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Colloidal and supported manganese nanoparticles were synthe-
sized following an organometallic approach and applied in the
catalytic transfer hydrogenation (CTH) of aldehydes and
ketones. Reaction parameters for the preparation of colloidal
nanoparticles (NPs) were optimized to yield small (2–2.5 nm)
and well-dispersed NPs. Manganese NPs were further immobi-
lized on an imidazolium-based supported ionic phase (SILP) and
characterized to evaluate NP size, metal loading, and oxidation
states. Oxidation of the Mn NPs by the support was observed

resulting in an average formal oxidation state of +2.5. The
MnOx@SILP material showed promising performance in the CTH
of aldehydes and ketones using 2-propanol as a hydrogen
donor, outperforming previously reported Mn NPs-based CTH
catalysts in terms of metal loading-normalized turnover num-
bers. Interestingly, MnOx@SILP were found to lose activity upon
air exposure, which correlates with an additional increase in the
average oxidation state of Mn as revealed by X-ray absorption
spectroscopic studies.

Introduction

Metal nanoparticles (NPs) of first-row transition metals are
attracting increasing attention in catalysis, as the availability,
cost, and environmental impact of these metals are, in most
cases, advantageous compared to widely applied noble metals
from the platinum group.[1] In this context, manganese (Mn)
would seem a particularly attractive metal as it is the 12th most
abundant element and the 3rd most abundant transition metal
in the earth’s crust.[2] It possesses the lowest global warming
potential of all transition metals[3] and most of its typical forms
also exhibit low toxicity.[4] In the past decade, organometallic
Mn complexes with specifically designed ligands experienced a
spectacular development in the field of homogeneous
catalysis,[5] with excellent molecular catalysts being reported
inter alia for (de)hydrogenation[6] and hydrosilylation.[7] In
heterogenous catalysis, bulk Mn oxides phases are most

commonly used as oxidation catalysts,[8] but also showed
activity in hydrogenation of C=C and NO2 functionalities.

[9]

Intriguingly, Mn-based NPs remain largely under-repre-
sented in catalysis. This is presumably due to the extreme
oxophilicity of Mn, which makes the preparation of size- and
composition-controlled NPs difficult.[10] Mn oxide NPs are
typically synthesized following bottom-up approaches,[11] such
as the thermal decomposition of Mn complexes,[12]

permanganate reduction,[13] or sol-gel methods.[12b,14] They find
applications in magnetic resonance imaging,[15] biomedical
applications,[16] wastewater treatment,[17] and as electrocatalysts
for the reduction of oxygen[18] or water oxidation.[8c] Zero- or
low-valent Mn NPs received much less attention, and were first
reported by Köppler and coworkers via the reduction of MnBr2
in tetrahydrofuran (THF), yielding colloidal NPs.[19] Egeberg et al.
investigated the formation of Mn(0) NPs using pyridine as a
solvent, reducing agent for MnCl2, and stabilizer for the
resulting NPs.[20] Catalytic applications for low-valent Mn NPs
have thus far only been demonstrated by Chakraborty et al.
They prepared Mn NPs active in the hydrogenation of alkenes
and alkynes, formed in situ by the reduction of manganese
nanoclusters under an atmosphere of H2.

[21]

Overall, studies reporting the preparation, characterization,
and application of Mn-based NPs in catalysis are scarce,[22] and
often associated with limitations due to high required reaction
temperatures,[12b,14] agglomeration[21,23] or degradation[24] under
catalytic conditions; as well as low selectivity[14,25] and
versatility.[10,20] As a result, the potential of Mn NPs as catalysts
has only been tapped upon until now.

Herein, we report a systematic study on the synthesis of
colloidal Mn NPs using an organometallic approach, investigat-
ing the influence of relevant reaction parameters, as well the
chemical nature of potential stabilizing ligand(s). Mn NPs were
furthermore immobilized on an imidazolium-based Supported
Ionic Liquid Phase (SILP) (Figure 1a). The resulting materials
were characterized using various techniques, including electron
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microscopy and X-ray absorption spectroscopy (XAS) (Fig-
ure 1b). The catalytic performance of Mn NPs was probed in the
catalytic transfer hydrogenation (CTH) of aldehydes and ketones
(Figure 1c), evidencing a crucial influence of the NPs’ oxidation
state.

Results and Discussion

Synthesis of Colloidal Mn NPs

[Mn[N(SiMe3)2]2(THF)] was synthesized according to a previously
reported procedure and used as a precursor for the organo-
metallic synthesis of Mn NPs.[26] This precursor was selected for
its high reactivity, allowing reduction under mild conditions,
and for the lability of the ligands that can be readily removed
from the NPs’ surface.[27] In a typical synthesis, [Mn[N-
(SiMe3)2]2(THF)] was dissolved in dry and degassed mesitylene
and reduced under an atmosphere of hydrogen (3 bar) in a
Fischer-Porter bottle (Figure 2a). Mesitylene was selected as
solvent as it has been successfully employed for the preparation
of iron NPs from a precursor of comparable structure, i. e.
{Fe[N(SiMe3)2]2}2.

[27–28] The formation and stabilization of colloidal
Mn NPs were investigated by varying synthetic parameters such
as reaction time, temperature, precursor concentration, and the
nature and concentration of stabilizing ligands (Table 1).

Performing the reaction under a standard set of reaction
conditions (0.022 mmol[Mn]/mL, 150 °C, 3 bar H2, 18 h) in the
absence of additional ligands yielded a dark colloidal solution
(Figure 2b) that was stable for several hours under an inert
atmosphere (argon), before precipitation started. Interestingly,
immediate precipitation of a black material was observed upon
exposition of the colloidal solution to air. Transmission electron
microscopy (TEM) images of the solution showed mainly large

aggregates (Figure 2c), which may have formed due to air
exposure during sample preparation. The addition of 1 eq. of
PPh3 to [Mn[N(SiMe3)2]2(THF)] in mesitylene gave a red/brown
solution. Upon heating under H2, the solution quickly turned
grey, and precipitation of large particles was observed (Entry 2),
indicating that PPh3 is not a suitable ligand for Mn NPs under

Figure 1. (a) Synthetic pathways for the synthesis of colloidal Mn nanoparticles (NPs) and MnOx@SILP; (b) characterization methods used to investigate the
prepared materials; (c) MnOx@SILP as a catalyst for the catalytic transfer hydrogenation of aldehydes and ketones.

Table 1. Parameter screening in the synthesis of Mn NPs.

Entry c ([Mn])
[mmol/
mL]

Ligand Ligand
(s): Mn
(molar
ratio)

T
[°C]

t
[h]

NP size
[nm]

1 0.022 – 0 150 18 aggregates

2 0.022 PPh3 1 :1 150 18 aggregates

3 0.022 HDA 1 :1 150 18 2.2�0.4

4 0.022 PA 1 :1 150 18 no NPs

5 0.022 HDA:
PA

1 :1 :1 150 18 no NPs

6 0.022 HDA:
PA

4 :3 :2 150 18 no NPs

7 0.022 HDA 3 :2 150 18 2.3�0.4

8 0.022 HDA 2 :1 150 18 2.2�0.4

9 0.022 HDA 3 :1 150 18 2.4�0.4

10 0.022 HDA 1 :1 60 18 aggregates

11 0.022 HDA 1 :1 100 18 aggregates

12 0.022 HDA 1 :1 175 18 2.3�0.5

13 0.022 HDA 1 :1 150 6 2.0�0.3

14 0.11 HDA 1 :1 150 18 2.6�0.5

Conditions: [Mn[N(SiMe3)2]2(THF)] and ligand(s) were dissolved in mesity-
lene (2 mL) and reduced under an atmosphere of hydrogen (3 bar) in a
Fischer-Porter bottle. NP size was determined using transmission electron
microscopy (TEM). HDA=hexadecylamine, PA=palmitic acid.
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these conditions. Using 1 eq. of hexadecylamine (HDA, Entry 3),
the resulting black colloidal solution was stable after hydro-
genation and could be stored under oxygen-free conditions
without precipitation for several months. Even exposure to air
did not lead to precipitation in this case. TEM showed the
presence of small and well-dispersed NPs (2.2�0.4 nm, Fig-
ure 2d).

In contrast, using palmitic acid (PA, Entry 4) yielded a
yellow/light orange solution (Figure S1), and no NPs were
formed upon hydrogenation. Similar observations were made
with mixtures of HDA and PA (Entries 5–6). This is presumably
due to the formation of a stable intermediate by reaction
between [Mn[N(SiMe3)2]2(THF)] and PA, comparable to the
stable Fe carboxylate species observed when mixing {Fe[N-
(SiMe3)2]2}2 with PA.[28]

Increasing the equivalents of HDA did not result in
substantial changes in NP size (entries 7–9, Figure 2e, and
Figure S3–S4), and small (2–2.5 nm) NPs were obtained in all
cases. However, the NPs appeared better dispersed on the TEM

grid when more HDA was used (Figure 2e). Reducing the
reaction temperature to 100 °C or lower led to partial precip-
itation of the NPs (entries 10–11, Figure S5). This result can be
rationalized by a slower nucleation step leading to fewer nuclei
available during the growth process, thus resulting in larger
particles. An increase in temperature to 175 °C or a reduction in
reaction time from 18 h to 6 h did not significantly impact the
resulting NP size (entry 12–13, Figure S6–S7). Based on these
results, the reduction of the Mn precursor at 150 °C for 18 h
under 3 bar of H2 with the addition of 1 eq. HDA was selected
as the optimized condition. Increasing the Mn and HDA loading
by a factor of 5 in the same amount of solvent still yielded small
and well-dispersed NPs (Entry 14, Figure 2f).

Mn NPs Immobilized on SILP

The immobilization of metal NPs on support materials is a
strategy commonly used to improve their stability and recycla-

Figure 2. (a) Standard protocol for the synthesis of colloidal Mn NPs and (b) appearance of a resulting solution. Reaction conditions for solution shown in (b):
[Mn[N(SiMe3)2]2(THF)] (20 mg, 0.0447 mmol), hexadecylamine (HDA, 1 eq.), mesitylene (2 mL), 150 °C, 18 h. (c)-(f): TEM images Mn NPs prepared according to
Table 1. (c) Entry 1: no ligand (Mn aggregates); (d) Entry 3: 1 eq HDA (particle size=2.2�0.4 nm), (e) Entry 7: 1.5 eq HDA, (particle size=2.3�0.4 nm) and (f)
Entry 14: 1 eq HDA, 5 times higher Mn concentration (particle size=2.6�0.5 nm). Respective NP size distributions are shown in Figure S2.
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bility, in particular for catalytic applications. To demonstrate the
possibility of immobilizing Mn NPs prepared following the
approach described above, an imidazolium-based ionic liquid
phase chemisorbed on silica (SILP) was investigated as a
support material. This SILP already proved a suitable matrix for
synthesizing and stabilizing various mono- and bimetallic NPs
used for hydrogenation and hydrodeoxygenation reactions.[29]

In brief, the synthesis of the SILP involved the condensation of
[1-butyl-3-(3-triethoxysilylpropyl)-imidazolium] NTf2 (NTf2=

bis(trifluoromethanesulfonyl)amide) with dehydroxylated
SiO2.

[29a] Mn@SILP (target loading 0.4 mmolMn.gSILP
� 1) was pre-

pared according to Figure 3a by in situ reduction of [Mn[N-
(SiMe3)2]2(THF)] without additional stabilizer ligand, but in the
presence of the SILP under standard conditions (150 °C,
3 bar H2, 18 h, in mesitylene), yielding a brown powder (Fig-
ure 3b). Inductively coupled plasma – optical emission spectro-
scopy (ICP-OES) measurements revealed a Mn loading of 0.39
mmolMn.gSILP

� 1 (2.1 wt%), well in agreement with the theoretical
value. N2 adsorption studies of the material (surface area:
266 m2.g� 1, pore volume: 0.62 cm3.g� 1) showed the expected
decrease in BET surface area and pore volume compared to the
starting material SiO2 (surface area: 342 m2.g� 1, pore volume
1.07 cm3.g-1)[30] due to the chemisorption of the ionic liquid.
Despite a low contrast between Mn and the support material,
characterization by scanning transmission electron microscopy
in high angle annular dark field mode (STEM-HAADF) evidenced
the presence of small and well-dispersed Mn NPs on the SILP
(Figure 3c), as confirmed by STEM-HAADF energy dispersive X-
ray spectroscopy (EDX) elemental mapping (Figure 3d). How-
ever, the low contrast between Mn and the Si-based support

made the NPs size determination challenging, and the error on
the obtained value of 2.0 nm may be relatively important.

The properties of Mn@SILP were further characterized by
XAS. Full details on the data collection, processing, and analysis
can be found in the SI (including Table S2-S3, and Figure S9–
S12). The Mn K-edge X-ray absorption spectra of Mn@SILP and
reference materials (Figure 4a) show that the absorption edge
position of Mn@SILP is noticeably higher in energy than that of
Mn-foil and MnO, suggesting that oxidized Mn species with an
oxidation state higher than +2 dominate the sample. The
oxidation of Mn is expected, as previous studies already showed
the oxidation of similarly oxophilic Fe NPs by the O-rich SILP
support.[29a] Thus, Mn@SILP will from now on be referred to as
MnOx@SILP. Interestingly, a shift of the absorption edge to
higher energies and a decrease in the intensity of the white line
features can be observed upon exposure of the MnOx@SILP
sample to air (noted MnOx@SILP_Air in Figure 4), indicating
further oxidation of the sample (Figure 4b). The absorption
edge position of MnOx@SILP_Air is shifted to higher energies by
approximately 1.0 eV compared to the MnOx@SILP (Figure S9a).
The oxidation states of MnOx@SILP and MnOx@SILP_Air can be
estimated by comparing the energies of Mn� K edge XAS
features to reference materials of different oxidation states in
Mn (Figure S11-S12). Using the correlation to the first maximum
after the pre-edge feature gives average oxidation states in Mn
of +2.6 for MnOx@SILP and +3.0 for MnOx@SILP_Air. Correlat-
ing the oxidation states to the position of the half-edge jump,
the calculated oxidation states are +2.4 and +2.7, respectively.

The EXAFS spectra of MnOx@SILP and MnOx@SILP_Air give
further information about the coordination structure of the Mn
species in the bulk (Figure S9b, S10). Based on the fitting

Figure 3. (a) Synthesis and (b) picture of Mn@SILP (for additional images and NP size distribution see Figure S8a–e; (c) STEM-HAADF image of Mn@SILP with
(d) STEM-HAADF-EDX elemental mapping of Mn (using Mn Kα fluorescence lines, for EDX spectrum see Figure S8f).
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results, it is concluded that the Mn species are coordinated by
light scatterers (N/O) in the first shell and strongly disordered
Mn in the second shell, indicating an amorphous structure. The
bond distances do not provide evidence for the presence of
metallic Mn� Mn coordination. This is consistent with the Mn K-
edge XAS analysis, showing that Mn is present in oxidized form
for both MnOx@SILP and MnOx@SILP_Air

Catalytic Transfer Hydrogenation of Aldehydes and Ketones
Using Mn NPs-based Systems

The catalytic transfer hydrogenation (CTH) of aldehydes and
ketones was selected as a model transformation to investigate
the performance of the prepared colloidal and supported Mn
NPs. In particular, the reduction of benzaldehyde (1) to benzyl
alcohol (1a) using 2-propanol as a solvent and hydrogen donor
was studied as prototypical benchmark reaction[12b,31] (Table 2).

Colloidal Mn NPs (synthesized according to the conditions
described in Table 1, Entry 14) showed high activity and
selectivity toward the formation of 1a at 170 °C in a closed
vessel (97% yield, >99% selectivity, Entry 1). However, signifi-
cant aggregation and precipitation occurred during the reac-
tion. MnOx@SILP led to a 98% yield of 1a under the same
reaction conditions (Entry 2). Decreasing the reaction temper-
ature to 150 °C and 120 °C resulted in lower conversions and
yields of 1a (81% and 15%, respectively, Entries 3–4).
Analogously prepared MnOx@SiO2 gave a lower conversion and
selectivity than MnOx@SILP under the same reaction conditions.
No conversion was observed with the SILP alone or without
catalyst (Entries 6–8).

Despite the rather drastic temperatures, the application of
the MnOx NPs in CTH was found to be quite versatile for a range
of carbonyl containing substrates (Table 3, see Table S4 for
optimization of reaction conditions). Benzaldehyde derivatives
with electron-donating and withdrawing groups (Entries 2–5) in
para-position were converted to the corresponding alcohols in
high yields (75% to >99%) and selectivities (75% to >99%).
For 4-methoxybenzaldhyde (Entry 2), the formation of an ether

adduct between the substrate and 2-propanol was observed as
a side reaction. The CTH of 4-methylbenzaldehyde (Entry 6)
consistently yielded a significant amount of an unidentified side
product (Figure S13). Satisfyingly, several bio-based aldehydes
could also be converted in high yields (71% to >99%) and
selectivities (71% to >99%) to the respective alcohols
(Entries 7-9). For 5-(hydroxymethyl)furfural (Entry 8), the forma-
tion of an ether side product was observed. The CTH of ketones
was also successful, even if slightly more challenging than
aldehydes, with lower conversions but still high selectivities
(Entries 10–12). The CTH of furfuralacetone (Entry 10) yielded
small amounts of esterification side products. The conversion of
acetophenone could be increased by performing the reaction
at 200 °C. However, the selectivity dropped to 30%, with the
formation of styrene, (1-isopropoxyethyl)benzene and
(oxybis(ethane-1,1-diyl))dibenzene as side products (Table S5).

Figure 4. (a) Normalized Mn K-edge XAS spectra of MnOx@SILP, MnOx@SILP _Air, and Mn reference materials. (b) In situ Mn K-edge XAS spectra of MnOx@SILP
under oxidizing atmosphere. The first scan (scan_01) was collected after 300 seconds of exposure to air. The interval between the scans is 230 seconds.

Table 2. CTH of 1 to 1a in 2-propanol using various catalysts and
conditions.

Entry Catalyst T [°C] X [%] Y [%] S [%]

1 Colloidal Mn NPs 170 97 97 >99

2 MnOx@SILP 170 98 98 >99

3 MnOx@SILP 150 81 81 >99

4 MnOx@SILP 120 15 15 >99

5 MnOx@SiO2 170 64 58 91

6 SILP 170 2 2 >99

7 SILP 150 2 2 >99

8 – 170 0 0 –

Reaction conditions: Mn (0.008 mmol metal) or SILP (20.7 mg), benzalde-
hyde (22.0 mg, 0.2 mmol, 25 equiv.), 2-propanol (2.0 mL), 18 h, T °C,
700 rpm in a 10 mL autoclave; yields were determined by GC-FID using
tetradecane as internal standard. X=conversion, Y=yield, S= selectivity
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To get further insight into the reactivity of MnOx@SILP, a
time profile was recorded for the CTH of 1 to 1a (Figure 5).
Results indicate that the reaction follows up to ca 60%
conversion a typical first-order kinetic, with an initial reaction
rate of kini=0.46 h� 1. Upon longer reaction time and higher
conversion, the rate slows down slightly more than expected
from first order kinetics, indicating most likely some catalyst
deactivation. Inductively coupled plasma – mass spectrometry
(ICP-MS) of the reaction mixture after the CTH of 1 indicated
that only 0.01% of Mn leached into the solution, therefore
suggesting that Mn leaching is not responsible for catalyst
deactivation. Under these conditions, a turnover number (TON)
of 24.4 and a turnover frequency (TOF) of 1.4 h� 1 could be
reached, calculated considering the total amount of Mn on the
catalyst. These results are substantially higher than those
recently reported by Zhou et al. (TON=2.4, TOF=1.2 h� 1)[14] and

Feng et al. (TON=4.0, TOF=0.3 h� 1)[12b] using Mn oxide NPs on
N-doped carbon supports under similar conditions.

Interestingly, the reactivity of MnOx@SILP was drastically
reduced by a 30 min air exposure before the reaction (Table S5).
These results correlate with the important changes in structure
and oxidation state observed in the XAS measurements when
exposing the sample to air (Figure 4). Therefore, the apparent
catalyst deactivation seen in Figure 5 may also be associated
with similar changes as the reaction proceeds at high temper-
ature. These results indicate that the catalytic activity of the
MnOx NPs depends critically on their average oxidation state
whereby CTH activity is favored at the intermediate oxidation
state of +2.5 and lost almost completely upon further oxidation
to +3.

CTH reactions using 2-propanol typically follow two main
mechanistic pathways.[31b] In Meerwein-Ponndorf-Verley type
mechanisms, intermolecular hydride transfer occurs via a six-
membered transition state between the metal site, substrate,
and hydrogen donor (Figure S14a). In metal-mediated hydro-
genations, 2-propanol is dehydrogenated at the metal surface
to acetone resulting in hydride species that hydrogenate the
substrate (Figure S14b). Using mixture of 2-propanol-d8 and
tert-butanol (1 : 9) resulted in almost exclusive formation of
benzyl alcohol with deuterium incorporated in the benzylic
position of 1a as revealed by mass spectrometry and 1H and 13C
NMR analysis (Figure S15–S18). As a much higher degree of H/
D-scrambling would be expected for a metal-mediated
mechanism,[31b] these data are most consistent with a Meer-
wein-Ponndorf-Verley type hydride transfer.[12b] Conducting the
CTH in pure 2-propanol-d8 allowed determining the kinetic
isotope effect (KIE) of the reaction, with KIE=3.4 (Figure S19).
This primary KIE indicates that the cleavage of the C� H bond in
2-propanol is the rate-determining step.[32]

While the impact of the average oxidation state in small
nanoparticles on that mechanism is difficult to rationalize, one
might speculate that the higher degree of oxidation results in
less vacant Lewis acidic Mn-centers at the surface to accom-

Table 3. CTH of aldehydes and ketones using MnOx@SILP.

Entry Substrate Product T [°C] X
[%]

Y
[%]

S
[%]

1 170 98 98 >99

2 170 >99 75 75

3 170 >99 >99 >99

4 200 >99 >99 >99

5 170 98 98 >99

6 170 85 30 35

7 170 87 87 >99

8 170 >99 71 71

9 150 >99 >99 >99

10 120 60 56 93

11 170 60 60 >99

12 170 74 74 >99

Reaction conditions: Substrate (0.2 mmol, 25 equiv.), MnOx@SILP
(20.7 mg, 0.008 mmol Mn), 18 h, T °C, 700 rpm, 2-propanol (2.0 mL); yields
were determined by GC-FID using tetradecane as internal standard. X=

conversion, Y=yield, S= selectivity.

Figure 5. Time profile for the CTH of 1 to 1a using MnOx@SILP as a catalyst.
Reaction conditions: MnOx@SILP (20.7 mg, 0.008 mmol Mn), benzaldehyde
(22.0 mg, 0.2 mmol, 25 equiv.), 170 °C, t h, 700 rpm, 2-propanol (2.0 mL).
Product selectivity to 1a was >99% in all reactions. Yields were determined
by GC-FID using tetradecane as an internal standard. Data points are average
values of 2 to 3 experiments and error bars represent standard deviations.
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modate the intermolecular hydride transfer between substrate
and product.

Conclusions

In conclusion, an organometallic approach using the hydro-
genation of [Mn[N(SiMe3)2]2(THF)] as precursor was developed
to prepare colloidal as well as supported manganese nano-
particles (Mn NPs) in the 2 nm range with narrow size
distribution. The supported nanoparticles show an intermediate
oxidation state of slightly above Mn2+ after synthesis and are
readily oxidized to values close to Mn3+ upon exposure to air.
The NPs prepared by this method show activity in the
Meerwein-Ponndorf-Verley type transfer hydrogenation using 2-
propanol as hydrogen donor for a range of carbonyl com-
pounds, with the highest TONs and TOFs reported for Mn NP-
based catalysts so far. Interestingly, NPs with the lower
oxidation state show higher activity providing new insight for
future development of highly active Mn NPs-based catalysts.
The presented versatile method for the preparation of highly
dispersed and stable colloidal and supported MnOx NPs is
expected to be of interest also for applications in other fields
such as magnetic resonance imaging, drug delivery, or electro-
catalysis.

Supporting Information

Experimental Section, Supplementary Tables and Figures.
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