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The development of efficient catalysts for the production of 2,5-furandicarboxylic acid (FDCA) from 5-
(hydroxymethyl)furfural (HMF) is crucial to reduce the environmental footprint and achieve economically
favorable conditions for its use in polyethylene 2,5-furandicarboxylate (PEF) synthesis. In this work, we
demonstrated the possibility of tuning the electronic properties of Au nanoparticle-based catalysts via polymeric
stabilizers to control HMF oxidation mechanism and product distribution. Polyvinyl alcohol (PVA), polyvinyl
amine (PVAm), and poly(N-vinyl amine-co-vinyl alcohol) (PVA-co-PVAm) copolymers were synthesized with
various compositions to evaluate the effect of functional groups on ligand-metal interactions. The presence of
amino groups increases electron donation to Au, as confirmed by DFT calculations of monomer adsorption on
cluster models of amorphous Au NPs. DFT investigations, NMR relaxation studies, and catalytic studies further
revealed that increasing electron-donor groups modifies the reaction mechanism and enhances selectivity,
particularly through manipulating the adsorption of reaction intermediates. These results provide mechanistic
insights into the role of stabilizers and the active phase in directing specific reaction pathways. This under-
standing enables the rational design of polymeric ligands to enhance catalyst performance for aerobic oxidation
of biomass-derived molecules in water under mild conditions, underscoring the role of stabilizer engineering in
achieving selective and sustainable catalytic processes.

1. Introduction

Recently, the conversion and valorization of lignocellulosic biomass
has been considered as one of the best alternatives to substitute tradi-
tional fossil-based feedstocks and produce valuable fuels and chemicals
[1-5]. In particular, several studies have laid out a wide range of plat-
form chemicals obtained through dehydration, hydrogenation, and/or
oxidation reactions in separate or consecutive routes [6-10]. Among
them, 2,5-furandicarboxylic acid (FDCA) produced from glucose/fruc-
tose dehydration, followed by 5-(hydroxymethyl)furfural (HMF)
oxidation (Scheme 1) [11-15], is considered a potential bio-based
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alternative monomer to terephthalic acid, for the polymer industry
[16,17].

Polyethylene 2,5-furandicarboxylate (PEF), for instance, is an
excellent biopolymer substitute for polyethylene terephthalate (PET),
which is obtained from fossil-based monomers [18]. Recent life cycle
assessment (LCA) and techno-economic analysis (TEA) studies suggested
that the production of HMF and FDCA-based products may offer lower
impacts from CO, emissions than their fossil-based counterparts, but
with an increase in environmental effects in other impact categories,
such as high energy demands [19]. Recently, Avantium has brought
FDCA production to a near-commercial scale, principally in response to
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the interest shown by several global companies in using FDCA-based
polymer in the manufacture of plastic drinks bottles [20-22]. Never-
theless, a deeper understanding of HMF oxidation reaction mechanism is
needed, aiming for the design of more efficient catalytic systems, in
making FDCA production economically favorable and at a lower envi-
ronmental impact.

FDCA can be obtained through two oxidation pathways — alcohol
oxidation and aldehyde oxidation, with alcohol oxidation being
demonstrated to be the rate-determining step in the oxidation of HMF
[23]. To promote HMF catalytic conversion, inorganic nanostructured
materials based on mono- or bi-metallic nanoparticles (NPs) have
emerged as suitable heterogeneous catalysts, [24-27] providing high-
yielding routes to FDCA, while non-thermal catalytic methods, such as
electro-[28-31] and photocatalytic [32-34] systems are also being
recently considered as a way of further reducing energy requirements.
Gold-based catalysts have been extensively investigated for the selective
oxidation of HMF to FDCA [35-40]. In particular, when Au-based cat-
alysts are employed, in order to promote the reaction, the presence of a
homogeneous base is essential in amounts higher than the molar stoi-
chiometric ratio [41]. The oxidation reaction mechanism of HMF has
been investigated in depth. In particular, Davis et al. suggested a reac-
tion mechanism in which H,O inserts oxygen into the product and O,
scavenges electrons from the metal catalyst [42].

Catalyst design was demonstrated to be crucial due to the strict
correlation between active phase properties and the final mechanism
observed [43,44]. Several synthetic methodologies to control and tune
metal NPs properties have been investigated, among these, methods
using preformed metal colloidal NPs represent one of the more flexible
and simple approaches to synthesize well-designed NPs [45,46]. Usu-
ally, this technique involves the utilization of stabilizers during the
colloidal preparation to prevent NPs aggregation and growth phenom-
ena [47]. The stabilizing agent can significantly affect the catalytic
performance of the final material; in fact, due to their electronic and
steric properties, the activity and selectivity of the catalysts can be
improved [48,49]. For this reason, tuning the properties of the capping
ligand becomes a very important task during catalyst design, since it is
possible to control the NPs' size and can have a pivotal role in the final
catalytic activity [50]. Zhang et al. demonstrated the fundamental role
of the capping ligand in the variation of the d-charge distribution of Au
atoms [51]. For example, when a ligand that has a weak interaction with
Au is used, the atoms in the NPs gain 5d electrons, while those electrons
are lost when thiol molecules with stronger interactions are used. The
alteration of electronic density caused by the stabilizing agent can also
enhance the catalytic performances of Au-based catalysts, as Tsukuda
et al. observed [52].

In our previous works, [53-56] we have already demonstrated that
the role of the stabilizing agent on Au NPs does not concern only the
particle size control, but also affects the catalytic activity of the final
material. In this study, we focus on the use of hydrosoluble polymeric
stabilizers with different amounts of electron-donor groups on the
macromolecular chain. Polyvinyl alcohol (PVA), polyvinyl amine
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(PVAm), and poly(vinyl alcohol)-poly(vinyl amine) (PVA-PVAm)-based
copolymers were synthesized and employed as stabilizers during
colloidal preparation of gold nanostructured heterogeneous catalysts, in
order to evaluate how the presence of strong electron-donor groups
(amino groups, as confirmed through DFT calculations) can influence
the catalytic activity [57]. In particular, by tuning the electronic prop-
erties of the stabilizing agent, we observed significant changes in the
product selectivity of cascade reactions, providing a design principle for
better catalysts.

2. Experimental part
2.1. Materials

2-2'-Azo-bis-isobutyronitrile (AIBN), vinyl acetate (>99%), N-vinyl
formamide (>99%), tetrachlorauric acid (HAuCly-3H20), sodium
borohydride (NaBH4, 99%), activated carbon NORIT SX1G, sulfuric acid
(H2S04, 96%). HMF oxidation standards used for the (2,5-diformylfuran
DFF, 5-hydroxymethyl-2-furan-carboxylic acid HMFCA, 5-formylfuran-
2-carboxylic acid FFCA, 2,5-furandicarboxylic acid FDCA, and 2,5-bish-
ydroxymethylfuran BHMF) were purchased from Toronto Research
Chemicals), and 5-hydroxymethylfurfural was purchased from AVA
Biochem (Zug, Switzerland). The polymeric stabilizers were properly
synthesized following the methodologies described below. The solvents
were used without further processes of purification.

2.2. Polymer preparation

Synthetic methodologies for the preparation of polymeric ligands,
along with their spectroscopic and thermal characterizations, have been
reported in the Supporting Information (SI).

2.3. Catalyst preparation

A colloidal gold solution was prepared by dissolving 0.76 g (1.9
mmol) of HAuCl4-3H,0 in 200 mL of distilled H,O. Then 5.5 mL were
taken from the initial solution and diluted to 385 mL of distilled H5O, to
which was added a volume of 1% w/w polymer aqueous solution to
obtain an Au:PVA weight ratio of 1:0.6. After 3 min, a freshly prepared
aqueous solution of NaBH4 (Au:NaBH,4 = 1:5 mol/mol) was added. A red
Au® sol was immediately formed. The colloidal solution was stirred for
30 min, and, in the end, the Au colloidal NPs were immobilized by
adding the activated carbon (AC) under vigorous stirring. The solution
was acidified to pH 2 by using sulfuric acid. The amount of support was
calculated to have a nominal metal loading of 1 wt%. The mixture was
stirred for 1 h at room temperature. Then, the catalyst was filtered using
a Buchner funnel and washed several times with distilled water to
remove ionic species and mother liquors until a neutral pH was reached.
After drying overnight at room temperature, the solids were dried at
80 °C in an oven for 4 h in static air conditions.

? o}
(0] 0 %0, 0o
® HO \O
OH /" o
FFCA FDCA

Scheme 1. Reaction pathways for HMF oxidation.
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2.4. Characterization

The supported Au NPs were characterized by transmission electron
microscopy (TEM) images and were obtained using a JEOL JEM-
1400plus microscope to investigate the particle size and dispersion of
the active phase. Samples were suspended in ethanol and treated by
ultrasound for 15 min. A drop of the suspension was deposited on
“quantifoil-carbon film” supported on a Cu grid and dried before anal-
ysis. TEM images were processed using ImageJ.

X-ray Photoelectron Spectroscopy (XPS) was conducted using a
ThermoFisher K-a instrument to determine the oxidation state of the
support material. Samples were prepared by placing powdered material
onto carbon tape affixed to the sample holder, shaking off excess pow-
der, and transferring the holder into the entry chamber. Once the
pressure fell below 107 Pa, the sample was introduced into the analysis
chamber, where the difference between the incident X-ray beam's fixed
energy and the energy measured after reflection was used to determine
the material's binding energy and oxidation state (range of 0 to 1400
eV). The X-ray photoelectron spectra obtained were analyzed using PHI
SmartSoft (VersaProbe 4, Chanhassen, MN, USA) software and pro-
cessed using the MultiPak 9.6.0.15 package. The binding energy values
were referenced to the Cls signal at 284.5 eV. Shirley-type background
and Gauss-Lorentz curves were used to determine the binding energies.
Atomic concentration percentages of the characteristic elements were
determined considering the corresponding area sensitivity factor for the
different measured spectral regions.

2.5. Oxidation reactions

All the catalytic tests for the HMF oxidation were conducted in a 100
mL autoclave (Parr instrument). Standard reactions were performed
using the following conditions: HMF:Au:NaOH molar ratios of 1:0.01:4
at 70 °C, 2 or 4 h of reaction time from the t = 0, the moment when the
reaction temperature was reached, 10 bar of O, and 600 rpm stirring.
After each reaction, the catalyst was separated from the reaction solu-
tion through centrifugation, and the solution was diluted with distilled
water at a 1:5 vol/vol ratio to prepare the sample for the HPLC analysis.
All the analyses were carried out in an Agilent 1260 Infinity instrument
equipped with a BioRAD Aminex HPX-87H column and a DAD detector.
To calculate the concentration of all species present in the reaction
network (HMF, HMFCA, FFCA, BHMF, and FDCA), external calibration
curves were utilized. Conversion, selectivity, and yield were calculated
according to the following equations:

: _ [HMF],-[HMF],
Conversion(%) = 7[HMF]O x 100 (€8]
.. _ [Product]
Selectivity (%) = 7[HMF]O-[HMF]F x 100 2)

Conversion x Selectivity

Yield (%) o0

3

2.6. Computational details

The density functional theory (DFT) computational studies investi-
gated the interaction of Au NPs with the stabilizers (PVA and PVAm),
with the intermediates of the HMF oxidation reaction (DFF, HMFCA,
FFCA), and with the probe molecules chosen for NMR studies (i.e.,
pentanal and pentanoic acid).

Gold nanoclusters, such as Auss, have been successfully used as
model systems for relatively small Au NPs, because their size lies in the
regime where quantum effects, low-coordinated surface atoms, and
structural disorder strongly influence their electronic properties, deter-
mining adsorption and reaction energetics [53,56]. Although smaller
than the PVA(m)-stabilized Au NPs observed experimentally (3.3-5.1),

Journal of Catalysis 456 (2026) 116770

the Auss cluster (= 1 nm) provides a good compromise between
computational cost and model reliability when treating this type of NPs
at the ab initio level. In fact, at this level of theory, significantly larger
clusters will be computationally too demanding, while periodic ap-
proaches (such as slab supercell models) are more appropriate for
extended surfaces (typically present in NPs > 10 nm) and would capture
less effectively the amorphous and undercoordinated surface structure
of polymer-stabilized small NPs. Importantly, photoelectron spectros-
copy combined with theoretical simulations has shown that anionic Au,
clusters in the size range 53 < n < 65 do not adopt highly symmetric
structures but instead exhibit distorted, amorphous-like structures [58].
Consistently, global structure optimizations performed at the DFT-B
level identified the neutral amorphous Auss cluster as a stable config-
uration [59]. While finite-size effects and the absence of support in-
teractions represent inherent limitations of a Auss cluster model of small
Au NPS, the present study focuses on local adsorption motifs and relative
energetics, for which cluster models have been shown to provide reliable
mechanistic insight. In fact, this model has been successfully employed
in previous theoretical studies to investigate adsorption, reaction in-
termediates, and interaction with polymer monomeric units [53,56],
and we adopted the same approach here to ensure methodological
consistency and mechanistic insight. To study the interaction of the PVA
and PVAm stabilizers with the Au NPs, we considered as a representative
model the adsorption of their monomers.

The adsorption energy (E.4s) of each molecule (M) on the Auss
cluster model is computed as

Euis = Epuss+m — Epuss — Em @

where Egy,+um is the ground-state (GS) energy of the Auss + M complex,
and Ea,,, and Ey are the GS energies of the isolated Aussand M systems,
respectively. The electron-donation extent between the PVA/PVAm
monomers and Auss has been calculated by determining the sum of the
partial atomic charges on the Auss and M moieties in the Auss + M
systems. All DFT calculations have been performed by using the B3LYP
functional, [60] including the RI-J and COSX approximations [61] (with
the def/J auxiliary basis set, [62] with solvent effect included also
during geometry optimizations) using the polarizable continuum model
[63] and the Becke-Johnson D3 corrections for dispersion interactions,
[64] as implemented in the ORCA package [65]. For the Au atoms, the
LANL2DZ basis set [66] along with the Hay-Wadt effective core poten-
tial [66] have been used. For the H, C, O, and N atoms, instead, the 6-
31G** basis set has been employed for all geometry optimizations (see
SI for the cartesian coordinates of the optimized Auss + M systems),
while adsorption energies have been obtained by refining the total en-
ergies with single-point calculations by using the larger 6-311++G**
basis set. Corrections for the basis set superposition error have been
introduced by considering the optimized geometries of isolated Auss and
M, which have been aligned to the geometries of the corresponding
moieties in the optimized Auss + M complex, thus with the basis set of
Auss (or M) in the Auss + M complex being directly included in the
energy of isolated M (or Auss). For the partial atomic charges calcula-
tions, we computed both the atomic dipole corrected Hirshfeld [67] and
the Merz-Kollman charges [68] methods by using the Multiwfn package
[69].

2.7. NMR relaxation measurements

NMR relaxation measurements were performed on a Magritek
SpinSolve benchtop spectrometer operating at a 'H frequency of 43
MHz. The spin-lattice relaxation time (T;) was measured using the
inversion recovery sequence with a repetition time of 5 x T; [70].
Sixteen inversion delay times were used for each sample, and 32 scans
were performed for each data point. The transverse relaxation time (T5)
was measured using the Carr-Purcell-Meiboom-Gill (CPMG) pulse
sequence [71]. Catalyst samples were pretreated by soaking them in
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pentanal or pentanoic acid as the chosen probe molecules for at least 48
h. Then samples were dried on a solvent-soaked filter paper to remove
the excessive liquid on the external surface before transferring them to 5
mm NMR tubes. To minimize the effect of solvent evaporation, a small
piece of pre-soaked filter paper was placed under the cap of the NMR
tube. The tube was left in the magnet for around 15 min to achieve
thermal equilibrium before the measurements.

3. Results and discussion
3.1. Computational results

This study aimed to demonstrate how the choice of polymeric sta-
bilizer and its electronic properties influence the catalytic activity of
gold nanoparticles, thereby affecting the reaction mechanism. With this
goal, two different stabilizers were selected: polyvinyl alcohol (PVA)
and polyvinylamine (PVAm). To better understand their interaction
with the metal surface, DFT calculations were performed to determine
the adsorption energies between the respective monomers and an Auss
cluster. These calculations were designed to provide evidence for the
electron-donating capabilities of the stabilizers and how these charac-
teristics might impact the electronic structure and catalytic behavior of
the gold nanoparticles.

Fig. 1 shows the DFT optimized structures obtained for the PVA and
PVAm monomers adsorbed on the Auss cluster. We observed a smaller
distance for the N-Au bond in the Auss + PVAm complex (2.26 A) with
respect to the O-Au bond in the Auss + PVA complex (2.49 A), indicating
a stronger interaction with Au NPs for the PVAm monomer. The dif-
ference in absorption geometries is associated with different adsorption
energies, PVAm being more strongly bound to Auss (Eqgs = -25.2 kcal/
mol) respect to PVA (Eggs = -11.6 kcal/mol). The 13.6 kcal/mol differ-
ence in adsorption energy is accompanied by a different electron-
donation extent, computed as the difference in the sum of the partial
atomic charges between the two moieties (the monomer and the Auss
cluster). Using the atomic dipole corrected Hirshfeld charges method to
compute the partial charges, we observed that the negative charge
injected in the Auss moiety upon adsorption is smaller for the Auss +
PVA complex (—0.16 electrons) with respect to the Auss + PVAm one
(—0.33 electrons). Similar values have been obtained using the Merz-
Kollman charges method (i.e., —0.13 and —0.37 electrons, respec-
tively). These results indicate an enhanced monomer-to-Auss electron-
donation when PVA is replaced with PVAm, in line with the XPS anal-
ysis reported above.

Fig. 1. The DFT optimized structures of monomers of the PVA (left) and the
PVAm (right) stabilizing agents adsorbed on the Auss cluster, modelling small
Au NPs. The O-Au and N-Au equilibrium distances (in /e\) and the stabilizer-to-
NP electron-donation extent (using Hirshfeld charges) are also reported.
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3.2. Synthesis and characterization of catalysts with different electron-
donating groups

To evaluate the effect of different functional groups presented onto
polymeric ligands on the catalytic mechanisms, poly(N-vinyl amine-co-
vinyl alcohol) (PVA-co-PVAm) copolymers were synthesized by
solution-free radical polymerization following the methodology
described in the experimental section and subsequently hydrolyzed. The
presence of amino groups on the macromolecules can alter the inter-
action between ligand and metal, due to the possible partial covalent
bond formation between nitrogen and gold by = back-bonding of the
metal on the empty n*-orbitals of the ligands, as demonstrated by DFT
calculations before. Furthermore, this hypothesis can be confirmed
following Hard-Soft Acid-Base (HSAB) theory, where primary amines
are considered to have a borderline character between the hard and soft
bases, and therefore their interaction with a soft acid center (Au NPs)
can be explained by a bond with a partial covalent nature [72-75]. The
real composition of the prepared copolymers in terms of the number of
functional groups in the main chain (study reported in SI) represents
crucial parameters to analyze the effect of polymeric ligands on the final
catalytic materials. Employing these polymers, a series of Au-based
catalysts was prepared via sol-immobilization method, [55,76] using
activated carbon (AC) as the chosen support, and maintaining a poly-
mer:Au weight ratio of 0.6 for the employed stabilizer in each NPs
synthesis. In particular, two catalysts were prepared using the homo-
polymers PVA and PVAm (labelled Au/AC_PVA and Au/AC_PVAm),
while for the others, copolymers with different PVAm:PVA composition
were employed (the calculated PVAm molar percentage in the three
copolymers is 16, 37, and 59).

All the prepared catalysts are reported in Table 1, and the samples
stabilized with copolymers are denoted as Au/AC_PVAm _XX, where XX
is the molar percentage of PVAm.

Each catalyst was characterized by TEM (Fig. 2) and XPS analysis to
determine the mean particle size and particle size distribution of gold
NPs, as well as the atomic percentage of gold on the catalyst surface and
oxidation state of Au. TEM analysis (Table 1-S5, Fig. 2-S5) has shown
that by increasing the amount of PVAm moieties, an increase in mean Au
particle size from 3.3 to 5.1 nm can be observed. An increase in the
nanoparticle's mean diameter can affect the activity of the catalyst.
However, in a previous work, [53] we observed that in this range the
mean particle size of Au is not the major factor for the observed catalytic
performance, but the polymeric ligand can have an important effect in
terms of catalytic activity. Furthermore, samples obtained from co-
polymers containing a higher number of amine moieties exhibited a
broader particle size distribution of Au NPs, as indicated by observing
the standard deviation of their particle size [77]. Overall, the use of a

Table 1

List of prepared catalysts along with their characteristics: percentage of PVA and
PVAm in the stabilizing polymer, TEM NPs size, values of gold binding energy,
and percentage of Au on the catalyst surface obtained from XPS analysis.

Catalyst % % drem BE Aud4f;,» % Au on
PVAm* PVA (nm) (eV) surface
Au/AC (No - - 7.9 + 84.0 2.6
stabilizer) 6.3
Au/AC_PVA 0 100 3.3+ 84.0 1.6
0.7
Au/AC_PVAm_16 16 84 4.4+ 84.1 0.9
1.3
Au/AC_PVAm_37 37 63 4.9 + 84.1 0.9
0.9
Au/AC_PVAm_59 59 41 4.7 + 83.9 2.0
1.3
Au/AC_PVAm 100 0 51+ 83.7 1.2
1.4

*Copolymers' composition was calculated by integration of "H NMR spectra as
described in SI.
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Fig. 2. TEM images and particle size distribution of the fresh catalyst Au/AC_PVA and Au/AC_PVAm.

polymeric resulted in catalysts with reduced average particle size di-
ameters and lower dimension dispersions compared to the reference Au/
AC catalyst that was prepared without a stabilizing agent.

XPS analysis showed the presence of metallic Au NPs. With the in-
crease of PVAm, a decrease of BE was observed with the BE of Au4f;,; to
shift from 84.1 to 83.7 eV, suggesting the presence of Au NPs with a
partially negative charge (Aus') (Table 1 and S6, Fig. S7) [54]. The trend
observed could be due to the electron-donor nature of amino groups, as
previously reported for other polymers, such as PVP, which contains N
atoms [78,79]. Typically, nitrogen-based ligands can interact with gold
by partially covalent interaction due to the back-bonding mechanism
between Au orbitals and nitrogen anti-bonding orbitals, which can
suggest a modification of charge distribution in gold metal bonds
[80-83]. Instead, the exposure of gold on the catalyst surface was varied
from 1 to 2% without following a particular trend with respect to the
amount of amines. Furthermore, a deconvoluted XPS spectroscopic
signal related to N1s is reported in Fig. S8 with the aim of showing the
presence of -NH signals related to the polymeric ligands. In particular,
the amount of amine peak decreases, in agreement with the composition
calculated in Table S6.

3.3. NMR relaxation studies

The nature of these polymer stabilizers played a pivotal role in fine-
tuning the surface properties of the catalysts, consequently influencing
their interactions with reaction species.

NMR relaxation measurements were performed to probe surface in-
teractions between the catalysts studied and the reaction species, using
the T1/T5 ratio as an indicator of interaction strength [84-86]. Pentanal
and pentanoic acid were used as model probe molecules to test the
difference in behavior between an aldehyde and a carboxylic acid. It was
not possible to use the actual reaction species for several reasons, most
notably the fact that these species are solids at ambient conditions,
hence they would not wet the catalyst pores and could not be measured
effectively by NMR. Fig. 3 shows the NMR relaxation results of Au/
AC_PVA and Au/AC_PVAm catalysts pretreated by pentanoic acid and
pentanal, with the detailed information listed in Table S8. The data were
fitted using the inversion recovery and CPMG exponential decay func-
tions for T; and T, respectively (shown in Fig. S11).

When compared to the Au/AC_PVA catalyst, the Au/AC_PVAm
catalyst exhibited a higher affinity towards pentanoic acid, the carbox-
ylic acid, relative to pentanal, the aldehyde. Indeed, the T,/T; ratio of

3.0

20
I Pentanal @ Normalised ratios

I Pentanoic acid %

16

12 4

T/ Tyacidor Aldehyde)
TT Z(Acid)/ T/T, 2(Aldehyde)

Au/AC_PVA

Au/AC_PVAmM

Fig. 3. NMR relaxation results with model probe molecules. Ratio of
spin-lattice (T;) and transverse (T,) relaxation times of pentanal (blue bar),
pentanoic acid (red bar), and normalized ratios of pentanoic acid over pentanal
(red spheres). A higher T;/T, ratio is associated with stronger surface affinity.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

the acid normalized over that of the aldehyde was significantly higher
for the Au/AC_PVAm when compared to Au/AC_PVA (see data repre-
sented by the red spheres in Fig. 3). This indicates a greater affinity of
the acid compared to the aldehyde and can be rationalized by consid-
ering the enhanced interaction between the acid group of the carboxylic
acid due to (i) the interaction between the amino groups from PVAm
stabilizer and the acid groups as well as (ii) the charged surface of Au
NPs of this catalyst. In the context of catalytic reactions, this interaction
may be reducing or preventing the rapid desorption of the product from
the catalyst surface. Moreover, the preferential interaction between the
acid groups of the intermediates, such as HMFCA and FFCA, may alter
the adsorption configuration of the intermediates, positioning the acid
groups closer to the active sites while the aldehyde group remains
further away, thereby inhibiting the aldehyde oxidation to the acid.

To support this hypothesis and complement the experimental data
with structural insights, DFT adsorption studies on key HMF oxidation
intermediates (DFF, HMFCA, and FFCA) were conducted, building on
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the initial adsorption analysis of pentanal and pentanoic acid, used as
NMR probes to reveal the preferential interaction of acid groups with Au
NPs.

Fig. 4 shows the DFT optimized structures of pentanal and pentanoic
acid (in both protonated and deprotonated forms) adsorbed on the Auss
cluster. Notably, if the pentanoic acid is protonated, adsorption is
weaker than for pentanal, with E,4 of —15.2 and —17.4 kcal/mol,
respectively, in contrast with experimental evidence that carboxylic
acids bind Au more strongly than aldehydes. Upon deprotonation,
however, pentanoic acid binds substantially more strongly than penta-
nal, with Egg = -23.6 kcal/mol, in line with the NMR results. The
adsorption geometries mirror these trends (see Fig. 4): pentanal forms a
O-Au bond of 2.45 A; the protonated acid binds monodentate with much
longer O-Au distances (2.74 A for the carbonyl O and 3.23 A for the
hydroxyl O); the deprotonated acid adopts a bidentate binding mode
with short, nearly symmetric O-Au bonds (2.36-2.37 A).

The good agreement between the computational and NMR results for
the adsorption of pentanal and pentanoic acid prompted us to extend the
DFT study to the adsorption of DFF, HMFCA, and FFCA, which are key
intermediates in the HMF oxidation pathway. Based on the pentanoic
acid results, which highlighted the critical role of deprotonation in
strengthening adsorption, we restricted our analysis to the deprotonated
forms of the carboxylic acids among these intermediates. This assump-
tion is further supported by the basic experimental conditions of the
HMF oxidation reaction, under which carboxylate species are expected
to predominate.

Fig. 5 shows the optimized adsorption geometries of DFF, HMFCA,
and FFCA intermediates. The DFF intermediate features two aldehydic
groups directly linked to the furan ring, and it is found to bind the
surface of the Au NP in a flat conformation. This binding mode,
involving interaction between the furan ring and the Au surface, differs
from that of pentanal (featuring only one aldehydic group that binds “on
top” to an Au atom, see Fig. 4), having a slightly larger adsorption en-
ergy, with Egg; = -16.1 kcal/mol. In contrast, the HMFCA molecule,
which features a carboxylic group and a hydroxymethyl (~CH;OH)
group linked to the furan ring, can make O-Au bonds with “on top”
configuration with both the carboxylic and the hydroxymethyl group,
due to the flexibility of the latter. The HMFCA binding mode features
short O-Au distances of 2.34 and 2.51 A for the carboxylic and the
hydroxymethyl groups, respectively, (see Fig. 5) while maintaining a flat
conformation and the furan-Au surface interaction, giving rise to an Eg4s
= -26.5 kcal/mol, larger than the bidentate pentanoic acid.

The FFCA intermediate, instead, features a carboxylic and an alde-
hydic group linked to the furan ring, binding to the Au NPs with one
oxygen of its carboxylic group, in a monodentate fashion, as for HMFCA.
This configuration maintains the furan-Au surface interaction and a flat
conformation on the Au surface, but with the carbonyl group of the

pentanal
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aldehydic moiety being far from surface Au atoms (O-Au equal to 3.42
A). This binding mode, driven by the carboxylic group binding with a
short O-Au distance (2.33 Io\, similar to HMFCA), has an adsorption en-
ergy of —21.1 kcal/mol.

Thus, the DFT results clearly indicate that the strong interaction of
carboxyl groups with the Au NPs determines larger adsorption energies
for HMFCA and FFCA with respect to DFF, confirming that the prefer-
ential interactions of Au surface atoms with acid groups also occur in
reaction intermediates. The binding modes observed for intermediates
with aldehydic groups, i.e., DFF and FFCA, support the hypothesis of
partial detachment from the Au surface (as they feature O-Au distances
always larger than ca. 2.87 A), eventually hindering their oxidation in
the HMF conversion process on Au NPs.

3.4. Catalytic tests

3.4.1. Preliminary catalytic tests

All the prepared samples have been tested in the selective oxidation
of 5-hydroxymethyl-2-furfural (HMF) to produce 2,5-furandicarboxylic
acid (FDCA). The catalytic tests were performed using water as the
solvent under the following reaction conditions: 70 °C, 10 bar of Oy, an
HMF:Au:NaOH molar ratio of 1:0.01:4, and a stirring rate of 600 rpm.

To verify whether the optimized conditions from previous works are
also optimal for these new catalytic systems, several studies have been
conducted on the two catalysts prepared using the two homopolymers
(Au/AC_PVA and Au/AC_PVAm).

First of all, a study to confirm that no external diffusional limitations
are present was carried out, performing three tests at different stirring
speeds using the Au/AC_PVA catalyst (Fig. S12). The results did not
change when the stirring speed was set to 300 and 600 rpm. However,
by decreasing the stirring speed to 150 rpm, the selectivity of the
products changed, and a certain carbon loss could be observed. Prob-
ably, at such a low stirring speed, the diffusion of HMF to the active sites
was not favored, and the reagent underwent degradation, leading to the
formation of a significant amount of by-products (humins), in agreement
with previous published reports [35,53]. The results obtained by vary-
ing the O pressure (Fig. S13) in the range of 10-20 bar showed that the
oxygen dissolved in water did not pose a limit for the reaction at these
pressures; in fact, the values of HMF conversion and the product selec-
tivity remained the same in each test. Furthermore, a study on the effect
of reaction temperature was carried out using both catalysts prepared
with homopolymers (Figs. S17 and S22). The results suggested that the
desired reaction temperature to conduct the standard tests for the
comparison of the catalysts was 70 °C, since the reaction was not com-
plete at this temperature, and suitable selectivity in FDCA (which can be
used as an indicator for comparing the catalytic activity) was observed
(under 60% using the more active catalyst). Moreover, the effect of the

protonated deprotonated
pentanoic pentanoic
acid acid

+]

Fig. 4. The DFT optimized structures of pentanal (left), protonated (middle), and deprotonated (right) pentanoic acid adsorbed on the Auss cluster, modelling small

Au NPs. The O-Au binding distances (in 10\) are also reported.



F. Liuzzi et al.

Journal of Catalysis 456 (2026) 116770

FFCA

2.33A I

Is.4zi\

Fig. 5. The DFT optimized structures of DDF (left), HMFCA (middle), and FFCA (right) intermediates adsorbed on the Auss cluster, modelling small Au NPs. The O-
Au equilibrium distances (in A) for the aldehyde, carboxyl, and hydroxyl groups are also reported.

NaOH concentration was evaluated for both catalysts (Figs. S15 and
520). This is a crucial factor for the reaction since a high concentration
of a strong base can lead to the formation of by-products due to HMF
degradation [41]. Variation of the NaOH:HMF molar ratio from 0 to 4
equivalents showed that the best results, in terms of selectivity of
products and formation of by-products, were obtained when 4 equiva-
lents of the base were employed. Since the aim of this work is to study
the electronic effect of two different polymers, some tests were carried
out by varying the quantity of the polymers during catalyst preparation
(Figs. S14 and S19) and their molecular weight (Figs. S16 and S21) to
exclude possible interferences related to these parameters. From the
results presented in these studies, it was observed that using a polymer:
Au weight ratio of 0.6 led to better catalytic results, while the molecular
weight of the two polymers in the range considered (from 18,000 to
170,000 g/mol) did not affect the catalytic performances in a significant
way. In fact, all catalysts showed a complete conversion of HMF, with
the highest difference in the selectivity (~10%) of all the products.
Finally, to confirm the effect of stabilizing agents on the catalytic per-
formances of gold nanoparticles, a reference Au/AC catalyst synthesized
in the absence of a stabilizer was evaluated. The results were compared
with those obtained for the two catalysts prepared using the homopol-
ymers (Fig. S28). A noticeable difference in product selectivity and
distribution was observed, highlighting a significant influence of the
stabilizing agents on the catalytic behavior.

3.4.2. Investigation of the reaction mechanism

To assess the influence of the electronic effects of the stabilizer, the
catalytic performances of the prepared catalysts were evaluated in the
selective HMF oxidation to FDCA at optimized reaction conditions. The
results obtained are summarized in Table 2.

Focusing on the two catalysts stabilized with the homopolymers
(PVA and PVAm), a significant difference was observed in product dis-
tribution and, therefore, selectivity. Increasing the percentage of PVAm,
the conversion was always complete, while an increase in the selectivity
to HMFCA was observed from 39% to 53%, whereas the selectivity to
FDCA decreased from 61% to 12%. Moreover, when PVAm was the
stabilizer, a certain quantity of FFCA was detected at the end of the
reaction, and some by-products (probably humins) were formed,

Table 2
Catalytic results of all the catalysts tested in HMF oxidation. Reaction condi-
tions: 70 °C, 2 h, 10 bar O, HMF:Met:NaOH = 1:0.01:4.

Selectivity (%)

Stabiliser Conv. (%) HMFCA FFCA FDCA Others
PVA >99 39 0 61 0
PVAm16 >99 59 1 29 11
PVAmM37 >99 59 1 28 12
PVAmM59 >99 52 10 16 22
PVAm >99 53 11 12 24

causing a loss in the overall carbon balance. Since a different selectivity
trend in the final products was observed, to further investigate the
possible causes, the catalytic performances of the two referenced cata-
lysts (those with PVA and PVAm as Au stabilizers) were studied as a
function of reaction time (Fig. 6). Concerning the PVA-based Au catalyst
(Fig. 6A), it is notable that exclusively employing heat on the reaction
mixture (time: 0 h) resulted in complete conversion of HMF, high-
lighting a pronounced catalytic activity. In particular, FDCA selectivity
rapidly increased from 10% to 80% after 4 h of reaction. In the presence
of the PVA-based Au catalyst and NaOH, HMF was rapidly oxidized to
HMFCA, and its selectivity decreased along with the reaction time, while
FDCA selectivity increased. FFCA was detectable in negligible quantities
in all the tests due to the following reaction kinetics: FFCA formation is
the rate-determining step of the reaction, while its oxidation is reason-
ably fast; for this reason, as soon as FFCA is produced it is further
oxidized to FDCA in agreement with the literature [41]. From these
results, it is evident that the reaction mechanism is coherent with those
reported in the literature (Scheme 1) [36,43].

Conversely, the catalytic results obtained for the PVAm-stabilized Au
catalyst (Fig. 6B) showed a completely different catalytic behavior,
which can be initially attributed to a catalyst with a different activity
and, in particular, selectivity. The evolution of reaction products
significantly changed when compared to the catalysts prepared using
PVA to stabilize the Au-sol. HMF conversion was not completed after
reaching the desired temperature (time O h), but only after 1 h of re-
action. Selectivity to HMFCA gradually increased from 0 to 28%, while
for FFCA, its selectivity gradually decreased. In particular, it is evident
that in the presence of PVAm, the gradual increase in the selectivity of
FDCA with the simultaneous decrease of selectivity to FFCA suggests
that the former reacted to produce the desired dicarboxylic acid.

However, the absence of reactivity for HMFCA is evident in Fig. 6B,
whereby the selectivity remained quite stable during reaction time, and
no further conversion was observed. Probably, the reaction pathway
involving this intermediate compound to FDCA formation does not
occur, or the consecutive transformation has been blocked. To support
this hypothesis, the reactivity of the reaction intermediates has been
studied. Moreover, it is noted that during all the catalytic tests, there was
always a certain amount of by-products. This can also highlight the
different activity of this catalyst compared to the one stabilized with
PVA. Under such basic reaction conditions, HMF can easily degrade to
humins that cannot be quantified if it is not further converted into the
other products [87]. The observed decrease of the by-products as the
reaction progresses can be attributed to the equilibrium between the
HMF and the first products that lead to the formation of humins, [88] to
a strong interaction between the products and the catalyst, or to the
formation of an unidentified product.

These results suggest that the reaction pathway has probably been
altered compared with the scheme previously reported (Scheme 1).
Similar results that suggest a modification in reaction mechanism were
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Fig. 6. HMF conversion (X) and products selectivity (S) as a function of reaction time for the catalyst prepared employing Au the NPs stabilized with PVA (A) and

PVAm (B). Reaction conditions: 70 °C, 10 bar O, HMF:Met:NaOH = 1:0.01:4.

already observed previously on a bimetallic Pd;Aug-TiOy catalyst
calcined at 300 °C [89]. However, according to the best of our knowl-
edge, it has never been reported that the reaction pathway can be altered
to control product selectivity by varying the nature of the stabilizer.

To further investigate and prove the existence of an alternative re-
action pathway, some of the reaction intermediates were tested as
starting reagents for further understanding of the reaction pathway. In
previous studies, we have reported that the calcination treatment on
Pd;Aug-TiO; altered to a certain degree the active surface phase, and a
reaction mechanism for the FDCA formation from HMF was proposed,
which is shown in Scheme 2. In order to demonstrate that the presence
of PVAm as a stabilizer altered the reaction pathways, several tests using
the intermediates as reagents were carried out. The reference catalyst
was the Au/AC_PVAm (with 100% PVAm). The results obtained from
these tests are shown in Table S8. Moreover, the same tests were carried
out using the Au/AC_PVA to obtain a clear comparison with the Au/
AC_PVAm results (Table S9).

Firstly, we investigated the presence or absence of the base-induced
Cannizzaro reaction of HMF (Fig. S31 and Reaction (2) to HMFCA and
2,5-bishydroxymethylfuran (BHMF), carrying out the HMF reaction in
the presence of Ny; using the same reaction conditions we used in the

presence of Oy The results (Table S9, Entry 1) confirmed the absence of
the base-induced Cannizzaro reaction under Ny atmosphere; indeed, at
the end of the reaction, there was no presence of HMFCA and BHMF,
which are the main products in the case of base-induced Cannizzaro
reaction between HMF molecules [89]. When the same reaction was
conducted under 10 bar of Oy (Table S9, Entry 2) the formation of
HMFCA and FFCA could be observed. These results prove that HMFCA
(Scheme 2, pathway 1) and FFCA were formed due to the HMF oxida-
tion. After these tests on the HMF, HMFCA, which is one of the first
reaction intermediates, was used as a reagent to conduct a catalytic test.
The catalytic results of this test (Table S9, Entry 3) showed the inability
of Au/AC_PVAm to activate HMFCA, a low conversion of that molecule
was observed, and only a 3% yield of FFCA was obtained. Using this
catalyst, only the first step of the reaction (1) reported in Scheme 2 (in
blue) could be achieved, while the oxidation of HMFCA to FFCA could
not occur. Another important reaction intermediate to test as a reagent is
DFF, since the alternative reaction pathway (green color pathway shown
in Scheme 2) for the formation of FFCA and FDCA can be via the DFF
formation and its consecutive oxidation (reaction pathway 2). Using DFF
as areagent, under O, (Table S9, Entry 4), it is evident that the molecule
was easily oxidized to FFCA (65% of yield), but only a negligible amount

OH
\ O 1/2 02 (o)
\ > HOO O\
HMF @ HMFCA
1
/2 02 1/2 02
_HQO _HQO
1/2 o) o)
_Hzo \ (@) / 1/2 02 1/2 OQ
\ [/ \ /[ OH %» FDCA
DFF FFCA
HMF N
HO OH (@] O (@] OH
(0] (0] > (0]
\ / + o) \ // OH HO \ /
BHMF FDCA HMFCA

Scheme 2. Reaction pathways for HMF oxidation on Au/AC_PVAm catalyst.
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of FDCA was detected (2% yield). This confirms that the formation of
FFCA in the reaction environment can follow this reaction pathway
(reaction pathway 2 in green color, Scheme 2), even if DFF was never
detected in our tests. However, when the same test was conducted using
Nj pressure (Table SO Entry 6), the molecule did not react with itself in a
Cannizzaro reaction scenario. These results highlight a clear difference
from the previous work, [89] in particular, it was confirmed that Can-
nizzaro disproportionation contributed to DFF conversion, forming HMF
and FFCA, as products of the Cannizzaro reaction of DFF (Fig. S31,
Reaction (4).

From our tests, it appears that DFF degradation prevailed over
disproportionation, even if we used 2 mol of base with respect to the
reagent (Table S9, Entry 5), to reproduce the same reaction conditions of
the previous work. At this point, the results demonstrate that FFCA was
mainly formed through DFF oxidation, but it seems that this molecule
could not be further oxidized to produce FDCA. Indeed, when FFCA was
used as a starting reagent (Table S9, Entry 7), a conversion higher than
40% was observed, but only an FDCA yield of 5% was achieved. Per-
forming the same catalytic test under an inert atmosphere (Table S9,
Entry 9) allows obtaining a higher conversion (98%), leading to a sig-
nificant formation of byproducts (90%) and the same amount of FDCA,
while without the presence of the catalyst, no conversion was observed
(Table S9, Entry 8). Probably the presence of the catalyst facilitated the
activation of the Cannizzaro reaction of FFCA with itself in a small
percentage, and also the degradation of FFCA, explaining the high
conversions of the reagent observed in the presence of N,. However, the
FFCA oxidation could not happen (pathway 3 in red, Scheme 2). To
understand if the FDCA was formed from the Cannizzaro reaction be-
tween HMF and FFCA, a test using FFCA and HMF as reagents, in a molar
ratio of 1:1, was done, and the formation of HMFCA and FDCA (Table S9,
Entry 10) was observed. Most likely, during the HMF oxidation, FFCA
formed through the DFF oxidation could react with the residual reagent
HMF (reaction pathway 4, in orange color, Scheme 2) through a
Cannizzaro-type reaction, yielding three different products in two sce-
narios. The first one is the formation of one molecule of BHMF and one
of FDCA, and the second one is the formation of two molecules of
HMFCA. The formed BHMF was rapidly oxidized to HMF as shown in
Table S9, Entry 11.

In order to confirm the fundamental difference in the reaction
mechanism, some of the most essential tests on the reaction in-
termediates have also been conducted using the catalyst Au/AC-PVA
(Table S10), and two main differences could be observed. Firstly,
HMFCA was still slowly oxidized to FFCA (this second step is usually the
rate-determining step of the reaction [41]). In fact, the conversion was
only 13% (Table S10, Entry 1), but as soon as the second compound was
formed, it was rapidly oxidized to FDCA (10% yield). Secondly, when
FFCA was used as a reactant (Table S10, Entry 3), after 30 min of re-
action, it was almost completely converted into FDCA (95% yield). The
obtained results demonstrate that the presence of PVAm to stabilize the
gold NPs altered the reaction mechanism for the FDCA formation. The
amino groups on PVAm are stronger electron donors than the —-OH of
PVA, which can alter the surface electron density on Au NPs, partially
charging it and probably causing the modification of the mechanism. As
suggested by the DFT calculations, the strong affinity of the in-
termediates HMFCA and FFCA, arising from the presence of the car-
boxylic acid group, may hinder the overall HMF oxidation process. This
effect appears particularly pronounced for the catalyst stabilized with
PVAm, which exhibits an even stronger interaction with carboxylic acid
functionalities, as demonstrated by the NMR relaxation studies. There-
fore, Davis et al. demonstrated that HMF oxidation was promoted by the
presence of hydroxide ions in water, facilitating the activation of the
alcoholic group of HMF or adding to the aldehyde during their oxidation
to acid products [42, [39]. In this case, the gold role is to accept elec-
trons during the oxidation of the substrates, while molecular oxygen acts
as an electron scavenger from the nanoparticle's surface to close the
catalytic cycle (Fig. S30). Thus, the ability of Au to accept and release
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electrons profoundly affects catalytic activity, and therefore, the pres-
ence of stabilizers with peculiar electronic features can play a direct role.
In this case, the amino groups of PVAm modify the partial surface charge
of gold, as is evident by XPS analysis and computational studies, and
therefore alter the reaction mechanism and inhibit the Au role as elec-
tron acceptors, in addition to the molecules' adsorption on the catalyst
surface. In the majority of cases, the catalytic behavior of colloidal Au-
based catalysts is closely related to the presence of Au NPs in a metallic
state in the absence or presence of a negative charge, and therefore, the
capability of Au NPs to accept electrons during the selective oxidation of
the organic substrates. The metal-ligand interphase of the supported Au
colloidal nanoparticle can promote the activation of the adsorbed
reactant and intermediates and consequently determine not only activ-
ity but also selectivity to the desired products. Therefore, the electronic
properties of Au have been further tuned through the employment of
copolymers with different compositions of the amino group bearing the
same two functionalities (-OH and -NHj) previously studied. Three
catalysts with different percentages of amino groups were prepared
using the copolymers as stabilizers (Table 1), and the catalytic perfor-
mance for HMF oxidation was evaluated at the same reaction conditions.

In Fig. 7 the results obtained from the catalytic tests of the catalysts
as a function of the percentage of PVAm are summarized.

The HMF conversion was always 100%; for this reason, it is not re-
ported in the graph (Fig. 7). Comparing the selectivity of products, the
Au catalyst with the best catalytic performance was obtained when PVA
was chosen as the stabilizer, showing a FDCA selectivity of more than
60%. Increasing the amount of amino groups as polymer functionalities,
the activity of the catalysts began to decrease. When the percentage of
—-NH; is 16% and 37%, the FDCA selectivity remained under 30%, and
the by-products formation in the reaction environment became relevant,
suggesting inhibition in the formation of FDCA and alteration of reaction
pathways with an increase in by-products. The decrease in the catalytic
performance observed further increased when the percentage of amino
groups prevailed. The selectivity of FDCA decreased below 20%, while
the by-product amount increased significantly. Moreover, a significant
amount of FFCA was formed after 2 h of reaction, suggesting that its
oxidation, which is usually a fast step of the reaction, was not favored on
this catalyst [41]. Some tests performed using HMFCA and FFCA as re-
agents were carried out on the two catalysts Au/AC_PVAm16 and Au/
AC_PVAm59. Catalytic data from these studies (Table S11) indicate that
the variation in the reaction mechanism had already begun when the
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Fig. 7. Catalytic performance of Au catalysts as a function of stabilizer
composition, and comparison of the obtained results with the binding energy of
the Au 4f;,, peak by XPS analysis. HMF conversion is complete in each test.
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amount of amino groups exceeded 50%. However, the catalyst with
100% PVAm as stabilizer was the one that showed the lowest activity,
presenting a higher amount of by-products and a lower FDCA selectivity
(12%), suggesting the complete alteration of the reaction pathway for
FDCA formation and therefore the inhibition of the consecutive
oxidation.

The catalytic activity as a function of the quantity of amino groups on
the macromolecular chain follows a trend in line with the shift towards
lower binding energy highlighted in XPS analysis. This can confirm that
the alteration of the Au-Au bond in terms of a change of charge density
due to the electron-donor nature of amino groups is the cause of the
reactivity variation and therefore of the catalytic mechanism. In this
way, we have demonstrated the active role of polymeric stabilizers
characterized by the presence of electron-donor groups (-NHy) in the
side chain in the HMF selective oxidation reaction. In particular, their
employment not only modified the surface electronic properties of gold
nano-catalysts but also altered the catalytic route, and therefore, it
affected the reaction mechanism. To conclude the investigation of the
stabilizer effect, the catalyst’s stability was investigated. Particularly,
four catalysts were examined: two prepared using the homopolymers
(PVA and PVAm) and two prepared using copolymers containing the
highest and lowest percentage of -NHj groups. Each catalyst was tested
in three consecutive reaction cycles (Figs. S18, 523, 525, and S27). Three
samples, Au/AC_PVA, Au/AC_PVAm16, and Au/AC_PVAm59, exhibited
similar behaviour: a decrease in catalytic activity after the second re-
action cycle was observed, consistent with the results reported in the
literature on the low stability of gold NPs for the HMF oxidation reaction
[36,41]. Notably, the activity loss observed for the PVA-based catalyst
was slower than that of the two copolymer-stabilized catalysts. Indeed,
after the third reaction cycle, these two catalysts exhibited an amount of
by-products higher than 50%, whereas the PVA-stabilized catalyst only
produced a 5% of by-products. On the other hand, the activity of the
PVAm-stabilized catalyst displayed a different behaviour. The loss of
activity after the first use resulted in a higher selectivity of HMFCA,
accompanied by a decrease in the quantity of other products. The same
product distribution was maintained after the third reaction. To gain
further insight into the catalyst deactivation observed during the reus-
ability tests, XPS and TEM analyses were performed on the spent cata-
lysts (Table S7, Figs. S9 and S10). TEM images revealed a marked loss of
nanoparticle dispersion on the support, accompanied by pronounced
particle aggregation on the catalyst surface. This trend was in accor-
dance with XPS measurements, which showed a significant decrease in
the surface Au content compared to the fresh catalysts. Together, these
findings suggest that weak metal-support interactions, combined with
the relatively high reaction temperature, promote nanoparticles'
mobility on the catalyst surface, leading to coalescence and deactivation
[90,91].

4. Conclusions

The electronic effect of different stabilizers, two homopolymers (PVA
and PVAm), and three copolymers, was investigated for the preparation
of Au-based catalysts for the 5-hydroxymethylfurfural (HMF) oxidation.
By varying the amount of electron donor group on the stabilizer, changes
in the reaction mechanism and distribution of products were observed.
DFT studies of monomers’ adsorption on an Auss cluster model, along
with XPS analysis, confirmed that amino groups alter the surface charge
density, thereby modulating catalyst reactivity. NMR relaxation studies
performed using pentanal and pentanoic acid as model probe molecules
further clarified these observations, revealing a stronger affinity of
carboxylic acid groups compared to aldehyde groups, especially when
PVAm was employed as the stabilizer. The enhanced interaction of the
carboxylic acid groups was supported by DFT on the model molecules
and reaction intermediates. Furthermore, systematic catalytic studies
using the different intermediates as reagents enabled elucidation of the
new reaction network. The outcome of this research is to emphasize the
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importance of considering the electronic properties of the stabilizing
agent, and of the catalyst in general, to tune the product distribution for
the HMF oxidation. The present study can be used as an example for a
range of important biomass-derived platform chemicals for oxidation or
hydrogenation processes.
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