexes in supported
films of ionic liquid (R ) H, Me; alkyl ) C2H5, C4H9, C6H13) and
transmission electron micrograph of the catalyst EMIm/Pd.

Figure 2. 1H MAS NMR spectra (298 K) of series IL/H+ (left) and IL/Pd
(right) and line widths (Hz) of selected signals.
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liquids (Figure 2). This suggests a substantial decrease in the
mobility of the imidazolium cations. Reference samples prepared
by dissolution of [Pd(DPPF)(CF3CO2)2] and CF3SO3H in the parent
ionic liquids showed a large increase in viscosity compared to that
in the parent ionic liquid,7 confirming that the mobility of the
molecules was considerably lowered.

The position of the NMR signals was equal in the two series
IL/H+ and IL/Pd (within(0.1 ppm). Note that the molar ratio of
Pd2+, DPPF, CF3SO3H, and ionic liquid in the catalysts was 1:1.5:
2.5:25-33. A single peak with Lorentzian shape was observed for
each proton of the imidazolium cations in the series IL/Pd. This
indicates that the ionic liquid did not coordinate directly to the
palladium center in [Pd(DPPF)(CF3CO2)2] and that all ionic liquid
molecules in the supported film were on average equally affected
by the presence of the palladium complex. Rapid exchange of
coordinated and free imidazolium cations could be excluded by
variable temperature NMR spectra (vide infra).

In 31P MAS NMR spectroscopy, the signal due to the phosphine
ligand of the palladium complex was observed at 47.3 ppm with a
relatively large line width of 440-1360 Hz. In comparison, the
31P{1H} NMR signal for a solution of [Pd(DPPF)(CF3CO2)2], CF3-
SO3H, and IL in CD2Cl2 was observed at 47.1 ppm with a much
smaller line width of 2.5 Hz. This suggests that the mobility of the
palladium complexes in the supported ionic liquid was also
restricted. To explain these observations, we propose that the
imidazolium cations form a solvent cage around the palladium
complexes, thereby establishing a long-range ordered system,8

which in turn is responsible for the reduced mobility.
Similar to the IL/H+ series, the line width of the nitrogen-bound

methyl and methylene group in the1H MAS NMR spectra was
significantly higher than that of the terminal methyl group of the
alkyl chain (Figure 2). A maximum in the line width of the N-CH2

and the alkyl-CH3 groups was observed for BMIm/Pd. In
particular, the line width of the methyl group in the hexyl chain
was much lower than that in the butyl chain. This suggests that the
first four carbon atoms of the alkyl chains contribute most to the
intermolecular interactions between the IL and the palladium
complexes. We speculate that hydrophobic interactions between
the alkyl chain and the aromatic rings of the phosphine ligand lead
to domain formation.9 Thus, the line width in the NMR spectra
provides a measure for where these interactions are most significant.

The dynamic interaction of ionic liquid and the Pd complex was
investigated in further detail by temperature-resolved MAS NMR
experiments. For all samples, the line width of all peaks decreased
exponentially with temperature. A change of slope in the logarithmic
plot shows that a phase transition from glassy to liquid state
occurred at ca. 348 K for EMIm/Pd and BMIm/Pd (Figure 3). For
HMIm/Pd, the phase transition occurred above 373 K. After the

phase transition, the line width in the spectra of the IL/Pd samples
was similar to that of the IL/H+ series at 298 K.

We speculate that the solvent cages are formed by disruption of
interionic interactions between the ionic liquid anions and cations
during dissolution of the palladium complexes. This, in turn, causes
the local structure of the ionic liquid to break down.10 In an attempt
to minimize the potential energy, the spheres of ionic liquid
molecules around the complexes assume a minimum size. It is
estimated, based on the molar ratio of complex to ionic liquid and
the fact that only one set of signals was observed in the NMR
spectra, that the supramolecular aggregates consist of one complex
molecule and up to 25-33 ion pairs of the ionic liquid. The
aggregates arrange to a regular packing with glass-like structure.
At the phase transition, the solvent cages break down and the
molecules acquire mobility similar to that of the parent supported
liquid, which does not contain the dissolved complex.

The present report is the first experimental evidence for the
formation of ordered three-dimensional structures in solutions of
organometallic complexes in a thin film of supported ionic liquid.
The ordering effect leads to a drastically reduced mobility of ionic
liquid and complex molecules and could be used to induce unusual
properties in the supported complexes. Possible applications include
the enhancement of metal-substrate interactions, the reorientation
of substrate molecules within in the solvent cage during a two-
step catalytic process, and the possibility of directing the approach
of molecules to catalytically active centers.
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Figure 3. Temperature dependence of the line width of selected protons
in the 1H MAS NMR spectra of EMIm/Pd.
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