W) Check for updates .
Chemistry

Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202400442

www.chemeurj.org

AuNP/MIL-88B-NH, Nanocomposite for the Valorization of
Nitroarene by Green Catalytic Hydrogenation

Sorraya N. K. Lelouche,®"

Patricia Horcajada*®

The efficiency of a catalytic process is assessed based on
conversion, yield, and time effectiveness. However, these
parameters are insufficient for evaluating environmentally
sustainable research. As the world is urged to shift towards
green catalysis, additional factors such as reaction media, raw
material availability, sustainability, waste minimization and
catalyst biosafety, need to be considered to accurately
determine the efficacy and sustainability of the process. By
combining the high porosity and versatility of metal organic
frameworks (MOFs) and the activity of gold nanoparticles
(AuNPs), efficient, cyclable and biosafe composite catalysts can
be achieved. Thus, a composite based on AuNPs and the
nanometric flexible porous iron(lll) aminoterephthalate MIL-

Introduction

Many reactions require at least one catalytic step, typically
describing their efficiency by its conversion, yield and time
efficacy.™ However, these parameters are insufficient when
targeting environmentally sustainable research.®* Furthermore,
as the world is moving away from resource driven catalysis and
towards green catalysis, more factors are needed to properly
evaluate the efficacy and sustainability of the catalytic
processes.”® Indeed, green catalysis must additionally consider
parameters such as the reaction media, the availability and the
sustainability of the raw material as well as, the environmental
impact of the catalysts.”'" Thus, several green metrics were
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88B-NH, was successfully synthesized and fully characterized.
This nanocomposite was tested as catalyst in the reduction of
nitroarenes, which were identified as anthropogenic water
pollutants, reaching cyclable high conversion rates at short
times for different nitroarenes. Both synthesis and catalytic
reactions were performed using green conditions, and even
further tested in a time-optimizing one-pot synthesis and
catalysis experiment. The sustainability and environmental
impact of the catalytic conditions were assessed by green
metrics. Thus, this study provides an easily implementable
synthesis, and efficient catalysis, while minimizing the environ-
mental and health impact of the process.

created in order to compare the sustainability and/or environ-
mental impact of a chemical process.>" Herein, a semi
quantitative method based on the 12 principles of green
chemistry was used to represent the greenness of the reaction;
the green star and mass metrics were used to compare this
work to others."

The field of catalysis ranges over a broad spectrum of
applications, among which is the valorization of toxic com-
pounds. Indeed, the increasing presence of organic contami-
nants in the environment is one of the most significant
concerns today." Nitroarenes are widely renown as mutagenic,
cytotoxic, carcinogenic and potentially explosive.'*'”’ One of
the main challenges in removing these contaminants is their
high aqueous solubility and significant redox stability, owing to
their well-known electron-accepting nature.’® This is why
various methodologies have been proposed for removing them,
based mainly redox, photo-Fenton, and denaturation
processes.'” The current trend focuses on the reduction of the
nitro group into anilines as they are compounds of great
industrial value and important chemical precursors.?” Conse-
quently, studying the formation of anilines from contaminants
is of great interest to the scientific community as well as for the
society.

Focusing on the reduction of nitroaromatics to anilines,
various metal nanoparticles (NPs; i.e. Pt, Pd, Ag, Au, Co, Ni, Cu)
have demonstrated a relevant catalytic activity, with high
performance and vyield."®*" Moreover, using metal NPs as
heterogeneous catalysts allows an easy catalyst removal,
avoiding purification steps, potential reuse, and extension of
the lifespan. Several of the aforementioned metals raise safety
issues.”? In particular, Pd is one of the most active metals for
hydrogenation. However, several Pd salts are cytotoxic, and as
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such present a risk to the operator.”” In contrast gold, is
biocompatible® and gold nanoparticles (AuNPs) are excellent
catalysts in hydrogenation,*” H, formation,”® or polymerization
reactions?” due to their exceptional properties (optoelectronic,
biocompatibility, tunable size, shape and surface).”® However,
AuNPs possess a limited stability (by sintering) and high cost.*
By immobilizing the NPs on a support, these issues can be
overcome, improving the catalyst stability and cyclability.*”
Although most frequent supports present no intrinsic activity
(metal oxides, polymers),®'*? synergistic catalytic properties
could be obtained by using active solid supports. In this line,
metal organic frameworks (MOFs), composed of inorganic
nodes bridged by organic linkers,®® offer broad possibilities:
i) their great structural/compositional diversity is favorable for
numerous catalytic routes,***¥ i) their exceptional porosity
might provide a confinement effect, wear protection and/or
selectivity,® and iii) the vast collection of MOFs allows selecting
environmentally friendly and biosafe material.

Particularly, a few AuNP/MOF catalysts have been reported
for the reduction of nitroarenes using different micro- and
nano-scaled MOFs (nanoMIL-100(Fe),®® nanoMIL-125(Ti),*”" and
Cu(ll)-MOF,B®). Indeed, nanosized MOFs have proven enhanced
catalytic results compared to micro-sized particles.*® Reaction
conditions involve NaBH, as a reducing agent and short
reaction times. Nevertheless, these methodologies require an
excess of reducing agent and so far, the exploration of
nitroarene compounds to be reduced is very limited. The
optimal results achievable with these gold composites demon-
strated an apparent synergistic effect: AuNPs play the role of
the active phase where the catalytic phenomenon (substrate-
metal interaction) occurs, whereas the MOF assists in stabilizing
and enhancing the catalytic and colloidal properties.*” Further,
Au@nanoMIL-101(Fe)-NH, has been very recently used for the
hydrogenation of 4-nitrophenol,“" showing a high conversion
to 4-aminophenol in only 20 seconds. This cubic MOF, with a
highly rigid porosity (Brunauer-Emmett-Teller surface (Sge)
~2300 m%.g~" and pore sizes of ~3.0 & 3.4 nm, accessible via
microporous windows 1.2 & 1.5 nm), is environmentally friendly
and biosafe.">*® Furthermore, its polymorph MIL-88B-NH, also
presents a high but flexible porosity (theoretical Sger
~2040 m>.g~" and pore size ~1.5 nm in the open form) able to
reversibly change its opening as a consequence of different
external stimuli (e. g. adsorbate, pressure; from unit cell volumes
of 1510 A in the empty-close structure to up to 3430 A in the
ethanol-open form without any bonding breaking).*** This
exceptional “breathing” effect of the framework opens up the
possibility of steric selectivity for both adsorption and catalytic
processes. This remarkable property, along with its environ-
mentally friendly composition® and high stability make MIL-
88B-NH, a promising MOF for the stabilization of biosafe AUNPs
and catalytic applications. Despite their interest, no flexible
MOFs have been proposed for the reduction of nitroarenes up
to now. In this sense, a novel AuNP/MIL-88B-NH, composite,
was here successfully synthesized, fully characterized and used
for the reduction of nitroarenes with encouraging results, which
was assessed by green metrics. The focal difference between
this work and previously reported ones, does not lay in the
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methodology, but in the fact that the synthesis is simple, robust
and highly reproducible, disregarding several factors (e.g.
temperature changes, interbatches, operators). Lastly, the use of
green metrics aims at emphasizing the impact of current
materials.

Results and Discussion
Synthesis Optimization

MOF based composites can be synthesized mainly by three
methods: -core-shell; -impregnation; and -in situ NP growth."®
The latter was here selected because it presents some
advantages: i) it allows a higher loading of AuNPs, which
constitute the active component of the catalyst;*”" i) AuNPs are
protected within the MOF; and iii) it offers an easier scale-up
than the core-shell strategy.”® Thus, the composite was here
obtained by in-situ NP growth, initially synthesizing the MOF
(stabilizing matrix), inserting the gold ions (HAuCl,) then by
impregnation and, finally, reducing the metal ions into metal
NPs inside the matrix. Chemical reduction was here selected as
it does not require specific equipment, unlike sono- and photo-
reduction, as such it is easily achievable. NaBH, was chosen as
the reducing agent since it is cost efficient, readily available and
highly efficient. Three main parameters were screened (Ta-
ble S1): the impregnation time of the gold solution, the Au/
MOF ratio and the ratio of MOF/NaBH, while the quantity of
MOF was kept constant. Except for the highest MOF/NaBH, ratio
with some structural changes, the crystallinity of the MOF was
kept intact upon the AuNP formation (see Powder X-Ray
Diffraction-PXRD in Figure S1). Furthermore, the MOF chemical
integrity was confirmed by a very low linker release (<3%;
Table S2), observing an effect of the MOF/NaBH, ratio as the
highest amount of the reducing agent leads to the highest MOF
degradation (linker release=6.4%). The linker release was
quantified by High-Performance Liquid Chromatography
(HPLC), by collecting and analyzing the supernatant after
centrifugation at the end of the synthesis (see experimental
section for more details). When looking into the size of the
formed AuNPs, it appears that with a higher gold content and
NaBH,, the obtained AuNPs are larger and seem mainly located
on the MOF outer surface (see Transmission Electron Micro-
scopy or “TEM” images in Figure S2 and Table S2). Furthermore,
the size and location of the NP are very heterogeneous. In
contrast, the lowest quantity of gold and NaBH, with shorter
times led to the most homogeneous distribution of AuNPs
embedded in the MOF matrix. Therefore, the best tested
synthesis conditions for the composite were: MIL-88B-NH, and
gold dispersed in MilliQ at a MOF/Au ratio of 0.78. After 4 h
stirring, the gold excess was removed by centrifugation. The
material was then redispersed in water and NaBH, in methanol
was added dropwise, at a MOF/NaBH, ratio of 0.003. It is
important to highlight that this method provides a straight
forward, and highly reproducible synthesis (performed by
different operators, and at different period of the year).
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Characterization of AUNP/MIL-88B-NH, Nanocomposite

The composite obtained via the best tested condition, was fully
characterized by different techniques. First, the pure crystal
structure corresponding to the water-open form of MIL-88B-NH,
(~2040 A)*" was confirmed for the composite by PXRD (Fig-
ure 1), observing no detrimental effect on the MOF’s crystallinity
by the in situ AuNPs formation. Furthermore, the characteristic
peaks of the face centered cubic (FCC) structure of gold can be
observed at higher angle (37.5 and 44.5° 20), confirming the
presence of crystalline gold, broadening of these peaks is
coherent with the presence of AuNPs.®” Lastly, the crystallinity
index of the material was calculated, by dividing the integrated
area of the crystalline peaks by that of the entire diffractogram
as a whole.”" The materials have a crystallinity index of 97 % for
the pristine MOF and 95% for the composite. These high
indices prove the high crystallinity of the materials.

The integrity of the MOF structure was also confirmed by
the lower linker release (only 3.240.9% of linker was detected
over the entire synthesis). In addition, Fourier Transform-infra-
red (FT-IR) spectra (Figure S3) show no indication of free
carboxylic acid at ~1700 cm™', proving that no free linker is
trapped within the structure and that the free linker quantified
by High Performance Liquid Chromatography (HPLC) accurately
describes the process. Moreover, the band at 1095cm™,
characteristic of N—H vibrations, is barely notable in the MOF
but well-defined in the composite.”? This could be explained
by the polarization of the N—H bond due to the presence of the
gold,*® inferring that the gold is collocated with the amine
group and therefore, in the porosity. Note here that the
porosity of MIL-88B-NH2 is not accessible to N2 sorption since
the structure remains close upon outgassing, when dehydrated.
The data extracted from the PXRD, HPLC and FTIR emphasize
the purity of the obtained materials.

In an attempt to more precisely localize the AuNPs and
further describe the morphology of the composite, TEM and
Scanning TEM (STEM) images were collected. High angle

AuNP/MIL-88B-NH,
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Figure 1. PXRD patterns of AuNP/MIL-88B-NH,, and MIL-88B-NH,, as well as
the simulated patterns of gold and MIL-88B-NH, in the hydrated form.
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annular dark field STEM micrographs (Figure 2) show the typical
hexagonal needle shaped MOF particles of MIL-88B-NH,, with
an approximate aspect ratio of 300x80 nm. Upon the formation
of AuNPs, both the morphology and size of the MOF is
maintained (Figure 2 and S4). Moreover, small denser particles,
corresponding to the AuNPs, can be observed homogeneously
dispersed throughout the sample and within the MOF, with a
diameter of 2.7+0.9 nm the AuNP were measured from the
images in Figure 2, excluding the ones seemingly located at the
surface (Figure S5A). Elemental mapping (Energy-Dispersive X-
Ray Spectroscopy, EDS) was performed (Figure S5B-C), confirm-
ing the identification of AuNPs with a ratio Au/Fe of 0.1. To
locate the AuNPs more precisely, electron tomography was
performed and the result is illustrated in Video S1-2. Although
some AuNPs are visible on the MOF outer surface, the overall
results cement that AuNPs are mainly located inside the MOF
network/porosity.

The size of the material was measured in aqueous solution
and ethanol using Dynamic Light Scattering (DLS), see Fig-
ure S6A. DLS has limitations, it is meant for spherical particles,
as such the technique is not optimal for the characterization of
elongated particles. Nevertheless, it can be used to see a
tendency towards aggregation of colloidal dispersions in differ-
ent media. The hydrodynamic size of the MOF and the
composite showed no significant change in ethanol, exhibiting
a particle size fully in agreement with the TEM observations
(~250 nm; Figure S6A). However, the composite exhibits a
higher polydispersity index (PDI), which is potentially associated
with an aggregation tendency. In addition, (Figure S6B) an
inversion in the zeta potential can be noted after the in situ

Figure 2. HAADF-STEM images of AuUNP/MIL-88B-NH, showing the needle-
like morphology (A-B). HAADF-STEM imaging of the tip of an AUNP/MIL-88B-
NH, needle show imbedded AuNPs throughout the MOF (C). The red box
shows a region of the AUNP/MIL-88B-NH, which was rescaled for improved
visualization. The inset is the fast Fourier transform of the image (D).
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formation of AuNPs (45+17 mV, in accordance with reported
values,®¥ vs. —20£3mV). This drastic change could be
explained by the presence of AuNPs on the surface of the
MOF.>>%% Despite the similar surface charge in water for both
the MOF and the composite, larger dimensions are observed in
water (~650 nm), which might also be related to the aggrega-
tion in water.

Considering the potential light absorption of AuNPs, UV-Vis
spectra were collected (Figure S7). Both materials absorb at
380 nm; this signal arising from the MOF's constitutive linker,
the 2-aminoterephthalate. In addition, the composite’s spec-
trum showed a shoulder at around 570 nm, which may be
caused by the presence of AuNPs. The absorbance wavelength
of single AuNPs can be correlated to its size and shape.*’~?
Nevertheless, small nanoparticles, like here tend to have weak
signal and are hard to detect. Moreover, when the particles are
coated with a polymer or imbedded in a matrix (like here the
MOF), the absorbance of the AuNPs can greatly vary, and be
dampened by surface interactions.”” Indeed, because the
absorbance of AuNP are due to the oscillation of surface
electrons, interactions and bonds between them and the MOF
greatly alter their absorption. Here, the signal of the AuNP is
dampened presumably because they are mainly buried inside
of the MOF and are in all likelihood interacting with it through
weak surface interactions.”"*? Therefore, it was not possible to
accurately confirm the size of the AuNPs in the composite solely
based on the UV-visible spectra.

To estimate the gold content in the sample, Thermogravi-
metric Analysis (TGA) was performed (Figure S8A). The compo-
site and the bare nanoMOF experience a first weight loss at
around 90°C (10 and 13 wt.%, respectively), which is due to the
evaporation of adsorbed solvents (i.e., ethanol and water). Until
200°C, a slow weight loss occurs due to the elimination of
water molecules coordinated to the iron metal sites of MIL-88B-
NH, (6 and 8 wt.%, respectively). The main degradation step
occurs between 200 and 400°C when the linker combustion
happens. On the one hand, for the bared MOF, the linker
degrades in one steep step (53 wt.%), leaving 29% of Fe,O,
residue (as confirmed by XRD).*? On the other hand, the
composite’s linker degradation occurs in 3 sub-steps (adding to
a weight loss of 55%, and a residue 35% of Fe,O; and 2% of
Au). One could hypothesize that the sub-steps are related with
different interactions between the linker and the AuNPs. The
first step (200-280°C, 78 % of the total ligand) could correspond
to the degradation of the linker with no direct interaction with
the AuNPs. Between 280 and 380°C, could be associated with
the linker in weak interaction with AuNPs (16 % the total linker).
And the last small step, between 380 and 400 °C, might be the
remaining 5% ligand directly interacting with the AuNPs. The
iron and gold content were calculated from the TGA data, as
well as from Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES; Figure S8B), resulting in 19.6 £ 1.0% and
18.5+1.2% of Fe for the bare MOF and 20.6 + 1.0% and for the
composite, 23.1+1.5% of Fe and 1.94+0.1% and 1.6 +0.4% of
Au, by ICP and TGA, respectively. The results of the two
methods are in good accordance and Au loading can be
calculated, finding that the MOF is loaded with 1.6 wt% of gold
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This corresponds to a ratio Au/Fe of 0.08 which is in agreement
to the EDS results (ratio of Au/Fe 0.1).

Catalytic Reduction of Nitroarenes

With the final aim to reduce and valorize the anthropogenic
water pollutants nitroarenes, we propose here the reduction of
nitrobenzene to aniline using the AuNP/MIL-88B-NH, composite
as catalyst (Table 1). Our primary objective is to design an
environmentally friendly strategy, employing non-hazardous
solvents (i.e. water, ethanol) at room temperature and sustain-
able hydrogen sources such as NaBH,. The optimization of the
reaction conditions (solvent, time, amount of NaBH,) is detailed
in Table 1. Initially, water was tested as solvent; but the catalysis
was ineffective due to the hydrophobic nature of compound 1a
(solubility in water at 20°C=0.2 mg-mL"),*" hindering the
proper reaction mixture (entry 1). Additionally, it is well-known
that a minimum amount of alcohol is required to activate the
NaBH,, performing as a reducing agent or hydrogen donor.
Following this, ethanol was employed as solvent, achieving a
100% conversion and 99% vyield (entry 2). It is worth noting
that by using aqueous mixtures of water and ethanol, the
reaction remains effective, reaching complete conversions in a
water/ethanol ratio of 70:30. This is important because the
alcohol not only activates the reducing agent but also facilitates
the substrate dissolution in the reaction medium, leading to an
improvement in the conversion (entries 3, 4 & 5). In order to
assess the colloidal stability of the material in the catalytic
conditions, DLS measurements were performed at different
ratios of ethanol/water, (Figure S9). The use of a water ethanol
mixture is crucial for the reduction of nitro groups in more
complex organic molecules, as it favors their solubility. The
results indicate that the material is more colloidally stable in
ethanol. Furthermore, the data indicates no significant changes
in the different solvent mixtures and pure water. As such the
analysis shows that the colloidal stability does not determine
the yield changes in the different solvent mixtures. Moreover,
the chemical and structural stability of the material in these
mixtures over 16 h at the concentration used in catalysis
(5 mg.mL™") were tested (Figure S10). The results show that the
crystalline structure is maintained as proved by PXRD, and the
linker release is minimal (maximum linker release was =1.67 %).
These stability test show that the material is particularly robust
under the tested operating conditions. Continuing with the
optimization of reaction parameters, we reduced the time
significantly, from the initial 3 hours to just 30 minutes, without
severely affecting the conversion (entries6 & 7). Finally,
reducing the amount of NaBH, is an interesting aspect to
comply with the principles of green chemistry and atomic
economy. In this case, the usage of the reducing agent was
halved (entry 8), but decreasing it further resulted in a
decreased conversion (entry 9).

After determining the optimal reaction conditions, the
essential requirement for using a catalyst in the formation of 2a
becomes evident, as highlighted in absence of catalyst (en-
try 10). Subsequently, the bared MOF was tested in the absence
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Table 1. Reduction of nitrobenzene to aniline.
NO, NH,
Catalyst
NaBHj,
Solvent, rt
1a 2a
0.5 mmol
Entry Solvents Catalyst Time NaBH, (equiv) Conversion TOF
(h)
1 H,0 AuNP/MIL-88B-NH, 3 3 n.r. 0
2 EtOH 3 3 >99% 205
3 H,O:EtOH (50:50) 3 3 52% 107
4 H,O:EtOH (80:20) 3 3 74% 152
5 H,0:EtOH (70:30) 3 3 >99% 205
6 2 3 >99% 308
7 0.5 3 >99% 1231
8 1.5 88% 1083
9 0.5 22% 281
10 No catalyst 1.5 n.r. 0
1 MIL-88B-NH, 15 n.r. 0
12 AuNPs 0.5 1.5 n.r. 0
Reaction conditions: 1a (0.5 mmol), solvent (2 mL) and 10 mg of Au/MIL-88B-NH, at room temperature under magnetic stirring. Conversions were obtained
by Gas Chromatography-Mass Spectrometry (GC-MS) using relative areas TOF (turnover frequency, h™")=moles of product/ (moles of catalyst x time). n.r.
stands for no reaction.

of the AuNPs, demonstrating the lack of catalytic properties of
MIL-88B-NH, for the targeted hydrogenation reaction (entry 11).
Finally, AuNPs of similar size (3.440.9 nm, Figure S11) were
tested in absence of the support. This experiment constitutes a
negative control. Expectedly, no conversion was detected
(entry 12) which emphasizes that the AuNPs are unstable under
these operating conditions. Thus, confirming the necessity to
stabilize them inside of the MOF. AuNPs have reported high
activity for the conversion of nitroarenes, it is necessary to
colloidally stabilize the AuNPs via surface functionalization.
Otherwise, AuNPs would be aggregated, and even further, they
could degrade under these aggressive catalytic conditions (i.e.
NaBH,, and organic solvent), losing their activity towards this
reaction.™”!

In an attempt to extend this methodology, the reduction
was tested on various molecules bearing nitro groups
(Scheme 1). The choice was not arbitrary, as both molecules
with electron-donating and electron-accepting groups were
selected. A clear example is the conversion of nitrophenol to
aminophenol with excellent yields, which could be isolated
entirely and easily without byproducts (2b), reaching a yield of
99%. The same applies to the obtention of 1,4-diaminobenzene
(2c), with a yield of 92%. An interesting case is the formation of
4-bromoaniline (2d) reaching a yield of 819%, where the
halogen is a functionality susceptible to reduction. However,
bromine was not affected by the reaction conditions, allowing
the selective reduction of -NO, to -NH,. Finally, the reduction of
the precursor dimethyl 2-nitro terephthalate (2e) to obtain its
amino derivative (obtained with a yield of 89%) reflects that
the reduction of this group can be carried out in presence of

Chem. Eur. J. 2024, €202400442 (5 of 9)

Au(1.6%)@MIL-88B NH,
NaBH, (1.5 equiv)

o
R

The H,O:EtOH (70:30)

05 I rt. air, 30min
2 mmo 2b-e
R=H, OH, NH,,
Br, COOEt
NH, NH, NH, COOEt
i i i i _NH,
OH NH; Br COOEt
2b, 99% 2c, 92% 2d, 81% 2e,89%

Scheme 1. Scope of reduction for nitroarenes. *Isolated yields.

other groups susceptible to be reduced and hydrolyzed (i.e.
ester), without affecting them. This is crucial in organic
synthesis, as the reduction is selective to the -NO, functional
group.

Considering these encouraging results, the recyclability of
the AuNP/MIL-88B-NH, catalyst was studied for the hydro-
genation of nitroaniline without regeneration of the catalyst.
Interestingly, the high catalytic activity of the composite was
preserved after five cycles, observing a slight decrease in the
5™ cycle (Figure 3). The reduction in reaction conversion may be
partially attributed to a progressive mass loss of the catalyst
following each material recovery process (separation by
centrifugation). Nevertheless, it seems as though the decrease
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Figure 3. Recyclability test of the composite for hydrogenation of nitro-
benzene to aniline.

in conversion yield after 5 cycles cannot simply be explained by
material loss through recovery process. Since the AuNPs are the
catalytically active component, one can suggest that the
conversion yield decrease may be caused by a change in the
AuNP. The change could potentially occur via Ostwald ripening
in the buried NP and sintering on the surface located ones.””®
Furthermore, only a small amount of the linker was released
(3.87%) after the catalysis and the crystalline structure of the
MOF was confirmed by PXRD, although some changes can be
observed that could be attributed to the formation of some
defects (Figure S12).

Green Metrics

In order to assess the reduction of nitrophenol with regard to
the 12 principles of green chemistry (P1-P12), a semi-quantita-
tive method was first applied: the green star (see Table $3).1"
Figure 4 shows the results for an ideal green catalyst which
does not require NaBH, to achieve a high conversion yield (A);
our composite without using NaBH, (B, very low conversion
yield); the composite under the optimized conditions using
NaBH, (C); and, lastly, the recently reported AuNP/MIL-101(Fe)-
NH, composite using NaBH,, for comparison (D).*"

The ideal catalyst reaches the greenest score in all
categories. On the one hand, our composite and the reported
AuNP/MIL-101(Fe)-NH, obtain the same scores in all
categories.”” Both materials reach the highest scores in all
categories except in atom economy (P2), less hazardous
chemical synthesis (P3) and inherently safer chemistry for
accident prevention (P12). These lower scores are due to the
excess of NaBH, and its corrosive nature. On the other hand,
our composite without using NaBH, shows a green star very
close to that one of the ideal catalyst, only P2 does not reach
the highest score (due to the lower conversion yield). Never-
theless, it is important to consider that the green star is a semi-
quantitative method which focuses on how green a process is
and not how efficient or wasteful the process is. Thus, it gives a
limited view of the process. Indeed, when comparing our
material to recently reported NP@MOF composites, all can be
described with the same green star. Therefore, mass metrics

Chem. Eur. J. 2024, e202400442 (6 of 9)

A) Ideal Catalyst B) AuNP/MIL-88B-NH, No NaBH,
P1 P1
P12 P2 P12,
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Figure 4. Green star for the reduction of nitrophenol of A) the ideal catalyst
(reaching high conversion with no sacrificial agent like NaBH,); B) the AuNP/
MIL-88B-NH, composite without using NaBH,; C) the AuNP/MIL-88B-NH,
composite (optimized conditions with NaBH,) and D) the reported AuNP/
MIL-101-NH, composite (using NaBH,).

were used to take the analysis a step further, using the metrics
described in Table S4: the atom utilization (AU) is the mass of
desired product over all products as a percentage; the E factor
(E) is the ratio of waste to product; the mass intensity (MI) is the
total mass over that of product; and the reaction mass efficiency
(RME) is the product over the total of reactants as a
percentage.”” Using these metrics (Table S5), it becomes
obvious that our AuNP/MIL-88B-NH, composite without NaBH,
is not green. The method is wasteful (high E=4.8 and MI=6.1),
and not efficient (low AU=20.5% and RME=16.4%). Further-
more, AuNP/MIL-88B-NH, (optimized conditions with NaBH,)
and the reported AuNP/MIL-101-NH, composite (using NaBH,)
can be better differentiated by comparison with the ideal
catalyst. First, both AuNP/MIL-88B-NH, and AuNP/MIL-101-NH,
very high efficiencies, identical to the ideal catalyst (AU=
92.2%). Further considering the efficiency with the RME, our
composite reaches 63.6% (near to the ideal catalyst, 74.9%),
while the reported AuNP/MIL-101-NH, achieves only 29.5%.
This means that our composite performs particularly well whilst
minimizing waste. Indeed, the waste-assessing metrics values of
AuNP/MIL-88B-NH, are very close to the ideal catalyst (E=0.2,
MI=1.6 vs. E=0, MI=1.3, respectively); whereas the reported
AuNP/MIL-101(Fe)-NH, composite presents higher values in
these factor (E=2.1 and MI=3.4) due to the high excess of
NaBH,. Therefore, the AuNP/MIL-88B-NH, composite can be
seen as a promising candidate for the green catalysis of
nitroarenes hydrogenation.

One-Pot Synthesis and Catalysis Experiment

With a focus on real life application, a one-pot synthesis and
catalysis experiment were investigated as a proof of concept.
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Indeed, for large scale industrial manufacturing, one-pot
methods are favored because they are financially efficient, and
require less handling and specific equipment.®®* As such, in
the one-pot synthesis and catalysis, the MOF was first
impregnated with the gold solution as in the prior experiment
and then, the substrate the NaBH, were added. The composite
was successfully prepared, although a slight detrimental effect
on the MOF crystallinity can be observed (see PXRD and TEM;
Figure S13 and S14). The AuNPs are here slightly bigger with a
broader size distribution (5.7 £2.9 vs. 2.74+0.9 nm-diameter;
Figure $S14D), indicating a lower control on the final size of the
AuNPs. A similar content of small AuNPs were formed within
the MOF (2.5 vs. 1.6% Au in the one-pot and previous
composites, respectively; Figure S15). The conversion of nitro-
aniline occurs as well using this method with however, lower
rates due to the higher heterogeneity in size of the AuNP
(Table S6). The small AuNPs play a pivotal role in catalyzing the
hydrogenation of nitrobenzene. In the sequence of events, the
critical step for catalysis lies in the formation of the AuNP active
phase. Another crucial factor is the competition by the reducing
agent between the AuNPs formation and the hydrogenation
catalysis. Given that these phenomena can coincide, conversion
efficiency of products could be affected, as evidenced by the
reduction from an initial 88 to 68 % of conversion. Nevertheless,
these results are encouraging, as insitu reactions pose a
significant challenge in modern chemistry and are a focal point
of interest in developing new methodologies.*® Thus, the
harmonious compatibility of two reactions is here demon-
strated: the reduction of gold salts to obtain metallic NPs and
the hydrogenation reaction of nitroarenes, achieving remark-
able conversions.

Conclusions

A rapid, simple and highly reproducible method for the
controlled formation AuNPs inside of the nanometric MIL-88B-
NH, was successfully developed, keeping intact the nanoMOF
structure while allowing the homogenous growth of AuNPs
with sizes around 2.7 nm.

The potential of the resulting nanocomposite as green
catalyst was studied on the valorization of the environmentally
toxic nitroarenes into anilines compounds, with great value as
chemical precursors and other industrial processes. The nano-
composite shows a very high conversion yield under environ-
mentally friendly operation conditions, for different nitroben-
zenes. The catalyst, operating mainly in water, proved to be
environmentally friendly and cost efficient (minimizing waste),
whilst still achieving high conversion rate and selectivity.
Furthermore, optimized catalytic conditions are well aligned
with the principles of green chemistry. The methodology used
focuses on minimizing waste whilst maximizing conversion
yield. Finally, with the prospect of the material being used in
industrial processes a one pot synthesis and catalysis experi-
ment was performed. The promising preliminary results (high
conversion and synthesis of the composite in one step) should
still be optimized and scaled up. Nevertheless, these results
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open up an alley towards a simple, cost efficient, reproducible,
and implementable synthesis of a biosafe nanocomposite for
the catalysis of anthropogenic water pollutants.

Experimental Section

Reagents

All reagents were used without further purification. FeCl; 6H,0
(97 % purity) was purchased from Alfa Aesar, 2 aminoterephthalic
acid (99%) from Thermo Fischer scientific, absolute ethanol (99%
+) from VWR, acetonitrile HPLC grade and methanol HPLC grade
from Serviquimia, NaBH, (95%) from TCl, Na,HPO, (98 %), NaH,PO,
(98 %), nitrobenzene 99% extra pure from Thermo Fisher 4-nitroani-
line 99% from Acros Organics, 4-nitrophenol 99%, 1-bromo-4-
nitrobenzene 99%, diethyl 2-nitroterephtalate 99% from Sigma-
Aldrich and orthophosphoric acid (85%) from Labkem. Lastly,
HAuCl,-3H,0 (99.9% +) was purchased from Sigma Aldrich.

Characterization

Powder X-ray diffraction (PXRD) patterns were acquired using a
Panalytical diffractometer Empyrean DY662, in Bragg Brentano
geometry from 3 to 50 (26). For inductively coupled plasma optical
emission spectroscopy (ICP-OES) measurements the OPTIMA 7300-
DV was used. SDT Q600 from TA instruments was used to carry out
thermogravimetric analyses (TGA). Fourier transform infrared (FT-IR)
spectra were obtained with Thermo Fisher scientific FTIR spectrom-
eter Nicolet 6700 in attenuated total reflectance (ATR). Ultraviolet-
visible (UV-VIS) spectra were collected with a UV/Vis/NIR Lambda
1050 spectrometer from Perkin Elmer. The hydrodynamic size and
surface charge were measured using a nanosizer/zetasizer Nano
series Nano-ZS from Malvern Instruments. The solids were
dispersed in the liquid media at a concentration of 0.1 mg-mL"™"
using an ultrasound tip (UP400S, Hilscher, Teltow, Germany) at 20%
amplitude for 20s. Transmission electron Microscopy (TEM) was
first performed with JEOL JEM 1400 working at 120 kV. Further high
angle angular dark field (HAADF) scanning transmission electron
microscopy (STEM) characterizations were performed using a FEI
Titan microscopy operating at 300 kV with a screen current of
50 pA. EDX images were collected with a Super-X detector with a
20 min exposure. A 3D volume was acquired for MIL-88-NH, using
electron tomography. A tilt series was collected in the angular
range of +70° in steps of 2° using fast tomography.”® Reconstruc-
tions were performed using expectation maximization imple-
mented using the ASTRA tomography toolbox”"”? on MATLAB.
Visualization of the 3D volume render were performed using Amira.
Nuclear magnetic resonance (NMR) 'H, and *C NMR and were
recorded at 400 and 101 MHz respectively on a Bruker 400
spectrometer with CDCl; as a solvent. All spectra were reported in d
(ppm) relative to residual solvent signal (dH (CHCl,) '/, 7.26 ppm).
Gas Chromatography-Mass Spectrometry was performed using
Agilent 8860 GC-5977B GC/MSD equipped with a HP5-MS Ul
column 30mx0.25 mmx0.25mm

A reverse phase High performance liquid chromatography (HPLC)
Jasco LC-4000 series system, with a photo diode array (PDA)
detector MD-4015 and a multisampler AS-4150 controlled by
ChromNav software (Jasco Inc, Japan) was used for the quantifica-
tion of the MOF degradation via the release of the constitutive
linker. After centrifugation of the materials’ colloidal dispersion
(upon the composite formation or the catalytic reactions), the
supernatant was collected, filtered (0.2 pm) and injected in the
HPLC to detect the quantity of linker released in the solvent, by

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

85UB017 SUOILLIOD 3AII1D 3deat|dde au Aq peueA0b 81e DI VO ‘88N JO'S3|NJ 0} AReIq1T 8UIUO /8|1 UO (SUORIPLOD-PUR-SWLSH OO A3| IM" Afe.q) U1 |UO//SaNY) SUORIPUOD pue swie | 8y} &8s *[7202/50/20] uo Areiqiauliuo As|im ‘Uediemiuy 1B1SRAIUN AQ 277001202 WeUd/200T OT/I0p/W0D" A8 1M Atelq 1 puljuo-adouna-Alis iweyo//sdny wouy papeojumod]‘0 ‘G9LETZST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202400442

using a calibration curve of the linker. The following conditions
were used through a Sunfire reverse phase column (C18, 5um,
4.6x150 mm, Andlisis Vinicos, Spain) with a flow rate of 1 mL-min™’
at 25°C, using 30 puL as injection volume with a total acquisition
time of 10 min, a mobile phase of phosphate buffer solution (PBS;
0.04 M, pH=2.5): MeOH (50:50), and a retention time of 3 min and
228 nm of maximum absorbance.

Method

Synthesis:MIL-88B-NH, *’

The MOF was synthesized using a reported solvothermal route with
only slight modifications. In a typical synthesis, 3.33 g of 2-amino-
terephthalic acid (NH,-H,BDC; 18.4 mmol) was solubilized in 40 mL
of absolute EtOH in a 100 mL round bottom flask at 50°C for
10 min under magnetic stirring (/500 rpm). After that, 9.95 g of
FeCl;-6H,0 (36.8 mmol) was added along with 10 mL of absolute
EtOH. The mixture was heated at 85°C under reflux and stirring.
Then, the material was recovered by centrifugation (10000 rpm for
10 min) and washed 3 times with absolute EtOH.

AuNP/MIL-88B-NH,

Several conditions were tested for the insitu growth of AuNPs
inside the MOF (See Table S1). The optimized synthesis conditions
are as follows: 60 mg of MIL-88B-NH, (0.08 mmol) were dispersed in
10mL of a MilliQ water-based solution of the gold precursor
(HAuCl,) at a concentration of 10 mM (0.1 mmol), being the ratio
MOF/Au=0.78. The material was left stirring for 4h at room
temperature to favor the diffusion of gold ions inside of the MOFs
porosity. Then, the solution was centrifuged at 10000 rpm for
10 min, and washed twice with water to remove the excess of gold.
The material was then redispersed in 10 mL of water and 2.4 mL of
NaBH, 10 mM in methanol were added dropwise, while stirring
(400 rpm). After complete addition of NaBH, the solution was left
stirring for 10 min. The material was centrifuged at 10000 rpm for
10 min and purified by three washings with ethanol. The material
was dried at a 100°C for 4 h, the obtained yield calculated over
several batches is 92 +5%.

AuNPs Synthesis™!

1 mL of sodium borohydride (17 mM) was added using a pipette to
20 mL of a 0.5 M HAuCl, solution at 100°C. After 20 minutes, the
flask was cooled to room temperature (27 °C) using a water bath.

Catalytic Reaction Tests

The reactions were carried out in a 10 mL glass vial, equipped with
a cap and a magnetic stirrer. Nitrocompounds (0.5 mmol), NaBH, as
hydrogen source (0.075 mmol) and 10 mg of Au/MIL-88B-NH, as
catalyst were dissolved in 2 mL of reaction mixture and stirred
under air atmosphere for 1 h. Then, the reaction crude was placed
into a separatory funnel and necessary amounts of ethyl acetate
and water were added. The organic layer was separated. The
combined organic extract was dried over anhydrous Na,SO,. Finally,
the product was isolated by column chromatography (silica gel,
eluent: 8:2 hexane/ethyl acetate). The compounds were purified by
flash column and the identity of all the products was confirmed by
'H and *C NMR.

Chem. Eur. J. 2024, e202400442 (8 of 9)

One-Pot Synthesis and Catalysis Experiment

10 mg of MIL-88B-NH, (0.08 mmol) were dispersed in a 1.6 mL
MilliQ water-based solution of HAuCl, at a concentration of 10 mM
(0.1 mmol). The material was left stirring for 4 h at room temper-
ature to favor the diffusion of gold ions inside of the MOF porosity.
Then, the solution was centrifuged at 10000 rpm for 10 min, and
washed twice to remove the excess of gold. The material was then
redispersed, along with 69 mg of nitrobenzene, in 2.1 mL of water
and 0.9 mL of methanol. Finally, 60 mg of NaBH, were added, while
under stirring (400 rpm). The solution was left stirring for 10 min
and the material was centrifuged at 10000 rpm for 10 min and
washed thrice with ethanol.
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