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GRAPHICAL ABSTRACT

Ag nanoclusters of 5 atoms, Ags, synthesized by a kinetic control method, show exceptional catalytic activities for the redox elimination of radicals. Their
use as catalytic radical scavengers in industrially relevant processes involving detrimental free radical formation, such as polymer stabilization, is here
demonstrated, opening a new class of catalytic antiradicals with many potential industrial and/or biomedical applications.
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reduction to DPPH anions using only [Ags] 3 to 4 orders of magnitude less than [DPPH]. Moreover, nan-
oclusters remain stable at the end of the reaction, and can deactivate again DPPH radicals at the same
rate, indicating that they act as anti-radical catalysts. The radical scavenger catalytic activity of Ags pro-
ceeds selectively through the oxidation of methanol (used to dissolve the radical) to formaldehyde, which

K.ey words: is supported by DFT calculations. The obtained catalytic rate constants are almost 2 orders of magnitude
Silver nanoclusters . ! .

Catalysis higher than oxidases, and more than 4 orders of magnitude larger than graphene quantum dots. We also
Anti-radicals show that Ags not only catalyze the reduction of radicals but also their oxidation, promoting the inhibi-
Polymer stabilization tion of the autoxidation mechanisms of hydrocarbon polymers, which are very sensitive to the presence
Polymer ageing of radicals. For this purpose, thin films of two industrially relevant polymers (polyisoprene and

acrylonitrile-butadienestyrene copolymer), were exposed to standard simulated photo-ageing condi-
tions in the presence of Ags. Using Attenuated Total Reflection-FTIR and DFT modeling we observed that,
although Ags nanoclusters, with ~ 15% surface coverage, do not totally inhibit the oxidation, they favour a
decomposition that yields inactive products, in contrast with the more detrimental ketone formation
pathway. These results not only open new possibilities for developing a post-process inhibition of poly-
mer degradation, for which nowadays there are no efficient procedures, but also, they could be used as
very efficient dual-redox catalytic radical scavengers for different industrial or biomedical purposes.
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1. Introduction

Metal nanoclusters, formed by a small number of atoms, show
very different properties than both, nanoparticles and bulk, due
to the quantum confinement of the free electrons [1]. Such nan-
oclusters can be seen as super-atoms (or molecules) in which
atoms are linked by strong covalent bonds [2]. Among the new
properties which emerge at this very small scale (below ~ 1-
2 nm) the catalytic activities show very promising results in differ-
ent applications [3,4].

Synthetic methods based on kinetic control [5] for the produc-
tion of nanoclusters of small atomicity in solution can allow the
production of nanoclusters with an odd number of atoms (such
as Ags or Cus reported before [6,7] or Ags, as we recently reported
[8]) without a close shell structure, contrary to nanoclusters pro-
duced in solution with strong binding ligands or nanoclusters pro-
duced in vacuum [9]. Due to the presence of unpaired electrons in
such odd number clusters, one should expect a poor stability and a
high reactivity of such nanoclusters. Instead of that we observed
that they are very stable (see e.g. [2,7,8,10]) in solution without
the use of strong binding ligands. Such clusters of very small
atomicity without binding ligands show very unusual catalytic
properties. For example, Au clusters of ~ 5 atoms display very high
catalytic activities for the aerobic oxidation of thiophenol to disul-
phide [11]. Very recently, we have also reported exceptional cat-
alytic activities of Ags clusters for the irreversible aerobic
oxidation of thiols [8], increasing the catalytic activity in the series
0,<H,0, < OH radicals, which was used to demonstrate a new cat-
alytic approach to cancer therapy [8]. Since Ags clusters promote
the catalytic deactivation of OH radicals, we further explored the
possibility that such clusters can also act against other type of rad-
icals. We will see here that Ags clusters indeed catalyze the deac-
tivation of other type of radicals, oxidizing or reducing radicals
depending on the type of radicals and the species in the media,
being susceptible to be reduced or oxidized (respectively).

Free radicals are independently existing chemical substances
that can be generated in both chemical and biological systems by
multiple pathways, e.g. by the direct cleavage of bonds or electron
transfer reactions [12]. To maintain their own stability, radicals
formed in living systems attack cells to capture electrons, with
resulting functional damage. It is believed that these substances
are involved in the cancer growth [13,14] and in some degenera-

propagation

initiation
hv, A
RH —— > R' ROO'
polymer alkyl
RH radical peroxy
N radical
HO _FRO- sccon(l]ar) s oz
20 o — cycle )
alcohols 6l»fq ’ \
ketones alkoxy RH
aldehydes e
acids ROOH
esters hydroperoxide

Scheme 1. Simplified mechanism for the autooxidation of hydrocarbons.
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tive diseases [15], as well as, cataract, diabetes mellitus, rheuma-
toid arthritis and cardiovascular diseases [13].

At the same time, radical formation and oxygen addition are the
initial steps of a mechanism with enormous practical conse-
quences, as in the well-known autooxidation of hydrocarbons
(see Scheme 1) [16].

In the case of feed lipid components this is the major cause of
reduction in feed quality, and also the reason of the inexorable
deterioration of polymeric materials [17,18]. Thereby, any method
or anti-radical substance capable to stop or delay these cycles is
expected to have a strong impact on the chain propagation, and
the consequent food or polymer stability. As an example, primary
anti-oxidants as hindered phenols and secondary aromatic amines
are commonly used in polymers to deactivate reactive species
formed during propagation or in the secondary cycle, although
with many limits concerning their surface migration, decoloring,
etc. [19].

In this work, we demonstrate that Ag nanoclusters mainly con-
taining 5 atoms, Ags, show, as expected, a high interaction with
radicals (as for example the model system 2,2-diphenyl-1-
picrylhydrazyl, DPPH). Moreover, and contrary to the expectations,
they do not react with the radical, but act as highly selective and

efficient catalysts for the reduction of the radical. In view of these
catalytic anti-radical activities for DPPH, we further explored the
possibility to radical elimination in polymers, which indeed it

was observed. In this case, Ag nanoclusters catalyze the oxidation

of the radical producing only non-radical species. This completely
new outcome has a tremendous potential applicability for use as
catalytic radical scavengers in industrially relevant processes
involving detrimental free radical formation such as polymer stabi-
lization, as we will demonstrate in this work. DFT calculations
allowed us to elucidate the involved reaction mechanisms, which
unveils their catalytic activities against radicals, opening at the
same time a new class of catalytic antiradicals with multiple
potential applications.

2. Materials and methods
2.1. Materials

All the chemicals used in this work (except Ag foils, that were
purchased from Goodfellow) were acquired in the commercial
brand Sigma Adrich, namely, 2,2-diphenyl-1 picrylhydrazyl
(DPPH), methanol HPLC gradient grade, acetone HPLC gradient
grade and acetonitrile HPLC gradient grade, sodium chloride (NaCl)
9999 % and 0-(2,3,4,5,6-pentafluorobenzyl) hydroxylamine
(PFBHA) hydrochloride (>99.0 %).

All aqueous solutions were prepared with MilliQ-grade water
using a Direct-Q8UV system from Millipore (Millipore Ibérica S.
A., Madrid, Spain). Sandpaper (1,000 grit) was supplied by Wolf-
craft Espafia S.L, Madrid, Spain.

2.2. Synthesis of Ag nanoclusters

Silver nanoclusters were electrochemically synthesized using
the kinetic control technique [5], by a previously reported method
[8].

In short, the synthesis was carried out with a Biologic VMP300
potentiostat (Seyssinet-Pariset, France). A Methrom thermally
insulated three-electrode electrochemical cell, deoxygenated just
prior to the synthesis, was used with a hydrogen electrode as a ref-
erence and two Ag foils (17.5 cm? surface area) as counter and
working electrodes. Prior to the synthesis, both silver electrodes
were polished with sandpaper followed by alumina (=~ 50 nm),
washed thoroughly with MilliQ water and sonicated. An ion-
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selective electrode was used to verify that, after synthesis, the con-
centration of remaining Ag* ions are always less than 3 mg/L after
precipitation with NaCl, and various techniques were used to char-
acterize the synthesized Ag clusters (see below). The samples were
finally concentrated at 50 °C using a rotary evaporator (Buchi
Rotavapor R-210 at a pressure of 2 mbar) (Massé Analitica S.A.,
Barcelona, Spain) to a final concentration of ~ 30 mg/L as deter-
mined by flame atomic absorption spectroscopy, performed with
a Perkin-Elmer 3110 with a Ag hollow cathode lamp Lumia from
Perkin-Elmer (Madrid, Spain) (current 10 mA).

2.3. Characterization methods

UV-vis and fluorescence spectroscopy. Both UV-vis and fluores-
cence spectroscopy experiments were performed at room temper-
ature using 1 cm path length Hellma quartz cuvettes (Hellma
GmbH & Co. KG., Miillheim, Germany). Time-dependent UV-vis
spectra were recorded with an Analytik Jena Specord S600 spec-
trometer (Analytik Jena AG, Jena, Germany) with a diode array
detector, and fluorescence spectra were recorded with a Cary
Eclipse Varian fluorimeter (Agilent Technologies Spain, S.L.,
Madrid, Spain).

Atomic force microscopy (AFM). AFM measurements were con-
ducted under normal ambient conditions using an XE-100 instru-
ment (Park Systems, Suwon, South Korea) in non-contact mode.
The AFM tips were aluminum-coated silicon ACTA from Park Sys-
tems with a resonance frequency of 325 kHz. For AFM imaging, a
drop of the Ags-AQC diluted sample was deposited onto a freshly
cleaved mica sheet (Grade V-1 Muscovite) (Park Systems, Suwon,
South Korea), which was thoroughly washed with Milli-Q water
and dried under nitrogen flow.

Mass spectrometry. ESI mass spectra were acquired using an LTQ
Orbitrap Discovery mass spectrometer (Thermo-Fisher Scientific,
Waltham, USA) equipped with an ESI source operating in negative
ionization mode. The ESI source conditions were as follows: source
voltage —4.5 kV, heated capillary temperature 275 °C, capillary
voltage —35 V and sheath gas and auxiliary gas 5 and 2 (N2, arbi-
trary units). For full-scan MS analysis, the spectra were recorded in
the range of m/z 100 to 2,000 with a scan speed of 1 scan/s. The
mass resolution was set at 30,000 FWHM. The Orbitrap instrument
was calibrated using a calibration solution according to the manu-
facturer’s instructions. Monitoring experiments were conducted to
obtain the maximum sensitivity for the detection of clusters. Solu-
tions were directly injected into the cell after mixing 1 to 1 with an
acetonitrile solution with 1 mM NH,4Cl and 0.1 % formic acid.

Ion meter. lon concentration was measured using a previously
calibrated pH & Ion-Meter GLP 22 (Crison Instruments S.A., Barce-
lona, Spain) by adding a stabilizing solution (sodium nitrate 5 M) at
a ratio of 2:100 to the sample at a constant temperature of 25 °C.

Flame atomic absorption spectroscopy. The total Ag content in the
cluster samples was analysed by flame atomic absorption spec-
troscopy, performed with a Perkin-Elmer 3110 with a Ag hollow
cathode lamp Lumia from Perkin-Elmer (Madrid, Spain) (current
10 mA).

2.4. DPPH radical deactivation by Ags nanoclusters

The DPPH radical scavenging activity of nanoclusters was eval-
uated by UV-visible spectroscopy.

A solution of 1 x 102 M of DPPH (22-diphenyl-1-
picrylhydrazyl) was prepared in methanol (acetone or acetonitrile
for studying its influence in the kinetic constant). In the experi-
ments, a dilution of that solution was used with a concentration
in DPPH of 1.125 x 10 M and a quantity of nanoclusters in the
range of 20-200 pg/L. Having a ratio 1:3 water: methanol.
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After mixture the two compounds (DPPH + Ags nanoclusters),
the absorption spectrum was recorded in the range of 250-
800 nm and the band of the anionic form (430 nm) was obtained
immediately. Then, we recorded spectrums each two minutes,
watching that the final of the reaction was achieved in 12-
75 min depending on the Ags concentration.

All the experiments were repeated, at least, three times and dif-
ferent blanks were prepared to check the influence of other sub-
stances present in the samples of nanoclusters, for instance, NaCl
0.1 M and AgNO3 35-350 pg/L.

2.5. Analysis of carbonyl compounds by gas chromatography mass
spectrometry (GG/MS)

Detection of formaldehyde and any other carbonyl compound
formed in methanol DPPH solution was carried by their derivatiza-
tion to corresponding 0-(2,3,4,5,6-pentafluorobenzyl)oxime, fol-
lowed by gas chromatographic separation coupled to mass
spectrometer (GC/MS) [20]. The derivatization reagent was pre-
pared by dissolving 50 mg of PFBHA hydrochloride in 10 mL water.
Using a microliter syringe, 10 pL PFBHA solution were added to
50 mL of a methanol solution containing DPPH 0.1 mM and, in case,
around 10”7 M Ags nanoclusters. 5 pL of the resulting solution were
injected into the interface (model 1500) of a CDS Pyroprobe 5000,
that was coupled through a needle adapter to an Agilent 5975 GC/
MS system. The interface was equipped with a quartz liner to limit
dead volume and be able to eliminate the salt deposits that form
during the analysis. Initially the interface was held (isothermal)
at 325 °C, but this appeared to cause instability of the PFBHA pro-
ducing large peaks of the dimerization product (m/z 181, M* 362).
This problem was solved by lowering the interface temperature to
250 °C. For clarity, no pyrolysis reaction was performed; the heated
interface is used to separate the salts from the analytes, improving
signal quality and protecting the GC/MS instrument. It is worth
noting that under these conditions the blank samples do not
change colour upon mixing with the PFBHA solution (they remain
blue/purple) whereas the samples turn yellow/orange upon con-
tact with the reagent.

A calibration curve was obtained using acetone as internal stan-
dard (Fig. S1a). Both the formaldehyde-PFBHA-oxime (M* 225) and
the acetone-PFHBA-oxime (M® 253) have mjz 181 from the
pentafluorobenzyl ion as the base peak at the conditions applied
(Fig. S1b). The calculations were performed using the peak area
of the base peak. Unreacted PFBHA hydrochloride is detected as
0-(2,3,4,5,6-pentafluorobenzyl)-hydroxylamine (base peak m/z
181, M" 213) and elutes between the formaldehyde and acetone
PFBHA derivatives, as visible in the example in Fig. S1b.

The GC was equipped with a (5 %-phenyl)-methylpolysiloxane
HP-5MS column. The method was developed using a fast temper-
ature program and the final data used were performed following
the same protocol. The GC was held isothermal (1.5 min) at
60 °C and heated at 20 °C/min to 250 °C. The GC inlet and GC-
MS interface were held at 250 °C. The MS operated in EI mode
(70 EV). The ion source was held at 230 °C and the single quadru-
pole MS at 150 °C, scanning in the m/z range 50-500.

2.6. Accelerated polymer photo-aging

Reference PI is a vulcanized natural cis-1,4 polyisoprene for
healthcare applications (Semperguard, Semperit Group), with a
thickness of 40 pum. ABS copolymer films with a thickness of
100 wm were obtained by extrusion from Magnum 3404 ABS
(Dow Chemicals) pellets. In order to investigate the oxidation pro-
cesses of polymers in times shorter than those necessary under
natural conditions, accelerated conditions must be applied. We
chose an easily applicable tests of accelerated ageing among those
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usually performed to assess polymer durability. Accelerated pho-
todegradation was carried out in a high-speed exposure unit Sunt-
est CPS+(Heraus), equipped with a xenon light source having a
constant irradiation at a power of 765 W m~2; a glass filter with
cut-off at A less than 295 nm was used to exclude radiation more
energetic than that of outdoor daylight exposure. The maximum
temperature of the samples during irradiation was 45 °C black
panel temperature. IR absorption spectra in attenuated total reflec-
tance (ATR) mode were collected with a Thermo Nicolet 6700 FTIR
instrument equipped with a Smart Endurance device, and a mer-
cury cadmium telluride (MCT) detector, at 4 cm™! resolution for
128 scans. Carbonyl and hydroxyl indexes were normalized against
the absorption at around 1445 cm™! ascribed to C—H deformation
vibration and considered as approximatively constant during the
early stages of oxidation.

2.7. Computational details

DFT calculations were performed to model the energies
involved in the redox reaction between Ags, hydroxyl anion and
DPPH radicals as well as in the methanol to formaldehyde reaction
mediated by Ags. The M062X [21,22] hybrid functional and the
split valence Def2SVP [23] basis set were selected to take account
of dispersion and long-range interactions. All calculations were
performed with the Gaussian 09 rev EO1 [24] software. The geom-
etry of the considered systems was fully optimized in the presence
of implicit methanol solvent, by using the “conductor-like polar-
ized continuum model” model [25]. Vibration frequency calcula-
tions, within the harmonic approximation, have been performed
to confirm that the optimized geometry represented a minimum
in the potential energy surface. Low spin (singlet, doublet) and
high spin states (triplet, quartet) were analyzed via Hirshfeld
method [26] for the DPPH redox reaction as well as in formalde-
hyde formation.

3. Results and discussion

Clusters were fully characterized by high-angle dark-field scan-
ning transmission electron microscopy (HAADF-STEM), X-ray
absorption near edge structure (XANES), electrospray ionisation
time-of-flight (ESI- TOF) mass spectrometry, UV-vis, and fluores-
cence spectroscopy, as it was reported elsewhere [8]. We show
in Fig. 1 the UV vis and fluorescence spectra of the used sample.
The existence of a main emission band at 388 nm (3.2 eV) can be
associated with a quantum size confinement causing a splitting
of the Fermi energy levels, and the appearance of a gap between
the frontier orbitals HOMO-LUMO (Eg), which increases as the Ag
cluster’s size decrease. The energy gap, E; (which can be estimated
by the emission peak) is related with the number of atoms in the
cluster (N) by the Jellium model (N = (EF/Eg) [3], where EF is the
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Femi level of the bulk metal (=5.3 eV for Ag) [6,8]. Using this
approach one can estimate that Ag clusters mainly contain 5
atoms. It is to be noticed that a small percentage (~20 %) of non-
catalytic larger clusters (N ~ 7-9) is also present in the cluster
samples, as can be seen by the shoulder in the emission peak at lar-
ger wavelengths [6].

3.1. DPPH radical deactivation by Ags

Fig. 2 shows the transformation of the radical DPPH into DPPH"
anion and DPPH-H (top) and the corresponding UV-vis spectra
(bottom). When aqueous solutions containing Ags were added to
a DPPH radical solution in methanol, a fast deactivation of DPPH
radicals was spectrophotometrically observed. Fig. 3 shows the
time evolution of DPPH in the presence of Ags. A progressive and
fast decrease of the initial absorption at around 520 nm -
corresponding to the radical form (see Fig. 2)- and the correspond-
ing increase of the maximum at 435 nm -corresponding to the
anionic DPPH form (see Fig. 2)- indicate an effective transforma-
tion of the radical form into the DPPH anion. This means that the
DPPH radical deactivation occurs through the reduction of the rad-
ical. Moreover, the fact that the reduction of the radical occurs for
[DPPH]/[Ags] ratios in the range 10% -10* (see Fig. 4) indicates that
nanoclusters are not reacting with the DPPH radical, but they are
acting as catalysts. This result is confirmed by the fact that nan-
oclusters remain unaltered in the solution after the reaction, being
able to reduce again the DPPH radical after addition of more
amounts of this compound to the reacted solution. This process
can be repeated several times without losing the catalytic activity
(see Fig. S2). These results confirm both, the stability, and the cat-
alytic action of Ags.

The main question to be addressed is which are the species suf-
fering oxidation during the reduction of the DPPH radical. Because
of the use of methanol as solvent (due to poor solubility of the rad-
ical in water), we hypothesized that this compound could be oxi-
dized, eventually producing formaldehyde, formic acid or other
by-products [27,28]. We checked this hypothesis carrying out a
series of experiments and analyzing the oxidation by GC/MS. DPPH
radical methanol solutions did not show the presence of any oxida-
tion products whereas those DPPH radical solutions containing Ags
unveil the formation of only formaldehyde (see Fig. S1b), with a
concentration like the DPPH radical used in the experiments,
0.1 mM, indicating the high catalytic selectivity for the alcohol
oxidation.

To further corroborate the hypothesis that the methanol is oxi-
dized during the DPPH radical reduction, we carry out the reaction
with higher oxidation potential organic solvents, namely, acetone
and acetonitrile (see Fig. S3). It is observed that the fastest reaction
occurs with methanol, while the kinetic constant is reduced a half
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Fig. 1. Absorption (a), excitation at 2em = 388 nm (b, black) and emission at Aex = 300 nm (b, red) spectra of Ags nanoclusters in water.
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Fig. 3. Time evolution of DPPH (1.125 x 10 M) spectra after adding Ags
(~3.7 x 107M). Spectra were taken every 2 min.

when the reaction media is acetone, and more than 3 orders of
magnitude when the reaction is carried out in acetonitrile.

3.2. Kinetic study of DPPH radical deactivation by Ags

Fig. 4a shows that the formation of the DPPH" anion is exponen-
tial indicating that, in the experimental conditions, the reaction
follows a first order kinetics:
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It was further observed that ko, is proportional to the concen-
tration of the catalytic Ags nanoclusters (Fig. 4b):

Kobs = kexp[Ags] 3)

From Fig. 4b one can then deduce that Keyp, = (1.0 £ 0.02) x 10°
M- 1s71,

To investigate the underlined mechanism of the methanol oxi-
dation by DPPH radical catalyzed by silver nanoclusters, we carried
out DFT calculations.

3.3. Charge and spin density analysis of free DPPH (radical and anion
form)

We firstly analyze the structure and spin density distribution on
both DPPH and Ags/DPPH systems. Fig. S4 shows the optimized
structure and excess spin density of both DPPH radical (DPPH',
doublet) and DPPH anion (DPPH", singlet). The electron density is
homogenously distributed along the entire radical. Table S1 shows
the charge and excess spin density distribution by residue. DPPH-
charge is distributed as follows: positive charges are located on
the diphenylamine residue whereas negative charge lies on the N
and trinitrophenyl moieties. Excess spin density is also distributed
along the entire radical. The electron transfer from an electron
donor to DPPH: yields DPPH" (singlet). This process leads to a redis-
tribution of the charge, and no excess spin density is observed in
any of the residues.
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Fig. 4. a) Evolution of the maximum at 435 nm, ascribed to DPPH anion, for DPPH"
1.12 x 10* M in the presence of ~ 3.7 x 107M Ags in 3:1 (v/v) methanol:water
solution. b) Kinetic constant versus [Ags] in the range 20-200 pg/L (~3.7 x 10°M —
~3.7 x 10”’M) with a constant DPPH' concentration of 1.12 x 104 M in methanol.

3.4. DFT calculations of Ags and DPPH radical in methanol solution

We firstly calculate the formation enthalpy of the different
complexes that Ags nanoclusters could form. In order to consider
all the species in solution we set the Ags clusters with a contin-
uum/discrete environment. Thus, the main solvent molecules
(methanol) were accounted via a polarizable continuum model
whereas the species interacting with Ags (methanol, methoxide
and DPPH molecules) were accounted by inserting their discrete
relaxed structure. We have computed the binding energies of the
following systems: Ags/methoxide = —164.9 kJ/mol, Ags/metha
nol = —57.7 kj/mol and Ags/DPPH" = —299.3 k]/mol. From these val-
ues it can be assumed that most of Ags are complexed in the form
Ags/ DPPH'. Although the interaction of this complex with the oxid-
able species (methanol) could proceed through the methoxide ion
or the methanol (pKa = 15.5), the most favourable interaction with
the methoxide and the need to eliminate a proton during the
whole reaction indicates that it is the adsorption of the anion on
the Ags/DPPH' complex the most preferably pathway to proceed,
despite its low concentration in the reaction media (~ nM).

Fig. 5 shows the DFT-optimized structures and energy of the
different steps of the reaction until the formaldehyde and DPPH
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anion are formed (Table S2 shows the charge and spin analysis
for the different intermediate moieties in the reaction). Reaction
(1) consists of the adsorption of OCH3 anion on Ags/DPPH" through
the formation of two Ag-O bonds between Ags and one of the nitro
groups of DPPH" yielding the Ags/DPPH/OCH3 system. An electron
transfer occurs from the methoxide anion to DPPH radical leading
to the formation of methoxide radical and DPPH anion. The adsorp-
tion of methoxide anion promotes the presence of excess spin den-
sity on the system, thus showing that methoxide anion loses an
electron yielding methoxide radical. Charge analysis also reveal
that DPPH acquires partial negative charge. This reaction is favored
by more than —300 kJ/mol, confirming the experimental finding of
DPPH anion formation in the presence of Ags nanoclusters. The
next reaction (2) consists of the desorption of DPPH anion from
the system. This process leads to the formation of Ags/OCHj; radical
with no excess spin density. During this process, the energy
increases by + 100 kJ/mol but the subsequent reactions compen-
sate this unfavorable energy. Then, another methoxide anion and
another DPPH radical can take part (3). As observed in (1), there
is an electron transfer from the methoxide anion to the radical,
leading to the formation of Ags/DPPH"/(OCH3), with —300 kJ/mol
stabilization energy.

Then, the final reaction (4) consists in the formation of
formaldehyde by a simple hydrogen transfer from one methoxide
radical to another, yielding formaldehyde and methanol, with
—50 kJ/mol stabilization energy. This reaction occurs in a high spin
state. Thus, the Ags/DPPH/CH,0/CH50H system is a quartet in
which spin density is located on DPPH anion and in formaldehyde
and methanol. Then the system undergoes electronic rearrange-
ments and the spin changes to doublet (5). This state is 30 kj/mol
more stable than the quartet state due to the spin stabilization of
formaldehyde and methanol that lose its spin density. Finally, the
last step consists of the desorption of the attached moieties. The
energy balance for this process is almost negligible but due to
the affinity of Ags for methanol (—57.7 kJ/mol), the reaction is dri-
ven to the formation of Ags/CH30H, which can be further trans-
formed into the original catalyst (Ags/DPPH') when more DPPH
radical is present in the system due to the higher affinity of nan-
oclusters for the radical (—300 kJ/mol).

3.5. Mechanism

According to the DFT calculations we can propose the following
mechanism to explain the kinetic results.

Ag5 + DPPH' + CH;0™ — Ags/OCH3/DPPH_ (1)](1

Ags/OCH5[DPPH— + CH;0- + DPPH' — Ags + 2DPPH— + CH,0 + CH;OH (2)k,

Assuming the steady state approximation for the complex Ags/
OCH3/DPPH", and that the concentration of such complex is much
smaller than the concentration of DPPH- and DPPH", we can arrive
at the following expression (see SI for details):

a4 b|[DPPH"], being.

a = ki[AgsAQCs] [CH;0~] [DPPH]o and b = k;[AgsAQCs] [CH;0-]

We can observe that this equation agrees with the observed
exponential increase of the [DPPH| and the linear dependence of
the kinetic constant with the concentration of nanoclusters. By
comparison with the experimental results one can deduce that
Kexp = k1[CH307] = 10° M~"'s™". Considering that in the experimen-
tal conditions [CH307] 5 = 3.7 x 10°M, we obtain k; = 2.7 x 10'3
M~2s71,
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Fig. 5. DFT-optimized structures and energy balance for the oxidation of methanol to formaldehyde by DPPH radical mediated by Ags nanoclusters.

The comparison of the catalytic activity of Ags (Kexp = Kear = 1- [29,30] indicates that Ags is almost 2 orders of magnitude more
5 x 102 s~ 1) with some enzymes (oxidases), which are able to cat- active than oxidases, and with high selectivity to the formation
alyze the oxidation of alcohols (Viax/Km = Keat & 1.7 x 107 s71) of aldehydes. At the same time, a comparison with graphene quan-
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tum dots [31], indicates that DPPH deactivation can be achieved in
minutes using a concentration of nanoclusters less than 4 orders of
magnitude than quantum dots.

As a conclusion, we can say that the catalytic activation of
methanol (a very inactive radical scavenger, which is unable to
reduce DPPH radicals) by Ags nanoclusters is highly efficient yield-
ing to a very active radical scavenger with antioxidant properties
like other well-known antioxidants, such as polyphenols or vita-
min E (see Table S4).This outcome could have important applica-
tions in biomedicine, such for the treatment of neurological
diseases (Parkinson, Alzheimer, etc.) where free radicals are sup-
posed to be one of the main causes [32].

3.6. Ags as possible protecting agent in polymers

Due to the observed catalytic deactivation of the radical DPPH-
by Ags nanoclusters we further explored their application in the
possible deactivation of other radicals of industrial interest. For
this purpose, we investigated the influence of Ags in the free radi-
cal autoxidation mechanism of hydrocarbon polymers. Thin films

Absorbance

3500 3000 2500 2000 1500 1000
Wavenumbers (cm™)
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of two industrially relevant polymers, i.e., polyisoprene (PI) and
acrylonitrile-butadienestyrene copolymer (ABS), were exposed to
standard simulated photo-ageing conditions. Especially PI provides
an excellent model system because of its chemical simplicity and
amorphous morphology. Samples were irradiated with a xenon
lamp filtered at 295 nm (T < 45 °C), while the structural changes
of pristine substrates were compared with those of surfaces bear-
ing around 0.05 pg Ags nanoclusters per cm?, which implies ~ 15 %
of coverage (see SI for details of this estimation). As expected, pris-
tine polymers undergo the typical radical-based mechanism of
autooxidation described in Scheme 1, essentially resulting in the
extensive formation of oxygen containing groups [16,33] and low
molecular weight products [34]. Using Attenuated Total Reflection
(ATR)-FTIR spectroscopy (a direct surface analysis technique) we
could observe the formation of hydroxyl groups with a broad band
at around 3400 cm™!, and carbonyl groups with a peak at
1720 cm™!, even after just few hours of ageing (see Fig. 6a) [35].
On the other side, development of carbonyl-containing products
is more limited in PI treated with nanoclusters, although associ-
ated with an extensive hydroxyl formation. Similar behaviour

raw
D E— it S

0.8 - L0.8
T by =y
I / K
= 061 ’ 0.6 L
’§ /" _ 0.06 ug-cm? §
o 041 / - 04 £
¥ V5 I

4
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Photo-ageing time (h)

Fig. 6. ATR-FTIR spectra of pristine (red curve) and 0.06 pg cm~2 Ags-treated PI (blue curve) after 50 h of accelerated photo-ageing (a), and carbonyl and hydroxyl indexes (b),
for the pristine polymer (red curves) and 0.03 and 0.06 ug cm2 treated PIs (light blue and blue curves, respectively). Functional group labels indicate main peaks that appear

as an effect of ageing.

Ag; catalytic controlled oxidation
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Scheme 2. Most probable pathways of oxidation of raw PI and Ags nanoclusters-treated PI.
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was observed for ABS (Fig. S5). ABS is a polymer rather stable
against oxidation and the formation of carbonyl and hydroxyl
groups as an effect of ageing take place for time longer than in
PI, reaching a plateau after around 150 h. As in the case of PI, the
oxidation is strongly affected and limited all over the treatment
time by the presence of Ags nanoclusters.

The absorbance ratio of either the carbonyl or the hydroxyl
band normalized to the intensity of an invariant band offers a con-
venient comparison for quantifying the relative extent and rate of
oxidation (Fig. 6b). Raw and treated PIs achieve a constant level of
oxidation after around 30-40 h of ageing, indicating the occurrence
of similar oxygen diffusion-controlled processes. However, they
reach different values of carbonyl and hydroxyl indexes, which
show inverse and directly proportional relationships, respectively,
with Ags surface amount. Following the mechanism detailed in
Scheme 2 for PJ, it is assumed that after the initial unsaturated rad-
ical formation, resonance stabilized secondary and especially ter-
tiary alkyl peroxyl radicals are formed by oxygen addition.
Subsequent abstraction of hydrogen from the same or another
polymer molecule closes the propagation cycle and leads to the
formation of hydroperoxides, which easily decompose to tertiary

Journal of Colloid and Interface Science 628 (2022) 437-447

alkoxy and hydroxyl radicals. Further reactions of alkoxy radicals
represent the secondary cycle, and mostly results in the formation
of either methyl ketones by B-scission or hydroxyl groups via
hydrogen abstraction.

Since seminal studies on the effect of structure on the behaviour
of alkoxy radicals [36], the relative rates of hydrogen abstraction
and B-scission were related to radical stability. In good approxima-
tion, the rate of alcohol formation is limited by C—H cleavage and
almost independent on the alkoxy radical stability [37], whereas
for B-scission the rate and the decrease of activation energy are
directly dependent on it. Although at first the presence of Ags
seemed to modify such relative rates, DFT modelling for PI oxida-
tion revealed a more favourable route for the hydroperoxide
decomposition. Instead of adding a whole PI structure, calculations
were performed with 3-methyl-1 butene radical (R) to mimic the
“core” in which autoxidation of PI can occur. Previous computa-
tional calculations for nanoclusters in water solutions [8] indicated
that Ags could adsorb and activate the adsorbed oxygen molecules.
It was observed that Ags/40, is the most stable structure at
P =1 atm, from T = 298.15 to 500 K (similar results were obtained
for Cus nanoclusters [10]). In this conformation, the state of the
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Fig. 7. Top: DFT-optimized structures and bottom: energy balance, for the Ags catalytic PI oxidation process according to scheme plotted on Scheme 1.
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attached oxygen molecules is distributed as follows: 1 neutral, 1
superoxo and 2 peroxo/superoxo species. Therefore, we used such
more stable species in our theoretical calculations. Proposed reac-
tions and computational results are shown in Fig. 7. The first reac-
tion process is the adsorption of R° on Ags/40,, yielding the
Ags/40,/R’ system. Once adsorbed, R' reacts with an oxygen mole-
cule placed on an apical position, which is loosely adsorbed on the
nanocluster. This process leads to the formation of Ags/30,/RO0"
(I1) species with —87 kJ/mol stabilization energy. Spin density
analysis revealed that indeed, this molecule is a radical with the
unpaired electron mainly placed on the oxygen molecule
(Table S2). Then, a hydrogen atom from two RH species in the
media can be accepted by the radical, forming Ags/30,/ROOH
(I2) and Ags/30,/ROH/OH: (I3) completing the oxidation of the
polymer. The hydrogen transfer to remove the radical specie on
12 intermediate is highly favored (-164 kJ/mol). Spin and charge
analysis revealed that the presence of an unpaired electron is neg-
ligible, in good agreement with the proposed reaction mechanism.
Two electrons remain unpaired in I3 structure, corresponding to
the unpaired electron of the nanocluster and the unpaired electron
of the hydroxyl group. Nonetheless, due to the bonding between
them, they remain combined, thus the spin analysis on Table S3
shows that there is no excess spin density on the entire molecule.
The desorption process of the ROH moiety is unfavored by + 54 kJ/
mol, due to the remaining hydroxyl radical on the system.
Nonetheless, adsorption of another R' species, slightly stabilizes
the system. Finally, the new R’ reacts with the remaining hydroxyl
group yielding another oxidated species. The overall oxidation pro-
cess, in which two oxidated species are obtained in each catalytic
cycle, is highly favored by —342 kJ/mol. As a summary we can
say that the presence of nanoclusters does not inhibit the oxidation
but favours a decomposition that yields inactive products (route b
in Scheme 2), in contrast with the more detrimental ketone forma-
tion pathway. In particular, the later leads to chain scissions and
the ketones themselves which are more sensitive to further oxida-
tion than alcohols [38]. In ABS, the main site of oxidation are the
polybutadiene chains, in which the mechanism of oxidation, and
therefore the effect of Ags nanoclusters, is expected to be very sim-
ilar to that discussed for PL

4. Conclusions

In conclusion, we have demonstrated the high catalytic effi-
ciency of Ags nanoclusters for the deactivation of DPPH' radicals.
The reaction proceeds through the reduction of the radicals with
the oxidation of the alcohol -used to dissolve DPPH radical- and
the corresponding formation of the aldehyde. Using DFT calcula-
tions we could deduce a mechanism for this reaction, which seems
to proceed through the formation of a complex between the cata-
lyst, Ags, and the two reactive species (DPPH' and CH50") facilitat-
ing the electron transfer between them. The reaction proceeds
further in a cascade process with the total deactivation of the inter-
mediate radicals and the formation of the products. The observed
catalytic deactivation of the DPPH' radical led us to hypothesize a
possible application of nanoclusters for inhibiting undesirable rad-
ical oxidations, as those occurring in the radical degradation of
polymers. Experiments with thin films of PI and ABS exposed to
standard simulated photo-ageing conditions, in the presence of
Ags, showed that nanoclusters clearly diminished the polymer
degradation using only ~ 15 % coverage. Theoretical calculations
show that radicals (R') are catalytically converted into alcohols
due to the easy oxygen adsorption and activation by Ags. The cat-
alytic effect towards alcohol formation may be considered as a sec-
ondary antioxidation effect, that could pave the way to the
development of a new class of secondary antioxidants which con-
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vert unstable polymer hydroperoxides to stable oxygen containing
groups. Alcohol development blocks the formation of species that
can initiate further radical reactions. These results open new pos-
sibilities for developing a post process inhibition of polymer degra-
dation, for which now there is no efficient procedure.

As a summary, we have shown that Ags nanoclusters are very
stable species which can catalyze the complete reduction (as in
DPPH') or oxidation (as in R* -polymer degradation-) of radicals
producing ONLY non-radical species. Therefore, such nanoclusters
represent a new kind of catalysts with unique anti-radical proper-
ties, which could be of large importance for industrial or biomed-
ical applications. It would be interesting to see if nanoclusters of
other metals (Au, Cu, Pt, etc.) can be even more active than Ag,
showing higher selectivity against specific types of radicals. We
hope that these results will encourage the development of new
methods for the synthesis of monodisperse clusters of other
metals.
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