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Catalyst recovery is an important topic in homogeneous
catalysis, since product/catalyst separation is one of the main
obstacles towards application of this type of catalysis. So far,
several strategies for catalyst recycling have been explored,
but a general strategy remains elusive.[1–3] A widely studied
approach to facilitate catalyst/product separation is attach-
ment of homogeneous catalysts to soluble or insoluble
supports, which can consist of organic polymers[4–7] or
dendrimers,[8,9] inorganic materials,[10, 11] or hybrids thereof.
Inorganic materials have proved to be particularly suited as
solid supports for homogeneous catalysts because of their
physical strength and chemical inertness, and many such
immobilized catalyst systems have been reported. Common
drawbacks, however, are the generally lower activity and
selectivity compared to the homogeneous counterpart. Sur-
prisingly, however, an in-depth investigation of the effect of
the immobilization process on the performance of the catalyst
appears to be lacking. To gain more insight into immobiliza-
tion of transition metal catalysts we set out to design a method
for the detection of bis-phosphine ligands on surfaces. The
ligand studied acts as a fluorescence probe, and detection is
achieved by two-photon excitation fluorescence microscopy.
In principle, this allows the immobilization product to be
imaged with high spatial resolution (down to single mole-
cules). Here we report the findings of the first study on the
immobilization process employing an intrinsically fluorescent
ligand imaged on a submicrometer level, which indicated that
precondensation of ligands takes place prior to immobiliza-
tion under the standard immobilization conditions, a con-

clusion supported by analysis of the liquid phase. These
results directly translate to simple procedures that do not
have these precondensation problems. The resulting immo-
bilized catalysts show superior performance in hydroformy-
lation catalysis, and open the way toward rational catalyst
immobilization.

Two-photon excitation (TPE) fluorescence microscopy
has shown astonishing potential, but application has been
mainly restricted to imaging biological samples.[12] Two-
photon absorption (TPA) is a process in which two photons
are absorbed simultaneously. Such a process only occurs at a
very high flux of photons by focusing a pulsed near-infrared
laser, thus restricting the excitation to a very small focal
volume, with no appreciable off-focal fluorescence. Gener-
ally, the two-photon selection rule yields low background
fluorescence, and hence high contrast in the images can be
produced.[12,13]

As part of a broader effort to study the immobilization of
transition metal catalysts,[14–17] we were curious whether
catalyst immobilization could be studied by fluorescence
imaging. For this purpose we envisioned the class of
xanthene-based phosphorus ligands, also known as Xantphos,
suitable for various reasons. Metal complexes of these ligands
have outstanding catalytic properties in various catalytic
reactions (e.g., Rh-catalyzed hydroformylation, Pd-catalyzed
cross-coupling), and the ligands show facile coordination to
various metals and are highly stable and easy to modify.[18,19]

In addition, some members of the xantphos family, such as
nixantphos (1, see Scheme 1) display strong fluorescence
upon excitation and have previously been used for ligand
immobilization.[14–17] This led us to study the photophysical
properties of 1 and particularly the possibility to use the
immobilized ligand as a two-photon excitation probe to study
the immobilization process. For this purpose, N-functional-
ized nixantphos 2 was immobilized on glass cover slips and on
activated silica. Both of these materials have similar SiOH
groups at the surface for attachment of the ligand, allowing us
to study the immobilization process spectroscopically and to
correlate the results to the catalytic properties of the
immobilized catalyst.

Ligand 1 possesses many useful chemical and spectro-
scopic characteristics, including a well-defined linear absorp-
tion spectrum. The spectrum shows a strong absorption at
280 nm (e = 1.7 � 104

m
�1 cm�1) and a weaker absorption at

340 nm (e = 7.7 � 103
m
�1 cm�1; Figure 1). In addition, 1 shows

a high fluorescence quantum yield (lem = 428 nm, F = 0.33)
and short lifetime of emission (t = 1.4 ns).

Initial two-photon excitation experiments revealed that
parent ligand 1 displays strong fluorescence upon excitation
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at 720 nm. The recorded spectrum is virtually identical to the
one-photon-induced emission spectrum (Figure 1). A quad-
ratic relationship between emission intensity and excitation
power was found, thus confirming that the recorded fluores-
cence is indeed the result of TPA (see the Supporting
Information). The two-photon excitation spectrum was
obtained by changing the excitation wavelength (at constant
power) from 780 to 690 nm and measuring the emission
intensity at 428 nm. The shape is identical to that of the
absorption spectrum at half the wavelength. By comparison
with fluorescein,[20] the TPE cross-section d (i.e., the proba-
bility of a transition to a given state) could be determined to
be approximately 1.4 GM at 690 nm (1 GM = 10�50 (cm4 s)/
photon). Such a TPE cross-section is modest, but together
with the fluorescence quantum yield of 0.33 it is adequate for
imaging.

For immobilization of this ligand a trimethoxysilane
moiety is introduced, which is known to attach covalently
via the silanol groups present on the glass surface or silica

support. According to the standard immobilization process
(method A), clean borosilicate microscope cover slips were
immersed in a refluxing toluene solution of ligand 2
(Scheme 1) at 0.1 mm concentration. After 18 h, capping
agent (n-propyl(trimethoxy)silane) was added to ensure all
silanol groups are silylated. The cover slips were cleaned in a
sonicator twice with fresh toluene and once with methanol to
remove all nonbonded fluorophore, dried under vacuum, and
stored under argon. The increase in the static water-contact
angle of the glass cover slips from 50 to 698 indicated coverage
of the surface by the hydrophobic phosphorus ligand.

Two-photon scanning images recorded on the cover slip
with immobilized 2 showed, besides uniformly dispersed
ligand giving rise to the background emission, also more
intense fluorescence spots (Figure 2, left). The two-photon

fluorescence spectra recorded in these spots are identical to
those of parent compound 1. The recorded fluorescence
lifetime (0.8 ns) is significantly shorter than the lifetime of the
uniformly dispersed ligand (1.4 ns), and this effect is ascribed
to self-quenching or concentration quenching.[21] Further-
more, the intense spots are gradually photobleached on
irradiation, thus indicating that these spots are due to
fluorescence of higher-concentration immobilized ligand.
Clearly, the standard immobilization process does not yield
a homogeneous distribution of the ligand but also larger
clusters of ligands. Such a high concentration of catalyst is
anticipated to affect the catalytic results (vide infra).

To obtain a homogeneous distribution of ligands on the
glass support, a mixture of 2 and n-propyl(trimethoxy)silane
in toluene solution was slowly added over 24 h to a refluxing
toluene solution containing the glass cover slips (method B).
Images of the glass cover slips subjected to the new
immobilization procedure do not display intense fluorescence
spots (Figure 2, right). Analysis of the fluorescence lifetime
images gave a typical lifetime equal to that of compound 1.
The two-photon fluorescence spectra taken at arbitrary points
of the scanned area are identical to the emission spectra
shown in Figure 1 (see the Supporting Information), thus

Scheme 1. Immobilization of nixantphos 2 on glass cover slips and
silica for imaging and catalysis with the aim of correlating the
immobilization process to the catalysis results.

Figure 1. Normalized absorption spectrum, steady-state fluorescence
spectrum, and two-photon fluorescence spectrum of 1.

Figure 2. Two-photon scanning images (65 � 65 mm) of nixantphos
immobilized on microscope cover slips by a) direct addition (meth-
od A) of 2 and cover slips prepared by b) dropwise-diluted (method B)
addition of 2 and propyl(trimethoxy)silane. The bright green spots on
the cover slips prepared by method A correspond to higher concen-
trations of fluorophore indicating clusters of ligand 2. Images were
acquired with similar average number of counts per pixel (see the
Supporting Information for details).
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showing that the ligands are well spaced. The two immobi-
lization methods were also applied to a second fluorescent
ligand system, namely, triethoxysilylpropyl-modified tetra-
phenyl porphyrin (see the Supporting Information). In this
case method A also led to clustering of the tetraphenyl
porphyrin, while method B produced well-spaced coverage of
the surface. Thus new immobilization method B appears to
provide homogenously distributed ligands, in contrast to the
commonly used method A, which causes clustering of ligands.
As this seems to be related to the immobilization strategy
(independent of the ligand used), it is likely that a common
mechanism is involved, which was further studied by com-
plementary measurements on the solution phase during
immobilization.

We anticipated that cluster formation was not occurring
on the solid support (glass or silica) but is the result of a
condensation reaction of the trialkoxysilane groups in solu-
tion, a process that also takes place during sol–gel syn-
thesis.[17,18] To investigate this we performed immobilization
experiments in which ligand 2 was covalently anchored on
silica (particle size 200–400 mm; pore size 60 �) by methods A
and B[22] and sampled the reaction solution over time. The
samples were analyzed by recording fluorescence intensity
traces, and by gel permeation chromatography (GPC). The
intensity traces recorded during immobilization by method A
show, besides the background fluorescence of dissolved 2, also
more intense peaks. The intensity and frequency of the
fluorescence bursts increase further with increasing reaction
time (up to 65 times compared to steady-state fluorescence of
2, see Figure 3 and the Supporting Information), which
confirms that condensation of 2 takes place in solution
during the immobilization process. Scans recorded on solu-
tion samples from immobilization method B show almost no
emission bursts, thus indicating that all ligand 2 remains
monomeric during the immobilization process. These results
are in line with the GPC measurements on these samples,
which show formation of larger species for method A that
grow larger with reaction time (broad peak at 12 min shifting
to smaller retention times), while samples taken during
immobilization with method B show only monomeric ligand
2 (see Figure 4).

From the silica-supported nixantphos material, the corre-
sponding Rh catalysts were prepared[15] and studied in the
industrially important hydroformylation reaction (Scheme 2).
The results of the two different immobilization techniques
were compared. The method B supported catalyst was
separated after the reaction by simple filtration and the
catalyst material was reused in ten consecutive batch reac-
tions. As previously mentioned, immobilized transition metal
catalysts often display activities that are one order of
magnitude lower than those of their homogeneous counter-
parts, frequently accompanied by lower selectivities.[23]

Indeed, compared to the homogeneous-phase reaction
(Table 1, entries 1 and 2) the silica-immobilized catalyst
prepared according to method A clearly shows deteriorated
activity (Table 1, entry 3; 15 times lower activity) and lower

chemo- and regioselectivity. As established by fluores-
cence imaging of the support we know that ligands are
also attached as clusters, and we therefore ascribe part of
the lower activity and selectivity to the presence of these
clusters. It is well established that a high concentration of
catalyst promotes formation of inactive dirhodium
complexes with bridging carbonyl ligands, which
explains how clusters of ligands lead to a lower
activity.[24] Although formation of this dormant state is
reversible, the number of active catalyst species will be
reduced by cluster formation on silica, and hence the
reaction rate is decreased by this process. Furthermore, a
high local density of active catalyst species on a porous
surface can also lead to local depletion of substrates
(CO, H2, alkene), which generally leads to isomerization
side reactions as a consequence of the absence of CO.
Such local substrate depletion potentially initiates cata-
lyst decomposition (e.g., formation of metal clusters)

Figure 3. Fluorescence intensity traces (410–480 nm) from the focus of a
diffraction-limited laser beam recorded in the reaction solvent during
immobilization of 2 on silica. a) Method A, sample taken at 370 min.
b) Method B, sample taken at 290 min (vertical scale is adjusted by 10 �
multiplication; for all other samples measured, see the Supporting Informa-
tion).

Figure 4. GPC traces of the reaction solution during immobilization of
2 on silica. A) For method A, GPC samples were taken at 130
(bottom), 190, 250, and 310 min (top). B) For method B GPC samples
were taken at 110 (bottom), 170, 230, and 290 (top). The peak at
17.5 min is that of parent 2.

Scheme 2. Hydroformylation of 1-octene by rhodium catalyst to give
the linear and the branched aldehyde (nonanal and 2-methyloctanal,
respectively).
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and degrades the outcome of the hydroformylation reac-
tion.[24, 25]

Interestingly, the catalyst supported according to meth-
od B, with the ligands more homogenously distributed on the
support, showed much better performance in the hydro-
formylation of 1-octene. At 80 8C and 50 bar of syngas about
80% conversion of the 1-octene was obtained with a linear/
branched (l/b) regioselectivity of around 36, thus demonstrat-
ing that both the activity and selectivity were better than with
the catalyst prepared by method A (Table 1, entries 3 and 4–
6). In the first run we also observed the formation of
1-nonanol, formed by a hydrogenation side reaction of the
aldehyde product, which reduces the total amount of linear
aldehyde. Previously, we suppressed this side reaction by
adding 2-propanol as co-solvent. Subsequent catalytic reac-
tions with the recycled catalyst were therefore performed in
the presence of 2-propanol to restore the high chemoselec-
tivity.[15]

The turnover frequencies obtained with catalyst B are
increased at least eightfold compared to catalyst A. The new
catalyst also shows excellent performance when the syngas
pressure is reduced to 20 bar (Table 1, entries 4–7), conditions
that were previously shown to yield irreproducible results as a
consequence of isomerization side reactions. Under these
conditions, catalyst B appears very active with TOFs com-
parable to those of the homogenous catalyst (130 and
149 molmol�1 h�1, respectively) while the chemo- and regio-
selectivities are identical (94 % linear aldehyde and l/b = 55).
This catalytic reaction was run to nearly full conversion
without affecting the catalyst performance in subsequent
reactions. Importantly, rhodium analyses by means of induc-
tively coupled plasma optical emission spectroscopy (ICP-
OES) measurements on each of the ten reaction solutions
show no detectable amounts of rhodium (< 3 ppb). Lowering
the reaction temperature to 60 8C only slows down the
reaction, while the selectivity is maintained (Table 1, entries 9

and 10). These experiments show that we now have an
immobilized hydroformylation catalyst, obtained by a
rational immobilization strategy, that gives similar activity
and selectivity to the analogous homogeneous catalyst and is
sufficiently stable to recycle and use for numerous consec-
utive catalysis experiments.

In conclusion, we have demonstrated that ligand immobi-
lization can be monitored by means of two-photon fluores-
cence microscopy, by using nixantphos ligand 1 as fluoro-
phore for imaging purposes. The fluorescence images reveal
that under standard immobilization conditions larger clusters
of ligands are supported. Moreover, confocal intensity traces
and GPC measurements on the reaction solvent show that the
clustering occurs already in solution, likely by a condensation
reaction that is also observed in sol–gel processes, and that the
prepolymerized ligand clusters are subsequently immobilized
on the solid support. To reduce such clustering the immobi-
lization process was performed with a low steady-state
concentration of both 2 and capping agent to give a
homogeneous distribution of ligand on the support (glass or
silica). This homogeneity clearly translates to better catalyst
performance, as the immobilized hydroformylation catalyst
prepared by the new procedure gives much higher activity and
selectivity than that obtained by the standard procedure. We
believe that the new immobilization strategy will be appli-
cable to a wide range of catalysts and, depending on the
mechanism and conditions applied, these catalysts may
benefit from the reported methodologies.
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Table 1: Rhodium-catalyzed hydroformylation of 1-octene.[a]

Entry Material P [bar]/T [8C] Conversion[b] [%] l [%][c] l/b[d] TOF[e] Cumulative TON

1[f ] homogeneous 50/80 33.9 92.9 40.8 120 –
2[f ] homogeneous 20/80 53.5 94.5 58.7 149 –
3[g] support A 50/80 24.0 85.5 19.0 8 –
4 support B (1) 50/80 79.4 74.2 36.8 76 529
5[h] support B (2) 50/80 84.0 82.6 37.4 62 1113
6[h] support B (3) 50/80 85.1 87.1 34.5 102 1789
7[h] support B (4) 20/80 95.1 91.8 54.1 130 2580
8[h] Support B (5) 20/80 96.6 94.0 54.1 97 3331
9[h] support B (6) 20/80 95.7 93.2 55.2 104 4031
10[h] support B (7) 20/60 53.6 93.1 57.3 38 4346
11[f ] support B (8) 50/60 44.2 92.3 37.5 15 4624
12 support B (9) 20/80 95.0 91.3 39.9 115 5318
13 support B (10) 20/80 94.3 91.2 39.8 – 5979

[a] Catalysis performed with [Rh]= 10�5 mol on 1 g of silica support ([Rh]= 0.67 mm in 15 mL volume), ligand/Rh= 15, under CO/H2 (1/1) pressure in
13 mL of toluene as solvent, 1 mL of 1-octene ([1-octene] = 0.42m, substrate/Rh = 634) as substrate and 1 mL of n-decane as internal standard.
[b] Conversions were measured after 23 h. Samples were analyzed by GC. [c] Percentage of nonanal (linear product) in the product mixture. [d] l/b is
the linear/branched product molar ratio. [e] Turnover frequencies were calculated as moles product per mole catalyst per hour at 20–40% conversion;
variations in TOF stem from differences in conversion and product distributions (full table is given in the Supporting Information). [f ] [Rh]= 0.67 mm,
ligand/Rh= 15, under CO/H2 (1/1) pressure, 13 mL of toluene as solvent, 1 mL of 1-octene ([1-octene] = 0.42m, substrate/Rh = 634) as substrate, and
1 mL of n-decane as internal standard; conversion was measured after 2 h. [g] Data taken from ref. [15]; [h] 1 mL of 2-propanol and 12 mL of toluene
were used as solvent.
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