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Abstract: Whereas dendrimer supports are known as key parts of nanocatalysts, the
capability of rigid dendrimers for this function has not yet been reported. Here, the
study is focused on ferrocenylmethylenetriazolyl-terminated dendrimers (FEMTPD) as
supports of remarkably efficient nanogold and nanopalladium catalysts. A biphasic
system is elaborated to evaluate the catalytic activity of FcMTPD-supported Au and Pd
nanoparticles (NPs) for the reduction of 4-nitrophenol to 4-aminophenol by NaBH4 at
20 °C, and FeMTPD-supported PANPs are found to be the best nanocatalyst with a rate
constant kapp=7.8x102s7!.  Excellent catalytic results are also obtained in this reaction
for FceMTPD-supported AuNPs with a rate constant kapp= 5.6x10%s!. For both Pd NPs
and AuNPs, the kinetic results are shown to strongly depend on the method of
preparation of these NPs that influences the NP size, thus their catalytic efficiency. The
FcMTPD-stabilized PANPs are easily recovered and reused at least 13 times, and their

catalytic performance displays only a slight decrease during the first seventh runs.

1. Introduction

The ability of dendrimers'™ to stabilize transition-metal nanoparticle catalysts®® has

been well recognized. Dendrimers constructed with rigid tethers such as polyphenylene

10,11 12,13

dendrimers'™"" or poly(azomethine) dendrimers'~'> present specific structures and
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Fig. 1. Structure of the ferrocenylmethylene-triazolyl-poly(phenylene) dendrimer,
FcMTPD.

properties that have attracted much attention from researchers. Yamamoto’s group has
exploited the properties of phenylazomethine dendrimers to stabilize nanoclusters or
very small nanoparticles (NPs) that are very active in catalysis,'*!*> but Miillen-type
poly(phenylene) dendrimers have not been much utilized for the preparation of active
nanocatalysts. Functionalization with pyridyl groups'® has provided first attempts to

coordinate transition metal cations and NPs:,!”!®

with special attention to prion
trapping.'®?° Recently, ferrocene terminated dendrimers with rigid cores have been
obtained via the Diels-Alder approach with ferrocene containing cyclopentadienone,?!
and polyphenylene dendrimers containing the pyridyl units and terminated with ethynyl
groups have been “clicked” with azidomethyleneferrocene according to the CuAAC
reaction to form 1,2,3-triazolylmethylene-ferrocene-terminated poly(phenylene)
dendrimers.?? The later dendrimers possess the 1,2,3-triazole groups near their termini

23-27

allowing to coordinate transition-metal cations and smoothly stabilize late

transition-metal NPs. Ferrocene-terminated dendrimers are a well-documented

family?8-3!

with rich redox properties related to the location of the ferrocene groups in
the dendrimers that is favorable toward the use of redox-related processes.>> Here, the
role of the ferrocene termini is to provide bulk at the dendrimer periphery in order to
inhibit or at least minimize NP agglomeration, and therefore improve the performances
of the nanocatalysts. On the other hand, the ferrocene group does not play any redox
role in these catalytic processes, because its reduction would be far too negative to be

observed under the reaction conditions. Given the ability of gold®**** and palladium®-
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37 NPs as catalysts, we have investigated and report here their stabilization by the
ferrocenylmethylene-triazolyl-poly(phenylene) dendrimer (FcMTPD, Fig. 1) and its
catalytic properties. The selected reaction in an environmentally-useful process, the
prototypical reduction by sodium borohydride of the pollutant nitrobenzene to the
nitroaniline dye, an industrial intermediate in the manufacture of analgesic and
antipyretic drugs.*®?° The kinetic of this standard reaction, discovered by Pal and his
group upon Ag NP catalysis,***! has been deeply examined by Ballauff and his group,**-

4 and nanocatalysis of nitroarene reduction has been reviewed.*!*

2. Results and discussion

2.1. Synthesis and characterization of the metal nanoparticles (MNPs).

FcMTPD was fabricated as described in the literature,?? and it was used as a stabilizing
support of Au(Ill) and Pd(II) upon reactions with HAuCl4 and Na>PdCls, respectively.
The intradendritic triazoles and pyridyls that are present in stoichiometric amount vs.
Au(III) displace a chloride ligand from the Au(Ill) coordination sphere in the mixed
solvent system used (CH2Cl/MeOH), so that the main species in aqueous solution is
the neutral Au(IIl) square-planar species [ AuCls(triazole)] or [AuCls(py)], respectively,
as shown earlier with ferrocenyl triazole derivatives.?*?’ Likewise, substitution of a
chloride ligand by an intradendritic triazole or pyridyl in [PdCls]* presumably leads to
d® Pd(II) square-planar species [Pd(triazole)Cl3]” or [PdCl3(py)] -, respectively.?*’ The
lability of the ligands due to the dendritic bulk is not involved, because in such rigid
dendrimers the branch termini carrying these ligands are maintained far from one
another, unlike in flexible dendrimers. Indeed, the colors and UV-vis. spectra of these
solutions were stable for several days.

One hour after addition of the transition-metal salts to the ferrocenylmethylenetriazolyl-
terminated dendrimers (FEMTPD)-coordinated Au(IIl) and Pd(II), addition of NaBH4
rapidly leads to formation of AuNP-1 and PANP-1 (Scheme 1a). Alternatively, HAuCl4
or Na2PdCl4 are added to a mixture of FcMTPD and NaBH4 (Scheme 1b) in the same
mixture of solvents, which led to AuNP-2 and PANP-2. The FeMTPD-supported NPs
prepared using these two methods are compared for their plasmon band in the case of
the Au NPs and for their size (from TEM measurements) and catalytic activities. In
these reduction reactions, the neutral Fe!! ferrocenyl groups remain unchanged, because
their reduction to Fe' would occur only at extremely negative redox potentials, i. e.
around -3 V vs. SCE.? This is confirmed by comparison of the XPS analysis of the Fe
2p3/2 orbital of ferrocene in the dendrimer before complexation, after coordination of
the dendrimer to Pd(II) and after reduction of Pd(Il) by NaBH4 to the Pd(0) NPs. In
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these three situations, the XPS value for the Fe 2p3/2 orbital remains constant at 707.8
+ 0.1 eV (Table S1, Fig. S1-3), showing that the ferrocene termini, unlike the triazole
groups (vide infra), are not electronically perturbed by the coordination and reduction

Processces.

1) NaBH,
2) Na,PdCl,
or HAuCl,

FcMTPD MNPs-2

Scheme 1 Syntheses of Au and Pd NPs by a) addition of NaBH4 to FcMTPD-supported
Au(Ill) or Pd(Il) leading to the MNPs-1; b) addition of the complex HAuCls or
NazPdCls to a mixture of the dendrimer and NaBH4 leading to the formation of the
MNPs-2.

The role of the ferrocene termini is to provide bulk at the dendrimer periphery in order
to form a shell around the dendrimer inhibiting encapsulated NP escape. Stabilization
of NPs by bulky dendrimer periphery was already observed when three first generations
of'a dendrimer did not inhibit NPs to escape from inside dendrimers, whereas the fourth
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generation providing a sufficiently bulky periphery inhibited small NP escape.!”

During the process of preparation of AuNPs, the color of the CH2Cl2 solution changed
from light yellow to red-brown for AuNPs-1 and from light yellow to purple for AuNPs-
2. The surface plasmon band (SPB) of AuNPs-1 is found at 511 nm and that of AuNPs-
2 is observed at 524 nm (Fig. 2). Compared with AuNPs-1, the SPB of AuNPs-2 shows
a red shift, qualitatively indicating that AuNPs-2 have a larger size than AuNP-1. For
PdNPs, the color of solution changed from yellow-brown to brown for PANPs-1 and
from yellow-brown to golden yellow for PANPs-2 (Fig. S4).

AuNPs-1

-~ I
e =

T T T T
300 400 500 600 700
Wavelength (nm)

AuNPs-2

Absorbance (a.u.)

Fig. 2. UV-vis. spectrum of FcMTPD-stabilized AuNPs-1 and AuNPs-2. Insert:
photograph of AuNPs-1 (left) and AuNPs-2 (right).

The XPS results show that the FcMTPD-coordinated metal cations have been
reduced to metal (0) NPs (Fig. 3). Partial (minor) oxidation to Pd(II) found by XPS (Fig.
3a) is believed to results from some aerobic oxidation occurring between the time of
the synthesis and that of the XPS record. Au(0) state in all the FcMTPD-supported
AuNPs samples already observed by XPS (Fig. 3b) is confirmed by the presence of the
Au plasmon band around 520 nm (vide supra, Fig. 2).
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Fig. 3. XPS spectra of the PANPs-1(a) and AuNPs-1 (b).
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Fig. 4. TEM images of PANPs-1 (a), AuNPs-1 (c), PANPs-2 (e) and AuNPs-2 (g); size
distribution histogram of PANPs-1 (b), AuNPs-1 (d), PANPs-2 (f) and AuNPs-2 (h). The
larger size of AuNPs compared to PANPs is due to the gold aurophilicity involving the
relativistic effect of Au atoms facilitating their aggregation.

MNPs with low polydispersity resulting from stabilization by the “click”
dendrimer FEMTPD are observed (Fig. 4). The mean sizes of PANPs-1 and AuNPs-1
are 2.0 nm and 3.6 nm, respectively, and those of PANPs-2 and AuNPs-2 are 3.7 nm
and 7.5 nm, respectively. Compared with AuNPs, PANPs are smaller, which might be
part of the reason explaining why PdNPs show a better catalytic performance than
AuNPs. The difference of NP size between the Au and Pd NP synthesized under the
same conditions is due to difference of aggregation rates of Pd and Au atoms including
the relativistic effect of Au that favors their aggregation in clusters and NPs.?’ In
addition, MNPs-2 are larger than MNPs-1, indicating that direct reduction of FcMTPD-
supported metal cations to MNPs-1 by NaBHa is the optimized way to fabricate smaller,
more catalytically active MNPs.

The click dendrimers stabilize the NPs through their interaction with the
intradendritic triazole rings near their periphery and with pyridines, acting as ligands
for the nanoparticle surface. This is beneficial for catalysis, because large agglomerated
NPs would be less catalytically active.* NPs Indeed, earlier comparison between click
dendrimers containing triazole ligands near their periphery and dendrimers of similar
size that did not contain triazole groups showed that only triazole-containing
dendrimers near their periphery stabilized such small nanoparticles, whereas other
dendrimers stabilized only very large nanoparticles (like 10 nm).**’ By analogy, the
fact that relatively small NPs were characterized here confirm the existence of these
dendrimer-NP interactions that occur necessarily at the dendrimer peripheries, given
the closely related sizes of the dendrimer and NPs. Nevertheless, since the dendritic
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triazoles and pyridines appear to be the ligands stabilizing the NPs, this implies a small
penetration of the NPs near the external part of the dendrimers. These tether extremities
can bend (unlike the rigid interiors), because the triazolyl ferrocenes are the only
flexible fragments of the dendrimer. 647

XPS analysis of the N atoms provides useful information on the coordination of the N-
containing intradendritic ligands by Pd(II) upon reaction with Na2PdCls and Pd(0) NPs
formed upon reduction of the former by NaBHa4.*® The compared XPS data of the N 1s
orbital of FcMTPD alone, Pd(IT)-FcMTPD complexes and Pd(0)NPs-FcMTPD are
shown in Figure 5. In the Pd(II)-dendrimer complex, the very significant shift of the N
Is binding energy to a higher value shows the electron-donating effect from N to Pd(II)
due to the N atoms sharing their lone pairs with Pd(II). With the Pd(0) NP complex, this
shift is much weaker as expected due to the much weaker electronic donation from N
to Pd(0) than with Pd(II), although it can still clearly be observed.

| —CPS
- | Envelope-N 1s
| Background

" S\ECMTPD stabilized PdNPs

|

|

1 |

|

-1 |
P | FCMTPD + Pd(ll)

Intensity (a.u.)

P

~— FcMTPD alone
—_ e

4(I)8 | 4(I)6 | 4(IJ4 | 4(IJ2 | 4(I)0 SEI)S | Séﬁ | 3£I34 | 3€I32
Binding energy (eV)
Fig. 5. N Is XPS of FcMTPD alone, Pd(II)-FcMTPD and Pd(0) NP@FcMTPD.

2.2. Catalysis by the metal NPs of 4-nitrophenol (4-NP) reduction.

The catalytic activity of metal NPs (MNPs) for the 4-nitrophenol (4-NP) reduction to
4-aminophenol (4-AP) was evaluated using a standard reaction, the reduction of 4-NP
to 4-AP by NaBHa. This reaction, disclosed by Pal group in 2002, has been much
studied mechanistically,*** and the intermediacy of nitrosophenol and 4-
hydroxyaminophenol has been shown.*! Several mechanisms including the Langmuir-
Hinshelwood mechanism with fast adsorption of both substrates on the catalyst,

discussed through in-depth studies by Ballauff,*’ and the Eley-Rideal mechanism
7
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involving hydride adsorption*' have been proposed. Indeed, metal NPs behave as

electron reservoirs*-!

with surface atom-hydrogen bond intermediates,**! and the
hydride donor NaBH4 has been shown to be able to transfer sequentially an electron
and a hydrogen atom to delocalized electron-reservoir systems’! such as late transition-
metal NPs. Likewise, the hydride transfer steps from the NP catalyst to 4-NP can
proceed by a sequence of electron transfer followed by hydrogen atom transfer, coupled
electron-hydrogen atom transfer>? or direct hydride transfer. Activation of the NP
surface-adsorbed nitrophenolate substrate in the rate-limiting step is then all the easier
as the NP catalyst is negatively charged, which increases its reactivity.”*>* The
convenience of the 4-NP reduction reaction is due to its simple manipulation and
obvious color change during the reaction process. In addition, whereas the reaction is
usually conducted in water only, a biphasic system composed of CH2Cl2 and water was
newly used here in order to carry out the catalytic reaction, since both the dendrimer
and the MNPs are soluble in CH2Clz. Therefore, in the reaction mixture, the MNP
catalyst is located in the lower layer (CH2Clz2 phase) and the substrates are located in
the upper layer (aqueous phase). The color of the aqueous solution containing 4-NP
changes from pale yellow to dark yellow upon addition of NaBH4, owing to the
formation of sodium 4-nitrophenolate. After the reaction is completely finished, the
dark-yellow color vanishes, and therefore the reaction mixture becomes colorless.

as 35
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Fig. 6. Time-dependent UV-vis. spectrum of p-nitrophenol reduction in the presence of
different catalysts (0.5% mmol of MNPs).
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Fig. 7. Plots of the consumption rate of 4-NP: [-In (C/Co)] vs. reaction time with 0.5%

mmol of nanocatalyst. See ESI (eq. 7 and Table S2) for the calculation of the rate

constant normalized to the surface of the particles in the medium.*>*3

As shown in Fig. 6a, with 0.5% mmol of PANPs-1, the absorbance peak at 400 nm
corresponding to the nitrophenolate anion decreases rapidly with time and disappears
after 60 s, with a kap= (7.8 £ 0.7) x 102 s (Fig. 7). A weak signal at 300 nm
corresponding to 4-AP appears, and its intensity gradually increases with time. Under
the same conditions, for AuNPs-1 (Fig. 6b), it takes 80 s to finish the catalytic reaction,
and the value of the rate constant kapp is (5.6 £ 0.2) x10 s (Fig. 7). In addition, no
more absorption band at 400 nm is observed after 120 s for PANPs-2 (Fig. 6¢) and 480
s for AuNPs-2 (Fig. 6d), and their values of kapp are (4.0 £ 0.2) x102 s’ and (0.95 +
0.02) x102 5! (Fig. 7), respectively. Compared to the other MNPs, PdNPs-1 is the best
catalyst for the reduction of 4-NP. The comparison between MNPs-1 and MNPs-2
shows the higher catalytic efficiency of MNPs-1. This efficiency difference between
MNPs-1 and MNPs-2 is more marked for AuNPs-1 whose catalytic efficiency is around
6 times as much as that of AuNPs-2. This result signifies that the synthetic method of
preparation of MNPs-1 by addition of NaBH4 into a solution containing both the
dendrimer and the metal salt is superior to that involving addition of metal salt into a
mixture of the dendrimer and NaBHa. The lower catalytic efficiency of MNPs-2 is
attributed to the lack of complete coordination of the metal cation with the dendritic
triazole during the short reaction time followed by rapid reduction to MNPs-2 in large
part in solution outside the FEMTPD. This results in inter-FcMTPD NP stabilization of
MNPs-2 rather than intra-FcMTPD NP stabilization in the case of MNPs-1. Outside the
dendrimer, the reduced steric confinement let NP aggregation proceed further before
inter-FCMTPD NP stabilization. As a consequence, the MNPs-2 are larger than the
MNPs-1 and less catalytically active, because the total surface of MNPs-2 is smaller

than that of MNPs-1 for the same mass amount. The presence of the bulky terminal
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ferrocenyl group apparently serves to optimize the balance between stabilization and

catalytic activity.

The remarkably low polydispersity of the NPs and the NP stability and small size (2 to
4 nm) related to that of the dendrimer (4 nm) all confirm encapsulation near the
periphery of the dendrimers (vide infra) and stabilization by coordination of the intra-
dendritic triazole. The interaction of the NP with the bipyridine ligands did not lead to
improvement of the catalytic reactions upon increasing the amount of metal precursor
in order to account for pyridine coordination (Fig. S5-S7).

As shown in Fig. S9, with 0.5% mmol of MNPs-3, no signal at 400 nm is observed
after 80 s for PANPs-3 (Fig. S6a) and 120 s for AuNPs-3 (Fig. S6b), and their kapp values
are (7.1 £ 0.5) x 102 s™! and (4.4 £ 0.6) x 10 s! (Fig. S6¢), respectively. In addition,
MNPs-3 will cluster and form precipitation after 2 h for AuNPs-3 (Fig. S7a and b) and
12 h for PANPs-3 (Fig. S7¢). These results suggest that the catalytic performance and
stability of MNPs-3 are not as good as those of MNPs-1, and a weaker interaction
between the pyridine ligands and MNPs.

The comparison of the apparent rate constants kqpp observed here with those recently
reported in the literature shows the excellent efficiency of the present FcMTPD-
supported Au and Pd NPs (Table 1).

Table 1 Comparison of selected literature apparent rate constants kqpp with the present
results for the nanocatalyzed reduction of 4-NP to 4-AP by NaBHa.

Entry Catalyst Catalyst amount (ug) kapp (s Reference
1 Pure Pt 4.0 1.25x10* 55
2 Raney Ni 4.0 1.48x10* 55
3 NiPt NPs 4.0 1.93x1073 54
4 PtPdFe 2.5 3.00%10%? 56
5 PdCuFe/RGO 2.8 8.90x1073 56
6 Pd/RGO 2.5 4.52x103 56
7 PtCu/RGO 2.6 8.02x1073 56
8 Pd 3.1 1.02x10 56
9 Pd/AC 3.0 2.58x107? 56
10 AuNP-5 52 2.63x102 57
11 AuNP-5 1.3 1.33x10%2 57
12 PdNPs-1 0.7 (7.8+0.7) x1072 This work
13 AuNPs-1 1.3 (5.6 £0.2)x1072 This work
10
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2.3. Stability of PANPs-1 in the reduction of 4-NP

To further assess the catalytic activity of MNPs, the best catalyst PANPs-1 was selected
to check its recyclability. After the catalytic reduction of 4-NP was completely finished,
the biphasic system was kept still until the organic phase and aqueous phase were well
separated. The catalyst PANPs-1 in the lower CH2Cl2 phase was recovered by removing
the aqueous solution with 4-AP. A fresh aqueous solution of 4-NP and NaBH4 was
added into the reused catalyst solution for another round of reaction as shown in Fig.
8a. The reaction time for full conversion of 4-NP changed with increase of the number
of recycling (Fig. 8b). The catalytic performance exhibited a slight decrease from the
1% run to 7™ run, but showed an obvious decrease after the 11" run, which is ascribed
to the tendency of PANPs-1 tend to aggregate. However, PANPs-1 still display a good
catalytic activity even after being reused 13 times.

After the 1% cycle, the size of the AuNPs-1 displays a change from 4 nm to 7.46 nm but
that of PANPs-1 changes a little bit from 2 nm to 2.95 nm (Fig. S8). Besides, the UV-
vis. spectrum of PANPs-1 keeps the same shape, but the SPB of AuNPs-1 shows a red
shift from 511 nm to 540 nm (Fig. S9), revealing that AuNPs-1 with larger size tend to
aggregate after the 1% run, which is in concordance with the TEM images. Thus, the
stability of PANPs-1 is much better than that of AuNPs-1.

Stirring b)

7

-
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—
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Time for fully conversion of 4-NP (min)
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0 T T T T T T T T T

) 01234567891I01l11121|314
Recycling number of PANPs-1
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Fig. 8. (a) Schematic diagram for the re-use of PANPs-1 in the reduction of 4-NP. Plots
of reaction time for full conversion vs. recycling number of PANP-1 (b).
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3. Experimental Section

3.1. Synthesis of MNPs-1 stabilized by FcMTPD.

FcMTPD was prepared according to the literature procedure by copper-catalyzed azide-
alkyne cycloaddition (CuAAC) reaction between a previously reported ethynyl-
terminated dendrimer and azidomethylferrocene.?? Then, a solution (Vcraci2/ V Meon =
30:1, 6.8 mL) of Na2PdCls (or HAuCls, 1.0 x 10 mmol, nmetai:ngz = 1:1) was mixed
with a solution (Vcr2c12/ V methanol = 30:1, 3 mL) of the dendrimer FeMTPD (6.25x107°
mmol) in a 20 mL flask with a stir bar. After the mixture was stirred for 30 min, then
5.0 x 107 mmol of NaBH4 was added into the flask under vigorous stirring. After

continuous stirring for 1 h at room temperature, the metal nanoparticles were obtained.

3.2. Synthesis of MNPs-2 stabilized by FcMTPD.

A solution (Vcrzc2/ 'V methanol = 30:1, 3.2 mL) of FeMTPD (6.25 x 10° mmol) and
NaBHs (5.0 x 10 mmol), and a stir bar were introduced into a 20 mL flask, then a
solution (Vcrzci2/ V meon = 30:1, 6.8 mL) of the Na2PdCls (or HAuCls, 1.0 x 107
mmol, nmetat:nez = 1:1) was added dropwise under vigorous stirring. After continuous

stirring for 1 h at room temperature, the MNPs were obtained.

3.3. Reduction of 4-NP to 4-AP catalyzed by MNPs-1 and MNPs-2

First, a fresh solution of MNP (0.5% mmol) was injected into a 20 mL flask, and CH2Cl>
was added until the volume of organic phase reached 3 mL. Then a 10 mL prepared
aqueous solution of 4-NP (4.17 mg, 3.0 x 102 mmol) and NaBHz (113.5 mg, 3.0 mmol)
were added into the flask.’” Then, the reaction system was vigorously stirred at rt. The
dark-yellow color of the mixture changed to colorless with time, and UV—vis.
spectroscopy was applied to monitor the process of the reaction kinetics (40 s for each
round).

3.4. Recycling of PANPs-1 for 4-NP reduction

Catalytic reduction of 4-NP by PdNPs-1 was recorded according to the steps mentioned
above. While the color of the mixture became colorless, the biphasic system was kept
still until the organic phase and aqueous phase were completely separated. The CH2Cl2

phase with the catalyst PANPs-1 was recovered by removing the aqueous solution with

12
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4-AP. In order to keep the volume of CH2Clz at 3 mL, fresh CH2Cl2 was injected into
the biphasic system to reach this volume. 10 mL of fresh aqueous solution of 4-NP and

NaBH4 was added into the reused catalyst solution for another round of reaction.

4. Conclusion

In summary, the FcMTPD containing 1,2,3-triazolyl and pyridyl groups was used to
stabilize PANPs and AuNPs. Two preparation modes were compared for both metal NPs
in order to optimize the FcMTPD-supported NP catalytic efficiency, and it was found
that addition of NaBH4 addition to pre-coordinated metal cation leading to MNPs-1
provided the best results. MNPs-2 prepared by addition of the metal cation complex to
a solution containing a mixture of FEMTPD and NaBH4 produced less efficient PANPs-
2 and AuNPs-2, respectively than the corresponding MNPs-1, which was assigned to
increased aggregation of MNPs-2 outside FEMTPD. Whereas this reaction is usually
conducted in water, a new biphasic system was elaborated here to evaluate the catalytic
activity of FcMTPD-supported MNPs-1 and MNPs-2 in the reduction of 4-NP to 4-AP
by NaBHa4 at 20 °C. Such a new biphasic system involving hydrophobic nanocatalysts
that are insoluble in water is extremely practical and could in principle be extended in
the future to any other hydrophobic nanocatalyst.’® For instance, the catalytic efficiency
of AuNPs-1 was around 6 times superior to that AuNPs-2 in terms of rate constant kapp.
This result indicates that the location of small MNPs supported by the nitrogen ligands
inside the periphery of the FEMTPD plays a vital role for the NP catalytic efficiency.
Although the dendritic core of FcMTPD is rigid, the bulky terminal CH2Fc group can
freely rotate around the triazole-CH2 bond to accommodate adequate coordination of
the ligands to transition metal cations and, more smoothly, to NPs for their stabilization.
In this way a reasonable balance is obtained between NP stabilization and catalytic
activity. As a result, the FcMTPD-stabilized PANPs show excellent catalytic efficiency
and stability, as indicated by recycling using the biphasic system. Indeed, the catalytic
activity of these PANPs-1 exhibits only a slight decrease, allowing the system to be

reused many times.
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