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Abstract
Stable and e�cient heterogenous nanocatalysts for the reduction of 4-nitrophenol (4-NP) has attracted
much attention in recent years. In this context, a unique and e�cient in-situ approach is used for the
production of new polymeric nanocomposites (pNCs) containing rhenium nanostructures (ReNSs). These
rare materials should facilitate the catalytic decomposition of 4-NP, in turn ensuring increased catalytic
activity and stability. These nanomaterials were analyzed using Fourier-Transformation Infrared
spectroscopy (FT-IR), transmission electron microscopy (TEM), and X-Ray powder diffraction (XRD). The
e�ciency of the catalytic reaction was estimated based on the acquired UV-Vis spectra, which enabled
the estimation of the catalytic activity using pseud-�rst order modelling. The applied method resulted in
the successful production and e�cient loading of ReNSs in the polymeric matrices. Amino functionalities
played a primary role in the reduction process. Moreover, the functionality that is derived from 1.1’-
carbonyl imidazole improved the availability of the ReNSs, which resulted in 90% conversion of 4-NP with
a maximum rate constant of 0.28 min-1 over 11 subsequent catalytic cycles. This effect was observed
despite the trace amount of Re in the pNCs (~5%), suggesting a synergistic effect between the polymeric
base and the ReNSs-based catalyst.

1. Introduction
Due to the unique properties of the −NO2 group, nitroaromatic compounds (NARs) serve as key building
blocks for the manufacturing of �ne chemical products. This makes NARs the largest group of chemicals
used on an industrial scale 1−4. Moreover, large quantities of NARs are detected on a daily basis in the
exhaust of diesel engines. These signi�cant waste sources render NARs as one of the major
environmental and health hazards, as according to the International Agency for Research on Cancer
(IARC), NARs signi�cantly contribute to the risk of lung, bladder and pancreas cancers, and in case of
children also urinary track and neurological-related cancers 5,6.

The most popular method for neutralizing NARs is the direct reduction of −NO2 to −NH2 groups. Such an
approach is very convenient, as aromatic amines (AMMs) are crucial for the manufacturing of i.e. large-
scale pharmaceuticals 7,8. However, for this to occur, the reduction requires a catalyst, and as such the
application of metallic nanostructures (NSs) as catalysts is particularly important 9. NSs enable the
carrying out of the effective reduction of NARs to AAMs under mild conditions. This has made the
nanocatalysts (NCats) of NSs one of the most important scienti�c directions [9,10,49]. To date, the
reduction of NARs was tested over various NCats, including AuNSs, AgNSs 10, PtNSs, and PdNSs 11,12.
Based on this research, the PtNSs and PdNSs offer an extraordinary and unique activity, leading to the
complete reduction of NARs - even at trace amounts of the NCats 11,12. Therefore, it is expected that the
barely known nanomaterial (NM): rhenium NSs (ReNSs) would signi�cantly boost the catalytic activity of
NCats towards the reduction of NARs. Literature and practice provide numerous high-tech applications of
Re in areas such as the aerospace, nuclear and petrochemical industries. Metallic Re is indispensable in
the catalytical processes related to increasing the octane number of commercial gasolines, as well as



Page 3/17

Fisher-Tropsh and ammonia syntheses 13-16. The literature also proves that theNCats of ReNSs
outperformed PGM catalysts in the decomposition of 4-nitroaniline 17, nitrobenzene, 4-nitrophenol, 2-
nitroaniline, 2,4-dinitrophenol, and 2,4,6-trinitrophenol 18. However, ReNSs are di�cult to be obtained. The
worldwide scienti�c literature provides only a few reports on the production of ReNSs. This includes the
hot-injection synthesis of Co-ReNSs 19, and also the production of ReNSs using pulsed-laser deposition
20, electrodeposition 21, gamma radiation 22, and chemical vapour deposition 23 approaches. Moreover,
ReNSs, like any other NSs, suffer from a limited practical potential due to the fact they reveal a tendency
to aggregate and to sediment 24.

Due to this, the following challenges related to the fabrication and application of ReNSs-based NCats for
the reduction of NARs can be identi�ed. First, it is possible to increase the rate and e�ciency of the
catalytic reduction of NARs by using ReNSs instead of other NSs. Second, ReNSs should be stable and
possible to be re-used. Third, the synthesis of ReNSs could be facilitated. To address these challenges, a
new approach is proposed in this work. This involves the synthesis and loading of ReNSs into polymeric
anion exchange resins, in turn leading to the fabrication of new, heterogenous NCats with ReNSs. The
proposed method exploits the amino functionalities present on a polymer’s surface to make them serve
as reducing and capping agents towards Re(VII) and resultant ReNSs, respectively. The unique in-situ
method facilitates the production and stabilization of ReNSs in the course of the reduction-coupled
adsorption of the ReO4

− anion. Moreover, the morphology of the so-prepared polymeric nanocomposites
(pNCs) − polymeric beads, makes them easy to use and facilities the recycling of ReNS-based NCats.

2. Results And Discussion

2.1. Synthesis of the polymeric base with amino reactors
The base for the pNCs with ReNSs was synthesized by modifying the copolymer of vinylbenzyl chloride
(VBC) and divinylbenzene (DVB) using amines, in turn revealing the reducing and capping properties. The
success of this process was estimated by determining the Cl and N concentration before and after the
modi�cation, as well as by evaluating the spectra recorded using Attenuated Total Re�ectance Fourier
Transformation Infrared Spectroscopy (ATR-FTIR) displayed in Table 1 and Supplementary Fig. S1,
respectively.
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Table 1
Characteristics of the polymeric matrices for the pNCs with ReNSs

Polymer Amine Wa Cl(1)b Cl(1)c Nd

VBC-co-DVB - - 4.62±0.09 - −

VBC-co-DVB

(modi�ed)

HEP 0.90±0.05 0.21±0.09 2.74±0.12 6.64±0.28

BAPP 0.60±0.08 0.13±0.10 2.62±0.21 7.32±0.25

CIM 1.03±0.11 0.16±0.14 1.72±0.15 6.58±0.31

a H2O regain [g g−1]

b covalently-bonded Cl [mmol g−1]

c ionic chlorine [mmol g−1]

d N concentration [mmol g−1]

 

As can be seen in Table 1, the initial Cl(1) concentration in the VBC-co-DVB copolymer (4.25 mmol g−1)
decreased by approximately 97% as the result of modi�cation. This result is consistent with
Supplementary Fig. S1, where bands at 700 cm−1, indicating C−Cl stretching in the −CH2Cl groups, faded
when compared to the corresponding bands recorded for the HEP, BAPP and CIM samples.
Simultaneously, a band at 1266 cm−1 (VBC-co-DVB), indicating C−H deformations with the attached Cl,
disappeared completely as the result of modi�cation 25. These observations con�rm that the Cl in the
−CH2Cl groups was indeed substituted. After modi�cation, all the samples revealed an N content (N,
Table 1), up to 30% of which was able to be protonated in HCl (based on Cl(2), Table 1). This suggests
that the amines were successfully introduced into the VBC-co-DVB copolymer. Furthermore, evidence of
this can be found in the form of a set of new wide bands attributed to the N−H stretching observed for the
1-(2-hydroxyethyl)piperazine (HEP), 1,4-bis(3-aminopropyl)piperazine (BAPP), and 1,1’-
Carbonyldiimidazole (CIM) at 3327, 3357, and 3393 cm−1, respectively. The N−H deformations in the
−NH− groups were detected in the BAPP sample at 1263 cm−1. Additionally, C−N stretching in the
−NH2 was also detected in the HEP at 1161, 1121 and 1082 cm−1 25, however, this band was not visible in
the case of the BAPP, which suggests that the latter one was attached to the VBC-co-DVB
copolymer via. −NH2 groups. This conclusion is supported by the smallest water uptake (W, Table 1) of
the BAPP, which suggests secondary crosslinking through −NH2 bridges. N-containing rings (aromatic

and heterocyclic) are re�ected by the bands at 1540, 1538, and 1537 cm−1 in the HEP, BAPP and CIM
samples, respectively. Moreover, the appearance of bands at 1653 and 1659 cm−1 was attributed to the
N=C−N stretching deformations, and the bands at 1357, and 1358 cm−1 were attributed to the
asymmetric N−C−N stretching found in the case of the HEP and CIM, respectively 25. The CIM sample
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also displays a �ngerprint of C=O groups at 1685 cm−1, however, unexpectedly, the intensity of this band
is weak instead of very strong. This, linked with the bands at 1016 and 898 cm−1, which can be assigned
to the C−O−C 25 vibrations, suggest the primary role of the carbonyl group in the modi�cation of VBC-co-
DVB. Based on these results, it is possible to propose the structure of functionalities present on the
surface of anion exchange resins. These are displayed in Fig. 1.

2.2. Morphology of the pNCs with ReNSs
As a result of the synthesis (See Fig. 2A) followed by adsorption coupled adsorption of the ReO4

− anion
(See Fig. 2B), the ReNSs were successfully loaded and stabilized into the amino-functionalized VBC-co-
DVB copolymers.

Based on the Transmision Electron Microscopy (TEM) analyses (Fig. 3), the synthetic route (see Fig. 2 for
details) resulted in the loading of NSs into the polymeric matrices. Moreover, the Energy Dispersive X-Ray
(EDX) spectrum provided in Supplementary Fig. S2 indicates that these are indeed Re-based NSs. There
are only a few reports in the literature that focus on Re-based nanomaterials 26,27. Based on these reports,
Re can form either Re-oxide or Re0 NSs, the identi�cation of which is challenging. It has been noticed,
however, that the NSs of Re-oxides reveal characteristic re�ections in both Selected Area Energy
Diffractometion (SAED) and X-Ray Powder Diffraction (XRD) patterns 28–30. Meanwhile, the SAED pattern
displayed in Fig. 3A suggests an amorphous structure of the tested NSs. Simultaneously, the carried out
XRD analyses (please see Supplementary Fig. S3) did not reveal any characteristic re�ections. This was
previously recognized as an effect attributed to the presence of Re−Re bonds without oxide-doping 28−30,
which tend to shift both SAED and XRD spectrums into the amorphous region. This suggests the
formation of ReNSs with Re at a 0 oxidation state.

It can also be seen that the NSs loaded into the pNCs are very dispersed, with only a few dozen NSs being
found in a single slice of a sample. The size of the ReNSs ranged from 10-50, 50-150, and 10-70 nm in
the case of the Re@HEP, Re@BAPP and Re@CIM, respectively. Because these sizes are similar, it is
hypothesized that the resultant catalytic activity will be somehow correlated with the Re concentration in
a sample, and this in turn should be proportional to the amount of amino reactors (N concentration, Table
1) 31. To verify this, the pNCs with ReNSs were digested in concentrated HNO3 and analysed using Flame
Atomic Absorption Spectroscopy (FAAS). This allowed the concentration of Re in each pNC sample to be
determined, as displayed in Table 2



Page 6/17

Table 2
Re concentration in pNCs: Re@HEP,

Re@BAPP and Re@CIM
Sample Concentration* of Re (%)

Re@HEP 10.54±0.51

Re@BAPP 8.93±1.02

Re@CIM 5.25±0.74

Expressed as g of Re per g of the polymer

 

According to the obtained results, it can be stated that the Re concentration is indirectly linked with the N
concentration (Table 1), i.e. it seems that a direct dependence is found only for protonated amines
(−NH3

+Cl−), the concentration of which can be estimated by ionic chlorine, as seen in in Table 1 (Cl(2)). In

our previous works, there was a clear proportional dependence between the concentration of N and Au0

31,32. However, within the present studies, not all of the N atoms in the HEP, BAPP and CIM were able to
protonate (and thus to perform anion exchange), it can therefore be estimated that 41% of the N in the
HEP, 34% of the N in the BAPP, and 24% of the N in the CIM was able to perform reduction-coupled
adsorption of ReO4

−. As a result, both the active amino reactors and the Re concentration can be placed
in the following order: Re@HEP>Re@BAPP>Re@CIM.

2.3. Catalytic activity
Because the synthesis and loading of the ReNSs in the pNCs was successful, the Re@HEP, Re@BAPP and
Re@CIM samples were used as heterogenous NCats for the reduction of 4-nitrophenol (4-NP). First, the
mass of a catalyst was optimized towards the reduction of 4-NP. The catalytic reaction was carried out
for 5, 10, and 50 mg of each NCat. The recorded spectra, with characteristics bands at 295, 318 and 400
nm, are displayed in Supplementary Fig. S4. The values of absorbance at 400 nm were then re-calculated
to obtain the lnAt/A0 vs. t plots and rate constants (k1) for each NCat mass. These are displayed in Fig. 4.

Based on the results displayed in Fig. 4 and Supplementary Fig. S4, it can be concluded that the most
e�cient NCat was Re@CIM. 5 mg of the sample hydrogenated 90% of the 4-NP within 58 min, while 50
mg of this sample reduced 90% of the 4-NP within 8 min. These results are better than when compared to
those revealed by the Re@BAPP NCat; the apparent rate constants (k1) of the Re@CIM were 35-20%
greater. The smallest values of k1 combined with the smallest 4-NP conversions were observed in the
case of the Re@HEP. In this case, the k1 values were up to 50% smaller when compared to the Re@CIM.
These results seem to be inconsistent with the Re concentration given in Table 2. Despite the fact that the
Re@CIM sample reveals the smallest Re content (~5%), its catalytic activity is greater when compared to
the Re@HEP (~11% Re), and similar when compared to the Re@BAPP (~9% Re). This suggests that there
is a synergistic effect between the polymeric matrix and the ReNSs. It has previously been recognized
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that the ReO4
− oxoanion prefers amino functionalities of a “cage-like” structure within which it could �t

15,33,34. As such, CIM functionality (see Fig. 1) offers such a structure. It can therefore be concluded that
the polymeric matrix of the Re@CIM made the ReNSs more accessible, resulting in the better catalytic
performance. Yet another support for this conclusion can be found in Supplementary Fig. S4 when
comparing the UV/Vis spectra of the catalytic reactions performed using 5 mg of NCats. Despite having
the smallest Re concentration, the Re@CIM enabled almost the entire decomposition of the 4-NP, while
the maximum conversions achieved with the aid of Re@HEP and Re@BAPP were 40 and 87%,
respectively, even though they contained more Re (see Table 2). The data presented in Fig. 4 were
calculated as a function of time (t), de�ned as the time before which the catalytic activity started to fade
and fall out of the kinetic model. However, the catalytic reactions were carried out until the maximum 4-
NP conversions were achieved (as displayed in Supplementary Fig. S4). This enabled further evaluation
of the kinetic behaviour when applying 5 mg of NCats. All of the acquired data were re-calculated to
Turnover Frequencies (TOF), which are a measure of the number of catalytic reactions carried out on a
single catalytic centre over time 35. The 4-NP conversion vs. time plots, as well as the values of the TOFs
for 20, 40, 60, and 90% 4-NP conversions are displayed in Fig. 5A.

The calculated time-dependent 4-NP conversions and TOF values are consistent with the conclusions
stated above. The Re@CIM reveal the greatest values of TOF of 0.09, and 0.05 min−1 for 20 and 90% of 4-
NP conversion, respectively. These values were at least twice as high as the corresponding values
calculated for the Re@CIM and Re@BAPP. Moreover, the TOFs calculated for the Re@CIM only slightly
decrease over time up to 60% of the 4-NP conversion. At 90% of the 4-NP conversion, the TOF value of the
Re@CIM is still 5-times higher when compared to the Re@BAPP (0.05 vs. 0.01 min−1), while conversions
of 60 and 90% were impossible using Re@HEP despite its 2-fold greater Re concentration when
compared to the Re@CIM. This suggests a greater availability of ReNSs in the Re@CIM when compared
to other NCats, despite the decreasing concentration gradient as the reaction proceeds. This in turn
indicates the primary role of the polymeric matrix in facilitating the use of ReNSs-based NCats.

It can be stated that Re@CIM is very e�cient. Applying 5 mg of this NCat yields 2.65•10−6 mol ReNSs.
The use of this trace amount of NCat was facilitated by the polymeric matrix, which ensured its stability
and accessibility. As a result, the Re@CIM remained catalytically active over the process, yielding high 4-
NP conversions. However, yet another advantage of the synthesized NCats is their morphology, which
facilitates their separation and re-use. Therefore, the NCats (5 mg) were used in the reduction of the 4-NP
during the 11 subsequent cycles. The reaction times were taken as de�ned for achieving the maximum 4-
NP conversions in the 1st catalytic cycle, i.e. 40, 40, and 58 min for the Re@HEP, Re@BAPP and Re@CIM,
respectively. After completion of each reaction run, the NCat was simply separated by �ltration and
directly introduced into yet another cycle. As can be seen in Fig. 5B, the Re@CIM only slightly loses its
activity. In this case, 4-NP conversion drops from 90 to 85% over 3 cycles, and remains at 85% until the
last catalytic reaction. A similar observation was made in the case of the Re@BAPP (67 to 60% drop of 4-
NP conversion). However, it can also be noticed that the Re@HEP sample loses 75% of its catalytic
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activity after the 2nd reaction run. This seems to support the conclusion that other NCats are
characterized by a facilitated availability of ReNSs.

3. Conclusion
Within the present studies we successfully obtained a series of pNCs with ReNSs, in turn revealing an
enhanced catalytic activity towards the reduction of 4-NP. The synthetic procedure involved obtaining
anion exchange resins with amino functionalities of a heterocyclic or aromatic character, followed by the
reduction coupled adsorption of ReO4

− oxoanion. The so-obtained NCats were effective in the catalytic
reaction, leading to up to 90% of 4-NP hydrogenation. Despite its signi�cantly lower Re concentration in
the Re@CIM sample, it revealed a signi�cantly greater catalytic activity when compared to other
nanomaterials. Such an effect was achieved due to the synergistic effect between the polymeric matrix
and the ReNSs. As a result, the “cage-like-structure” 1,1’-carboimidazole ligands present in the Re@CIM
made the ReNSs more accessible and stable. This led to high reaction rate constants and high TOF
values, as well as catalytic activity over the subsequent 11 cycles.

The scienti�c literature provides only some information regarding Re-based nanomaterials for the
reduction of nitroaromatic compounds. The obtained NCats were more e�cient than the Re-nanocluster
homogenous catalyst, which decomposed 4-NP with k1=0.06 min−1 36. What is more, the above-
mentioned research is related to the homogenous catalyst. In this context, despite a higher catalytic
activity, the solution proposed in the present studies offer all the perks that heterogenous catalysts bring
(e.g. ease of use, stability and facilitated reusability). It must also be stated that there is yet another
example of ReNSs that are stabilized on carbon nanostructures 18. This type of NCat led to 4-NP
reduction with k1=15 min−1. However, this case is also a homogenous catalyst that is supported on the
carbon nanostructures, which are characterized by a well-developed standard surface area.

The developed heterogenous NCats with ReNSs were also more e�cient when compared to both the Ru
nanoclusters immobilized on activated carbon (k1=0.198 min−1) 37 and the amino-modi�ed AuNSs

(k1=0.3 min−1) 38. The obtained results are also a signi�cant advancement when compared to our

previous work 31, where the AuNSs-loaded HEP-functionalized VBC-co-DVB copolymer reduced 4-NP with
k1= 0.071 min−1. The main advantage was that the above-mentioned heterogenous catalyst contained

almost 40% of Au0, and was literally covered with golden dust. In the present studies, the rate constants
of 0.035-0.28 min−1 were achieved for much smaller Re concentrations (~5%).

The applied synthetic protocol enables the synthesis of pNCs with ReNSs. These unique types of
nanomaterials provide enhanced catalytic activity, exceeding the performances of other solutions. At the
same time, the synergistic effect between the ReNSs and amino-functionalized polymeric matrix ensures
outstanding stability, improved availability and an enhanced catalytic activity of the ReNSs it contains.
This in turn could be exploited in the synthesis of a new generation of NCats, which is based on rare NSs
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other than ReNSs. These NSs could also be characterized by improved usability and stability, as well as
increased catalytic activity.

4. Experimental Procedure (Extended Description)

4.1. Materials
The reagents for the synthesis of the polymeric base, including monomers: vinylbenzyl chloride (VBC,
mixture of m and p isomers, 99%), divinylbenzene (DVB, 80%), and amines: 1-(2-hydroxyethyl)piperazine
(HEP, 97%), 1,4-bis(3-aminopropyl)piperazine (BAPP, 99%), and 1,1’-Carbonyldiimidazole (CIM, 97%), were
acquired from MERCK (Poland branch). The monomers were puri�ed using vacuum distillation, while the
amines were used as received. The precursor for the ReNSs − ammonium perrhenate (NH4ReO4, 99%) −

was acquired from Sigma-Aldrich Chemical Co. (branch Poland) and dissolved in 0.1 mol L−1 HCl in order
to receive a stock solution with 1000 mg Re L−1. 4-nitrophenol (4-NP, 99%), which was used for the
evaluation of catalytic activity, was purchased in MERCK (Poland branch). All other reagents, which are
not named in this section, were purchased in Avantor Performance Materials Ltd. (Gliwice, Poland) and
used as received.

4.2. Analyses and instrumentation
The Cl concentration (both covalent and ionic) in the polymers was determined using Schrödinger’s
method 39. The concentration of amino functional groups was estimated by determining the N
concentration using Kjeldahl’s method 40. To estimate the water regain of the polymer samples, wet
polymers were weighted and dried. Then, the water content (g g−1) was calculated using mass balance.
All the data with the provided SD values were acquired from 3 repetitions of the test.

The syntheses were evaluated by Attenuated Total Re�ectance Fourier Transformation Infrared
Spectroscopy (ATR FT-IR) using the JASCO FT-IR 4700 instrument (MD, USA). The spectra were recorded
within the range of 4000 to 400 cm−1 with a resolution of 4 cm−1 and by applying 64 scans. The Re
concentration was determined using Flame Atomic Absorption Spectroscopy (FAAS) using the GBC
Avanta spectrometer (VIC, Australia). The analysis was performed after mineralization of the Re-loaded
pNCs in concentrated HNO3 using the Büchi K-425 digester (Büchi Poland, Warsaw). The morphology of
the pNCs with ReNSs was analysed using Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM). The SEM analysis was performed using the FEI HELIOS NANOLAB 450HP
instrument equipped with an Energy Dispersive X-Ray Analyser (EDX). The TEM analysis was performed
for ultra-thin samples of the pNCs located on Cu grids using the FEI Tecnai G2 X-TWIN instrument
equipped with the EDX and the Selected Area Energy Diffractometer (SAED). The catalytic reaction was
carried out using UV-Vis spectrophotometry with the aid of the Jasco V-530 (MD, USA) instrument.

4.3. Synthesis of the ReNS-loaded pNCs
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The ReNSs were introduced into the polymeric matrices using a unique in-situ method involving the
reduction-coupled adsorption of Re(VII) on amino functionalities.

The synthetic procedure is displayed in Fig. 2. First, the polymeric base was obtained via.
copolymerization of VBC and DVB to receive a VBC-co-DVB copolymer. The process was performed using
a suspension polymerization technique in the presence of benzoyl peroxide as an initiator, and toluene
and poly(vinyl alcohol) as a suspension stabilizer 33. Next, the so-obtained VBC-co-DVB copolymer was
swollen in dimethyl formamide (10 mL per 1 g of the polymer), after which HEP, BAPP, and CIM were
added. Next, the modi�cation was carried out in the ERTEC 02-02 microwave reactor (Wroclaw, Poland)
within a time of 15 min at the microwave radiation power of 5 W (Fig. 2A). Afterwards, the so-obtained
anion exchange resins were washed with water and then successively washed with 0.1 mol L−1 NaOH
and HCl, after which the samples were washed with 0.001 mol L−1 HCl. The resin (0.1 g) in hydrochloride
form was introduced into 20 mL of 1000 mg Re L−1 solution in 0.1 mol L−1 HCl for 48h. This made the
ReO4

− anion exchange occur. Next, the polymer was separated by �ltration, washed with redistilled water

and introduced into 20 mL of water. This enabled the reduction of ReO4
− to Re0 via the transfer of an

electron between the free electron pair located on the N atoms and the Re oxoanion. This occurred with
simultaneous autooxidation of water molecules, which provided additional electrons for the process
(Fig. 2B) 31,41. The pNCs with HEP, BAPP and CIM functionalities loaded with the so-obtained ReNSs were
coded Re@HEP, Re@BAPP, and Re@CIM, respectively. The samples of the pNCs were kept in their swollen
form in water, and later used for further procedures.

4.4. Catalytic reactions
The catalytic activity of the Re@HEP, Re@BAPP, and Re@CIM pNCs was evaluated by carrying out the
reduction of 4-NP. First, 3 mL of the NAR (0.1 mmol L−1) was introduced into a quartz cuvette to which 0.3
mL of NaBH4 (0.1 mol L−1) was added. Next, 5-50 mg of pNC NCat (Re@HEP, Re@BAPP or Re@CIM) was
introduced into the cuvette. This enabled the catalytic reduction of the 4-NP to 4-aminophenol (4-AP). The
reduction of the 4-NP was evaluated using UV-Vis at a speci�ed λmax of 400 nm.

Based on the rate of absorbance decrease at λmax 400 nm (for 4-NP), the kinetics of the catalytic
processes was assessed. Because the experiment was designed in a way that involved the application of
a large excess of NaBH4, it was possible to enable modelling using pseudo-�rst order kinetics. This was
therefore done by plotting the lnAt/A0 vs. t curves, where A0, and At are the initial absorbance and

absorbance at time t (s). Then, the pseudo-�rst order kinetics rate constant k1 (s−1) was taken from the

slope of the lnAt/A0 vs. t plots and re-calculated to the mass-normalized rate constant k1m (s−1mg−1).
Additionally, the lifetime and mass-dependent activity pf the catalysts were evaluated by calculating
turnover frequency (TOF) using the following equation 42:

    (1)
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Where n4−NP and nRe are moles of 4-NP and ReNSs, respectively, t is the process time (min), and r is the
yield (%) of reduction.
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Figures

Figure 1

Simpli�ed scheme of the structure of the amino functionalities in the (a) HEP, (b) BAPP and (c) CIM



Page 15/17

Figure 2

Synthesis of the pNCs with ReNSs. (a) Synthesis of the polymeric matrix, (b) Re(VII) loading and
reduction

Figure 3
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TEM photomicrographs of the ReNSs found in the slices of (a) Re@HEP, (b) Re@BAPP and (c) Re@CIM

Figure 4

4-NP reduction �rst-order kinetics plots. The graphs represent processes using Re@HEP, Re@BAPP and
Re@CIM NCats: (a) 5 mg, (b) 10 mg, (c) 50 mg

Figure 5
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(a) 4-NP conversion over time in the �rst catalytic cycle, (b) 4-NP conversion over 11 catalytic cycles, and
the TOFs achieved using 5 mg of NCats in the 1st catalytic cycle
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