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Supramolecular Preorganization Rhodium and Iridium Metal
Complexes Within M12L24 Self-Assembled Nanospheres for the
Confined Synthesis Rh/Ir Alloyed Nanoparticles
Lotte L. Metz,[a] Eduard O. Bobylev,[a] Rim C. J. vandePoll,[b] Emiel J. M. Hensen,[b]

Igor Hoogsteder,[c] Wiebke Albrecht,[c] and Joost N. H. Reek*[a]

Controlling the size and composition of metal nanoparticles is
of considerable interest, as these are essential to their catalytic
properties. Recently, our group has developed a preorgani-
zation strategy for controlled Ir nanoparticle synthesis inside
Pt12L24 nanospheres. In the current contribution, we expand this
method to the controlled synthesis of Rh nanoparticles. The
encapsulated RhI complexes (Rh-s @ G-sphere) led to reasonable
size control (2.8 ± 0.9 nm). Next, we demonstrated the formation
of Rh-Ir alloyed nanoparticles with varying Rh/Ir compositions,
by preorganization of the respective metal complexes inside
Pt12L24 nanospheres based on complementary hydrogen bonds
before the reduction step that leads to nanoparticle formation.
These heterometallic particles were evaluated in the hydro-
genation of cinnamaldehyde (7) as a probe reaction. Besides
a high activity in this probe reaction, the Rh particles also

catalyzed the conversion of the solvent (CH3CN). The formed
basic amine leads to follow-up reactions of the product and
compatibility issues with the hosting nanosphere. The solvent
hydrogenation was effectively suppressed by using the Rh:Ir
alloyed nanoparticles, provided that they contain > 66% Ir. Com-
pared to the monometallic Ir particles (Ir-s @ G-sphere), the Rh:Ir
alloyed nanoparticles displayed higher catalytic activity, reach-
ing optimal selectivity and activity at an 8:16–Rh:Ir ratio. The
combined catalytic results illustrate that preorganization of the
metal complexes in the nanosphere before the reduction with
hydrogen effectively facilitates the formation of Rh:Ir alloyed
nanoparticles, which allows for tuning a catalyst to create a
more active and selective catalyst compared to monometallic or
nonencapsulated Rh/Ir particles.

1. Introduction

Rh nanoparticles are a popular class of catalysts and are applied
in numerous catalytic transformations, mostly for the hydrogena-
tion of unsaturated organic substrates.[1–3] The unique properties
of small nanoparticles have received ample attention in the
field of catalysis, owing to their high surface-to-volume ratio,
commonly robust character, and tuneable features.[4–6] It is by
now widely accepted that the unique characteristics of these
nanoparticles are governed by their precise dimensions, com-
position, and surface environment. Hence, gaining control over
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these properties to tune their catalytic features is key and
developing synthetic methods for the controlled preparation of
nanoparticles is of substantial interest.[7,8]

In the past decades, various synthetic strategies have been
reported aiming to gain control over the properties of these
nanoparticles. These include microheterogeneous systems, such
as polymers,[9–11] biphasic systems,[12,13] dendrimers,[14–16] and dis-
crete porous materials.[17–21] In general, these methods rely on the
spatial separation of the formed nuclei from the bulk thereby
controlling further growth modes.[22–27] The dimensions and local
metal precursor concentration within these microenvironments
strongly influence the resulting particle size and distribution.[22]

Thus, creating a well-defined cavity with a high level of control
over its contents is of considerable interest.

Recently, our group has developed a method for cata-
lyst encapsulation within well-defined guanidinium function-
alized M12L24 coordination spheres (M = Pd or Pt, G-sphere,
Figure 1).[28–36] In addition, we have demonstrated that these self-
assembled coordination spheres (G-sphere) can also be applied
as well-defined nanoreactors for the controlled synthesis of ultra-
fine Ir nanoclusters (1.8 ± 0.4 nm).[37] These encouraging results
led us to explore if this new methodology could be applied in
the templated nanoparticle synthesis, in which metal complexes
are preorganized before the reduction, with other catalytically
relevant metals such as Rh.

In this work, we describe the preorganization and hydro-
genation of sulfonate-bearing NHC-based RhI complexes (Rh-s)
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Figure 1. Schematic representation of the preorganization strategy for the controlled synthesis of encapsulated Rh-NPs.

within well-defined [Pt12L24] nanospheres (G-sphere). Reduction
of these preorganized metal complexes (Rh-s @ G- sphere)
resulted in the formation of small Rh nanoparticles (average
diameter 2.8 ± 0.9 nm), which were found to be catalytically
active in the hydrogenation of cinnamaldehyde. The nanoparti-
cles were so reactive that also the solvent (CH3CN) was converted
and the formed amine product led to compatibility issues with
the nanosphere as it slowly decomposed. Rh:Ir alloyed particles
were also prepared through preorganization of RhI and IrI com-
plexes (Rh-s and Ir-s) in varying ratios and subsequent reduction.
This new manner to make alloyed nanoparticles resulted in sys-
tems that were no longer reducing the solvent. We demonstrate
a new strategy to form Ir-Rh alloyed nanoparticles, which has a
strong the impact on the catalytic activity of the nanoparticle in
reductive catalysis.

2. Results and Discussion

2.1. Strategy

The strategy outlined in Figure 1 involves the preorganiza-
tion of 24 sulfonated metal complexes in a well-defined M12L24

nanosphere, bearing 24 guanidinium binding sites. Hydrogena-
tion of the preorganized metal complexes leads to the tem-
plated formation of nanoclusters. The metal precursor (Rh-s)
was chosen based on three specific requirements: The metal
complex should be 1) stable and remain strongly bound to
the sulfonate-bearing ligand during encapsulation, 2) readily
and cleanly be converted to nanoparticles upon hydrogena-
tion and 3) function as a stabilizing ligand for the resulting
nanocluster. We anticipated that an N-heterocyclic carbene-
based (NHC) metal complex like Rh-s would embody these
requirements.[38–40]

Scheme 1. Synthesis of sulfonate functionalized NHC-based RhI complexes
(Rh-s-R-X).

2.2. Synthesis of the G-Sphere and the Guest Complexes

The [M12L24] coordination nanospheres (M = PtII or PdII, Pt-
G-sphere, and Pd-G-sphere, respectively) were prepared and
characterized as previously reported.[35,37,41]

Several sulfonate functionalized NHC-based RhI complexes
were synthesized via a modified literature procedure through
transmetallation of the corresponding silver carbene (Ag-s-Cl,
Scheme 1).[42] In the final step, the chloride counter ion was
exchanged with BF4

− to prevent possible compatibility issues
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of the chloride ions with the [Pt12L24] coordination sphere. To
study the influence of ligand substituents on particle formation,
the N-functional group of the NHC was also varied (Scheme 1,
R═CH3 or mesityl (Mes)). It should be noted that in initial exper-
iments the system was studied with Rh-s complexes bearing a
tetraethyl ammonium (NEt4

+) counterion. This counterion was
later replaced by tetraphenylphosphonium (PPh4

+) for practical
reasons which will be discussed in a later section (vide infra).
All complexes described in this work were obtained through
the similar synthetic procedure in comparable yields and were
characterized by 1H-NMR, 13C-NMR, and mass spectrometry (MS).
Notably, the methyl-functionalized Rh-s complex (Rh-s-Me) dis-
played a lower stability compared to the mesityl-functionalized
metal complexes (Rh-s-Mes).

2.3. Encapsulation of the Rh-s Metal Complex

Endohedral binding of Rh-s inside the nanosphere (G-sphere)
was demonstrated by 1H-NMR, 1H-DOSY-NMR, and cold-spray-
ionization time-of-flight mass spectrometry CSI-TOF-MS exper-
iments. The results of these studies will be discussed in the
following section.

To gain insight into the host-guest interaction of Rh-s and
the encapsulation capacity of the host (G-sphere), metal com-
plex encapsulation within the nanosphere was established by
a titration experiment monitored by 1H-NMR (Figure 2). Host-
guest interactions are indicated by the strong shifts in the
NH signal of the guanidinium functionality (Figure 2). Notably,
the other signals of the sphere (Figure 2) remain relatively
unchanged, suggesting that the guest primarily interacts with
the guanidinium functionality inside the sphere. To study the
encapsulation capacity of the host, the guanidinium NH shifts,
resulting from sulfonate binding, are plotted as a function of
the number of Rh guest (Rh-Me-NEt4

+) equivalents added to
the nanosphere (G-sphere) (Figure 2). Initially, the shift follows a
steep linear trend with increasing guest concentration ([Rh-Me-
NEt4

+]) but abruptly ceases upon approaching the maximum
number of binding sites within the sphere (24 equiv.). Notably,
the observed N-H-shift difference starts to deviate from this lin-
ear trend after 20 equiv., indicating weaker binding of the final
four guest molecules. These results are in line with previously
reported observations for the analogous IrI complex.[37] Over-
all, these results demonstrate the endohedral interaction and
anticipated encapsulation capacity of the sphere.

Guest encapsulation was further confirmed by 1H-DOSY-NMR
(Figures S14–S16). The observed diffusion coefficients of the
guest complex (Rh-s) in the presence of the sphere (Rh-s @ G-
sphere, LogD = −9.49 m2s−1) are close to those observed for the
empty sphere (LogD = −9.59 m2s−1), suggesting that the metal
complex is encapsulated.

Finally, formation of the host-guest complex (Rh-s @ G-
sphere) was confirmed by CSI-TOF-MS spectra of a solution of
the nanosphere in the presence of four equivalents of Rh-s-
Me-NEt4, which displayed multiply charged species that can be
assigned to the nanosphere hosting different numbers of Rh-s
complexes, ranging from 1–6 equivalents of Rh-s per nanosphere

(Figures 2c, S20–S22 and Table S2). The same experiment with
two equivalents of Rh-s-Me-NEt4 provides similar results but
displays species in the range of 0–4 equivalents of Rh-s guest
complex per G-sphere. It should be noted that for experiments
with increasing guest concentrations (8, 16, or 20 eq Rh-s vs.
G-sphere), the number of possible host-guest complex com-
binations increases, leading to broader peaks in the resulting
mass spectra (Figure 2d and Table S3). Overall, these experi-
ments combined clearly confirm the strong interaction of these
sulfonate-functionalized metal complexes with the sphere. Sat-
isfyingly, the binding studies of Rh-s display similar to identical
results compared to the previously reported related IrI com-
plexes (Ir-s)[37] and underline the generality of the strategy.
Having established that up to 24 RhI metal complexes can be
bound inside the sphere, we set out to explore the effects of
encapsulation on controlled nanoparticle formation.

2.4. Rh Nanoparticle Synthesis and Characterization

To establish if nanoparticles can be prepared within the
nanospheres, the Rh-s-NEt4 metal complexes were hydro-
genated either in the presence or absence of the sphere. The
particles were prepared by hydrogenation of a 24:1 mixture of
Rh-s-NEt4 and G-sphere, (1 ml, 8.7 mM, and Rh-s @ G-sphere)
and the CD3CN solution was kept at 50 bar H2 and 50 °C for 16 h
to allow full reduction of the metal complexes (Figure 3). After 16
h of reaction time, hydrogenation of Rh-s-Me-NEt4 (R = CH3) in
the presence of the sphere (G-sphere) led to the formation of a
deep red solution, with a dark precipitate on the wall of the vial
(Figure S23). In contrast, the hydrogenation of the metal complex
in absence of the sphere led to the formation of a colorless solu-
tion and a dark film, indicative of the formation of bulk Rh which
is no longer in solution. Although the difference in these results
demonstrates an encouraging encapsulation effect, the encapsu-
lated particles display precipitate formation, indicative of either
decomposition or aggregation. Therefore, the templated synthe-
sis was further explored with the related mesityl functionalized
analog: Rh-s-Mes-NEt4 (R = Mes) (Figure 3). Hydrogenation of
Rh-s-Mes-NEt4 (R = Mes) in the presence of the nanosphere
(Rh-s @ G-sphere) resulted in the transformation of an orange
homogeneous solution to a deep red-brown solution without
the formation of any precipitate, indicating all Rh was still in
solution and no agglomeration had occurred (Figure 3).

Similar to the related methyl complex (Rh-Me-NEt4), hydro-
genation of the free metal complex (Rh-Mes-NEt4) in the
absence of the sphere under identical conditions resulted in the
formation of a clear solution and a grey mirror film, indicat-
ing agglomeration and consequent formation of a bulk-metal
film. These contrasting results illustrate the protective effect
of encapsulation during nanoparticle synthesis. Unfortunately,
although initially a homogeneous Rh-s @ G-sphere* solution
was obtained, gradual formation of precipitate was observed
within a week, indicative of system degradation and/or particle
agglomeration.

As a control, nonencapsulated nanosphere-metal complex
combinations were prepared and hydrogenated. For these con-
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Figure 2. (a) Stacked 1H-NMR spectra of an encapsulation titration experiment and (b) N-H shift plotted against the number of equivalents of Rh-guest
(Rh-Me-NEt4

+) added with respect to the sphere (Pd-G-sphere). Bottom: Zoom of CSI-TOF mass spectra of the Pd-G-sphere with (c) 4 equiv. Rh-s added (4
equiv. highest signal) or (d) 20 equiv. Rh-s added (21 equiv. highest signal), with a spray temperature of −40 °C and a dry gas temperature of −35 °C, with
the simulated spectra in color.

trol groups, either the sulfonate binding moiety or the guani-
dinium functionality of the nanosphere was replaced with an
aliphatic group (Rh-p and M-sphere, Figures S17–S18). The lack
of encapsulation for these control groups (Rh-p + G-sphere and
Rh-s + M-sphere) was established by 1H-DOSY-NMR (Figures
S17–S18). Hydrogenation of the solutions of both control groups
led to the formation of dark suspensions (Figure S25). These
results further underline the role of encapsulation in controlled
nanoparticle formation.

Overall, the perceived impact of encapsulation is similar
to observations of the previously described templated Ir nan-
ocluster formation.[37] However, in contrast to the analogous
Ir-system, the solution containing Rh-s @ G-sphere* displays
gradual precipitate formation within a week, whereas the previ-
ously reported Ir nanoclusters remain homogeneous far beyond
this timespan (months).

To evaluate these differences in more detail, the Rh-s @ G-
sphere* particles were characterized by transmission electron
microscopy (TEM) (Figure 3b). The samples for these mea-
surements were prepared directly after hydrogenation without
further purification. The TEM images of the encapsulated Rh
nanoparticles (Rh-s @ G-sphere*) reveal particles with an aver-
age diameter of 2.8 ± 0.9 nm (Figure S24). These dimensions
are relatively large compared to their related encapsulated Ir
nanoclusters (1.8 ± 0.4).[37] The majority of the measured par-
ticles are smaller than the dimensions of the sphere (5 nm).[43]

However, particles with a larger diameter were also identified,
indicating that some particles may no longer be confined within
the sphere. Furthermore, the TEM images displayed in Figure 3b
indicate that the Rh-s @ G-sphere* particles on the grid are sur-
rounded by a sizeable amount of residual material, visible from
the grey area surrounding the clusters. This residual material
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Figure 3. Nanoparticle synthesis with encapsulated Rh-s-Mes-NEt4 with (a)
synthesis conditions and representative images of the solutions of Rh-s @
G-sphere before and after hydrogenation (Rh-s @ G-sphere*) respectively.
(b) Representative TEM image of Rh-s @ G-sphere*.

could be the result of incomplete evaporation of organic mate-
rials, which generally includes high boiling solvents or excess
ligand. When considering the identical preparation methods
used for the Ir and Rh particles and their TEM samples, the
presence of such excess material may be an indication of the for-
mation of some unexpected products. Furthermore, the nature
of these products may also shed light on the observed size and
gradual precipitation over time. To investigate this, the prod-
uct composition after hydrogenation was examined by 1H-NMR
spectroscopy.

The 1H-NMR spectra of a solution Rh-s-Mes-NEt4 @ G-sphere
or Rh-s-Mes-NEt4 after hydrogenation (Figure S26) reveal the
loss of the characteristic Rh-s signals, accompanied by the
formation of the imidazolium salt and display complete hydro-
genation of the cyclooctadiene ligand (COD) to cyclooctane
(COT, 1.54 ppm), suggesting the complete conversion of the Rh-
s complex. Notably, the characteristic signals of the nanosphere
are absent, indicating that the nanosphere may have (partially)
decomposed or is no longer in solution. Furthermore, aside
from the expected signals, two additional prominent peaks have

formed at 2.55 and 1.03 ppm (Figure S29), which appear to corre-
spond to a mixture of ethyl-, diethyl- and triethylamine species.
Initially, it was hypothesized that these side products were
formed through the decomposition of the tetra-ethyl ammo-
nium counterion (NEt4

+). However, when the counterion was
replaced by tetraphenylphosphonium (PPh4

+), the formation of
the same products was observed after hydrogenation of the
complex (Rh-s-Mes-PPh4, Figure S28). As it was not the decom-
position of the counterion, these side products were proposed
to originate from the solvent (CD3CN). Indeed, the observed
amines are products and intermediates of CD3CN hydrogena-
tion (Scheme S1[44,45]) and H/D exchange, catalyzed by the very
reactive rhodium nanoparticles.[46]

Unfortunately, the formation of these primary and secondary
amines is detrimental to the nanospheres’ integrity, as the
amines can coordinate to the Pt cornerstones of the nanosphere,
leading to partial disassembly of its 3-D structure, in line with
the observed gradual precipitation and disappearance of the
sphere’s 1H-NMR signals (Figure S28). Sphere disassembly results
in less protected nanoparticles which lead to particle agglom-
eration, in line with the experimentally observed larger particle
dimensions for this system.

To mitigate uncontrolled solvent hydrogenation, alternative
solvents were explored for the preparation of encapsulated Rh
nanoparticles. To change to a different solvent system, the Rh-s
@ G-sphere host-guest complex was isolated through precipi-
tation and tested in a variety of solvents (Table S5), however
only DMF and DMSO dissolved the Rh-s @ G-sphere precip-
itate. These solvents were subsequently used for nanoparticle
formation under the hydrogenative conditions described earlier
in the presence of the Rh-p complex (Figure S30). Remarkably,
the newly formed Rh particles had proven themselves to be
effective catalysts for the hydrogenation of both DMF and DMSO
as well, which was immediately noticeable from the distinct
smell emanating from the resulting reaction mixtures. The antic-
ipated reaction products were later confirmed by 13C-NMR to
be NMe3 and SMe2 (originating from DMF and DMSO, respec-
tively, Figures S31–S32). Markedly, the hydrogenation of the free
complex in DMSO led to the formation of a dark colloidal mix-
ture as opposed to the generally observed grey film (Figure
S30), suggesting limited NP agglomeration. It can be argued
that the SMe2 product can coordinate to the NP surface and
consequently provides a protective layer against further particle
agglomeration. Overall, these side reactions are undesired, and
their products are incompatible with the nanosphere. Therefore,
also these solvents cannot be considered as a suitable alternative
medium for templated Rh nanocluster synthesis.

In contrast to the Rh nanoparticles, the Ir nanoclusters
described in our previous work do not display measurable
catalytic activity for nitrile hydrogenation.[37] Considering this
notion, we were curious if in the presence of Ir we can generate
Rh/Ir alloyed particles and if the activity of these nanoparti-
cles could be tamed to minimize solvent activation. In other
words: can Rh/Ir alloyed particles at a certain composition be
tuned to achieve specific substrate selectivity over the solvent?
And can preorganization facilitate (enhanced) alloying of these
metals?
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Figure 4. (a) and (b) Schematic representation of encapsulated mixing strategy (Premix @ G-sphere) and (c) the postmix control group (Postmix @
G-sphere). (d) Reaction conditions and potential products of cinnamaldehyde (7) hydrogenation. (e) Conversion of cinnamaldehyde (7) after 2 h in the
presence of premixed and postmixed encapsulated nanoparticles. [7] = 0.42 M and 0.8 mol% catalyst versus 7 in CH3CN (0.478 ml).

2.5. Alloying and Catalysis

To explore these questions, encapsulated nanoparticles
with varying Rh/Ir compositions were prepared (Premix G-
sphere, Figure 4a,b) and evaluated with cinnamaldehyde (7)
hydrogenation as a model reaction (Figure 4d). As discussed in
the previous section, amine formation is not observed in the
presence of the Ir nanoclusters. It is therefore expected that
the catalytic activity for converting the solvent will decrease
with increasing Ir content. To compare the catalytic behav-
ior of alloyed and nonalloyed encapsulated nanoparticles, a
control group was devised (Figure 4c). In this control group,
monometallic encapsulated nanoparticles of Rh and Ir were
prepared separately and subsequently mixed after particle
synthesis (Postmix G-sphere, Figure 4c). Both the premixed
and postmixed particle solutions were prepared with the same
Rh/Ir metal ratios and applied in catalytic experiments. It is
hypothesized that alloyed Ir/Rh particles would display unique
catalytic features compared to mixtures of their pure metal
counterparts. Therefore, a linear correlation between the Rh:Ir
ratio and solvent activation is expected in the presence of
the postmixed nanoparticles, whereas in the case of effective
alloying a nonlinear response is more likely.

The extent of alloying and its effect on selectivity was indi-
rectly evaluated by the hydrogenation of cinnamaldehyde as
a test reaction (Figure 4d). Cinnamaldehyde (7) can be hydro-
genated at either the C═C or C═O bond to form hydrocin-
namaldehyde (8) or cinnamyl alcohol (9), which could both be
further reduced to form phenylpropanol (10). The conversion of
cinnamaldehyde and product composition were evaluated by GC
analysis in the presence of an internal standard.

In Figure 4e the conversion of 7 after 2 h is plotted as a func-
tion of the relative number of Rh-s and Ir-s equivalents with
respect to the nanospheres. For the Rh-s and Ir-s @ G-sphere
particles that are mixed after the formation, a linear decrease
with increasing Ir-s content is observed, suggesting that no
significant alloying takes place under catalytic conditions. In con-

Figure 5. Mass balance discrepancy for the hydrogenation of [7] in relation
to the catalyst composition, expressed as mmol material lost divided by Rh
(mmol) as a function of the relative Rh:Ir ratio in the catalyst. (After 2 h in
the presence of Premixed and Postmixed encapsulated nanoparticles. [7]
= 0.42 M and 0.8 mol% catalyst vs. 7 in CH3CN (0.478 ml).

trast, the premixed @ G-sphere particles display a sizable drop
in activity starting from a Rh:Ir ratio of 16:8, and does not fol-
low the same direct correlation as found for the postmixed @
G-sphere particles, suggesting that under these conditions Rh-Ir
alloyed nanoparticles were formed.

Next, the product composition was evaluated (Figure S33),
and hydrocinnamaldehyde (8) was identified as the major prod-
uct. Notably, the amount of product formed (mmol 8 = 2–
20 μmol) does not match the amount of substrate 7 con-
verted (3–90 μmol) in most cases. In other words, based on
the expected products, a sizable mass balance discrepancy is
observed, varying from 0–40% depending on the Rh:Ir ratio and
degree of metal mixing (Figure S34). This mass balance discrep-
ancy was further investigated and a few of the major side prod-
ucts were identified by means of GC-MS analysis. Examination of
the product composition revealed the presence of products that
were formed by intermolecular aldol condensation of 8 (Scheme
S2). Furthermore, amine species originating from solvent hydro-
genation are suspected to react with 7 and 8 to form conden-
sation products (Scheme S2). The variety of these condensate

ChemCatChem 2024, 0, e202401161 (6 of 8) © 2024 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 6. (a) HAADF-STEM image of Premix @ G-sphere* (Rh:Ir = 1:1) and (b) corresponding EDS maps of Ir (cyan) and Rh (red) clearly indicating that both
Ir and Rh are present in the particles. Colocation of Pt was observed, as it is part of the nanosphere template. To unambiguously demonstrate that both, Ir
and Rh, are present in the small nanospheres, the extracted EDS spectrum from the lower left particle (red square in b)) is shown in (c). Similar analysis of
larger particles, likely formed by cluster forming of the nanospheres, are displayed in the SI and also show both Rh and Ir.

products and possible subsequent hydrogenation products led
to a mixture of products as indicated by the GC-MS analysis.

To evaluate the role of basic amines on the condensation
reactions of the products, the aldehyde-bearing substrate (7) and
product (8) were stirred in the presence of triethylamine (NEt3,
5% and 10%) or n-butylamine (4 equiv.) under nonhydrogenative
conditions (Tables S6–S7). The product compositions were eval-
uated by GC-MS in the presence of an internal standard after 2 h
(Table S7). From the product composition, it became evident that
both 7 and 8 are not significantly converted to any of the side
products in the presence of catalytic quantities of base (NEt3).
In contrast, in the presence of n-butylamine, rapid condensation
with n-butyl amine to the imine was observed. The latter result
suggests that the conversion and loss of 7 and 8 can indeed
be connected to the solvent hydrogenation products that are
formed under hydrogenation conditions in the presence of Rh
nanoparticles.

The mass balance loss in relation to the catalyst compo-
sition was further evaluated, by dividing the quantity of lost
material (mmol) by the amount of Rh (mmol) present in the reac-
tion mixture and plotting these as a function of the Rh:Ir ratio
(expressed as x equivalents of Ir/Rh with respect to the sphere)
(Figure 5). By plotting the results in this manner, it becomes evi-
dent that the mass balance loss in the presence of the postmixed
nanoparticles (Postmix @ G-sphere) is directly correlated with
the amount of rhodium nanoparticle present as this is constant
around 50 mmol/mmol Rh. In contrast, in the presence of the
preorganized mixed nanoparticles (Premix @ G-sphere), this loss
in mass balance per mmol rhodium decreases with the

Rh:Ir ratio in the particle indicating a distinct change in reac-
tivity as a result of metal mixing. These results demonstrate that
catalyst preorganization indeed leads to unique catalytic behav-
ior and suggest this strategy can effectively result in alloyed
nanoparticles.

Overall, it can be seen that an optimum is reached at 16
equiv. of Ir, at which point the particles no longer display sig-
nificant amine-related mass balance loss (Figure 5), whereas
catalytic conversion of 7 is enhanced in the presence of Rh com-
pared to pure Ir (Figure 4e) These results combined demonstrate

that selectivity can indeed be effectively tuned to minimize
solvent activation through alloying.

The formation of nanoalloys was further evidenced by
energy dispersive X-ray spectroscopy (EDS) in combination with
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) imaging (Figure 6). 2-D mapping of
the encapsulated 1:1 (Rh:Ir) nanoparticles (Premix @ G-sphere*)
clearly indicate homogenous distribution of Rh and Ir within
even the smallest nanoparticles. In line with the TEM results (see
also Figure 3), some larger particles were observed as well, pos-
sibly by clustering of the nanospheres, and analysis of these also
indicate formation of rhodium–iridium alloys as Ir and Rh signals
overlap (see Supporting Information, Figures S37–S39).

3. Conclusion

To summarize, we established that up to 24 sulfonate function-
alized Rh metal complexes (Rh-s) can be encapsulated within a
guanidinium functionalized nanosphere (G-sphere). The binding
behavior was found to be akin to the related IrI complex (Ir-s[37]),
illustrating the broader applicability of this method to other met-
als. Hydrogenation of the encapsulated Rh complexes led to the
formation of small nanoparticles, whereas the nonencapsulated
systems led to larger aggregates. The formed Rh particles were
found to facilitate hydrogenation of the solvent medium and the
resulting products led to compatibility issues with the sphere as
well as by-product formation by follow-up reactions.

To limit this undesired activity, we investigated if the selectiv-
ity of these Rh catalysts could be tuned by preparing alloyed par-
ticles with a metal which is not active in this solvent reduction
side reaction (Ir-s). It was demonstrated that solvent hydrogena-
tion could effectively be suppressed when mixed Rh:Ir particles
were prepared in the presence of > 66% Ir. Compared to the
monometallic Ir particles (Ir-s @ G-sphere*), the mixed Rh:Ir par-
ticles displayed higher catalytic activity in the hydrogenation
of cinnamaldehyde (7), reaching an optimum for selectivity and
activity at an 8:16 – Rh:Ir ratio. Importantly, the catalytic results
illustrate that preorganization effectively facilitates the formation
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of Rh:Ir alloyed nanoparticles and that the catalyst can be tuned
to create an overall more active and selective catalyst compared
to the monometallic or nonencapsulated Rh/Ir particles.

To conclude, the guanidinium functionalized nanosphere
allows the preorganization of rhodium and iridium complexes at
different ratio’s, which after reduction lead to controlled forma-
tion of small alloyed Rh:Ir nanoparticles. The reactivity depends
of the relative ratio of these metals. We envision that the herein
developed system can be expanded to other metal catalysts and
could become a powerful tool for the controlled preparation of
alloys with a wider variety of metals.

Supporting Information

General procedures, detailed synthetic procedures, and addi-
tional data are available within the Supporting Information. The
authors have cited additional references within the Supporting
Information.
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