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Abstract:

This work is focused on the incorporation of inorganic compounds into an organic framework. More
precisely, noble metals are being incorporated in-situ in polyacrylonitrile colloidal particles (CPs) using,
scalable and reproducible synthesis routes. For this purpose, oil-soluble platinum- and palladium-based
precursors are used for physical entrapment based on mini-emulsion polymerization, while water soluble
precursors of the same metals are used for the incorporation via chemical entrapment based on
conventional emulsion polymerization. For the latter, it is shown that one can well alter the spatial
distribution of the metal within the CPs by tuning the feeding strategy of the precursor. In addition,
chemical entrapment requires the complexation of the metal with acrylonitrile, thus resulting in the
incorporation of single atoms and dimers, as suggested by both X-ray absorption spectroscopy and
indirectly by NMR-titration. The visualization of the extent of incorporation was performed by STEM-
EDX on all synthesized CPs, while ICP-OES was applied for a quantitative evaluation. Finally, to prove
the absence of large metal aggregates in the samples, high-resolution STEM was applied.



Introduction

Embedding valuable inorganic compounds, mainly metals or metal oxides, into a matrix has been
intensively researched because modified and specific properties can be obtained in this way. These new
functional materials are generally called doped materials or nanocomposites and exhibit a broad palette
of possible combinations for various applications, such as biomass conversion ?, antibacterial purposes

2 cancer treatment > *, optical and electrical properties® and tissue engineering®.

Conventionally, metals or metal oxides are incorporated in silica, zeolites or metal organic frameworks
(MOFs) for increasing the activity in catalytic applications or gas adsorption/storage purposes. In the
case of zeolite, for example ZSM-5 was doped with precious metals (Ag, Cu, Ni, Pd, Ir and Ru) to
successfully enhance the activity and selectivity of methanol conversion to hydrocarbons’ while
conventional Y-zeolite was ion-exchanged with TiO, as photocatalyst for the reduction of CO,. 8
Intensive research has been carried out on the use of zeolites as sorbent or catalyst and, even though
large-scale implementations exist, the need of cheaper materials with better mechanical and chemical
resistances persists. ° As for the MOFs, high H.-storage was achieved by doping MOFs with Li* cations
and replacing Me;NH,* from the framework. ¥° More recent studies show the incorporation of gold-
coated Pd nanoparticles and doxorubicin (chemotherapy medication) inside an acid degradable ZIF-8
MOF for chemo-photothermal treatment of cancer cells. * However, MOFs suffer from lack of thermal
stability and exhibit high sensitivity towards water vapor and impurities. '* Moreover, the use of

expensive and toxic solvents for their synthesis hinders their large scale applicability. 1?

Besides the supports mentioned above, carbon-based materials represent a good alternative as matrices
for metal incorporation. More specifically, polymers are becoming key for developing such composite
materials due to their low cost, ease of synthesis and interesting properties such as viscoelasticity or
versatility in composition. 314 In fact, thanks to the many available monomers, the choice of possible
polymers is vast, and the same applies for the resulting nanocomposites. Additionally, the use of polymer
can simplify the ability to pattern metallic nanoparticles by an in-situ cation reduction approach. %16
Those polymeric matrices find also applications in bioengineering, e.g. by embedding healing agents

inside core-shell polymer microbeads, which could generate a very efficient and injectable self-healing
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material. ¥ There are also other forms of nanocomposite with polymeric matrix, for example vesicles
with controllable size made from block copolymers (poly(acrylic acid-st)-b-poly(styrene)) are also used
to incorporate Ag nanoparticle for catalytic purpose. ¥ More importantly, in order to achieve major
improvements in optic or electrical properties, the size and spatial distribution of the inorganic
compound inside the polymer support have been carefully controlled. ** In fact, even though the
incorporation of microscale (10-100 nm) inorganic entities in bulk polymers (films, membrane, etc.) is
already well explored 223, the incorporation of metallic nanoparticles inside polymer particles (with
homogeneous or heterogeneous internal dispersion) is still being investigated. 4% Such dispersed
materials are of interest in different cases, such as tracers for enhanced detection signal (optical sensing
or detection in biological systems) or catalysis by impregnating cobalt on polyacrylonitrile particles. 272
Compared to single-component materials such as quantum dots (QDs), dyes or metallic nanoparticles,
hybrid latex particles (i.e. inorganic nanoparticles dispersed inside colloidal polymer particles)
overcome many disadvantages such as cytotoxicity resulting from metal ions leaching and colloidal

stability issues (less aggregation than QDs in aqueous media). 2°30

Incorporating nano-scaled inorganic entities, usually below 10 nm, in polymer colloids has gained an
increased interest since this permits very remarkable improvements of the material properties, from
thermal to mechanical 3= to the catalytic activity 3*2¢. For example, the thermal resistance of coating
was increased by embedding nanosilica particles of 7 nm in 150 nm copolymer particles made from
methyl methacrylate, acrylic acid and butyl acrylate via batch emulsion polymerization . Closer to this
work, a hierarchical conductive polymer with enhanced properties was synthesized by incorporating
homogeneously distributed 10 nm TiO, nanoparticles within poly-(styrene-divinyl-benzene-
acrylonitrile) spheres. ® The importance of the support was highlighted when incorporating well
dispersed and stable 4-5 nm Pd nanoparticles inside mesoporous N-doped carbon made from the
carbonization of melamine and glucose (with ZnCl, as porogen agent). ¥ These authors report that N-
doping is improving the immobilization and dispersion of Pd nanoparticles even after using the catalyst
for a hydrogenation reaction. Based on the success of embedding nanoscale inorganic materials, efforts
were made to introduce single atoms within the structure. Impregnating Pd on graphitic CsNa led to

mostly single metallic sites and showed increase in selectivity (nearly 100 % below 363 K and 2 bar)
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and activity towards semi-hydrogenation reactions. *® However, the synthesis of graphitic carbon nitride
requires condensation at high temperature with release of ammonia and suffers a low yield and surface

defects.

Nevertheless, even though those aforementioned syntheses are promising in several fields, most of them
stay complex (pre-treatment of inorganic entities or many synthetic steps 22374%) and expensive (use of
organic solvents and other reagents **4%) and result in low stability and efficiency, which is far from
industrial needs “2*3, Moreover, since the price of these metal-precursors is usually much higher than
that of the support itself, the incorporation and spatial distribution need to be carefully designed,
understood and assessed to avoid any waste. Accordingly, the full control of the distribution of these

compounds within the support is necessary.

The most popular synthetic procedure for such hybrid materials is the so-called mini-emulsion
polymerization. 4% In this process droplets containing monomer and inorganic entities are formed and
the subsequent polymerization traps physically the inorganic nanoparticles inside the polymer particles.
For example, the incorporation of 20-30 nm ceria nanoparticles inside polyacrylic particles was
successfully performed with an approximate 1:1 relationship (1 CeO, nanoparticle in 1 polymer particle)
via seeded mini-emulsion. #” Since the scalability of mini-emulsion is non trivial given the high shear
required in the droplet formation step, different synthetic routes are desirable, especially in view of large

scale industrialization.

To address all these challenges (stability, simplicity of synthesis, costs etc.), colloidal particles (CPs) of
polyacrylonitrile (PAN), a nitrogen-containing polymer suitable to incorporate metals and introducing
porosity after pyrolysis, dispersed in water has been prepared by emulsion and mini-emulsion
polymerization with incorporation of palladium and platinum precursors during the CP formation. This
work reports the results of several synthetic techniques achieving different spatial distributions of
atomic- or nanoscale Pt and Pd inside the PAN CPs. Such different spatial distributions and the strong
embedding of the inorganic entities inside the polymer matrix enable the preparation of materials with
promising properties and applications in catalysis or nanoplastic tracing (via metallic fingerprint) in the

environment, e.g. in waste-water treatment plant and in agricultural soil.
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1. Materials & methods

1.1 Materials

Acrylonitrile (Aldrich chemistry > 99.0%), abbreviated AN, was employed as monomer. QOil soluble
2,2’ Azobis(2-methylbutyronitrile), V67, and water-soluble potassium persulfate (KPS) from Merck
(ACS, Reag. Ph. Eur) were employed as initiators. The initiator V67 was employed for mini-emulsion
polymerization based on the recipe of Yang et al. 2015. “® Potassium poly(ethylene glycol) 4-
nonylphenyl 3-sulfopropylether (KPE) and sodium dodecyl sulfate (SDS) were used as surfactants.
Hexadecane from Sigma Aldrich (99 % purity, Sigma Aldrich) was used as co-stabilizer in mini-
emulsion. The oil-soluble metal-precursors used for the mini-emulsion incorporation were platinum(ll)
acetylacetonate (Pt(acac)z) and palladium(ll) acetylacetonate (Pd(acac)z) both from Sigma Aldrich.
Water-soluble precursors, KoPdCls and K3PtCls, purchased from ABCR (99 %) and Aldrich (98 %),
respectively, were used for emulsion polymerization. Deionized water was the reaction medium for all
types of polymerization and was stripped with N2 (g) prior to the start of the polymerization. All

materials were used without further purification.

1.2 Synthesis of different latexes with incorporated noble metals

Two polymerization procedures were employed, namely, mini-emulsion and conventional emulsion

polymerization.

Mini-emulsion is an oil-in-water type of emulsion and results in a physical entrapment of the inorganic
molecules in the polymeric surrounding. 8 The experimental procedure involves high-shear treatment
(usually by sonication) of a two-phase system comprising an aqueous phase, containing surfactants, and
an oil-phase, containing the monomer, a co-stabilizer, an oil-soluble initiator and the metal precursor.
The droplets originated from the latter phase entrap the metal-precursor, and the following
polymerization step makes this entrapment much more effective, thus preventing any metal escape. The
reaction was performed at 55 °C under stirring at 300 rpm. This procedure was mainly employed with

the Pt-based oil-soluble metal precursor (Pt(acac).) since the use of the Pd-based precursor always



resulted in the formation of black solids, probably Pd(0), and very poor conversion. Accordingly, mini-

emulsion procedures involving Pd(acac), were not further considered in this work.

The sonication of the oil-in-water emulsion was performed using a Branson Ultrasonics Sonifier™ S-
450 (Switzerland). In the case of PAN very intense sonication is required due to the monomer
hydrophilicity. Hence, a series of several sonication periods of 2 min at 90 % was applied until the mini-
emulsion droplets were stable over time. In order to increase the hydrophobicity of the droplets, a low-
boiling organic solvent was added to the mini-emulsion, dichloromethane (DCM). The sonication was
performed in an ice-water bath to avoid temperature increase that could anticipate the polymerization.
The polymerizations performed in mini-emulsion and involving pure AN and Pt(acac). will be indicated

by the acronym MEPANPt and the corresponding recipe is described in Table 1.

Table 1. Recipe for mini-emulsion of Pt-containing PAN. The overall reaction mass was 60 g.

Ingredient Weight %
Water @ 85

Water-phase SDS P 3
KPE P 3
Monomer 15
Pt(acac),? 1

Oil-phase Hexadecane ® 5

DCM 26.67 (3 mL)
V67 4

Awith respect to total mass, Pwith respect to monomer

In conventional emulsion polymerization, water-soluble surfactants (SDS and KPE), initiator (KPS) and
metal precursors (K.PdCls and K2PtCl,) were used. For all polymerizations, SDS was used for micellar
nucleation, and the reactor was evacuated and filled with N2 (g) 3 times until it was finally closed to
avoid any radical deactivation due to the presence of O, (g). In addition, all the synthesis involving AN
required the use of an additional surfactant (KPE) to ensure good stability and prevent spontaneous

aggregation of the nanoparticles inside the reactor. 4°
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Fig. 1 - Schematic representation of the 2 types of conventional emulsion polymerization for the
incorporation of noble metal in polymer nanoparticles. M = monomer, W = water, SDS = sodium
dodecyl sulfate, KPE = Potassium poly(ethylene glycol) 4-nonylphenyl 3-sulfopropylether, KPS =

potassium persulfate, X = Pd or Pt

Semibatch reactions were run, applying two different feed strategies, resulting in different metal
distributions inside the polymeric CPs. In the first case, feed strategy F1, monomer, water, SDS and
KPS were initially charged to the reaction vessel, while the steric surfactant, KPE, and the metal
precursor were fed in two different ways, Fla and F1b. In the first case, the additions of metal precursor
and KPE are carried out quickly (2 min) after the onset of some opacity in the reaction mixture, i.e. after
the nucleation start. On the other hand, the addition time of the metal precursor was much longer in F1b
(30 min), thus favoring a more distributed incorporation of the metal inside the polymer particles. About
KPE, half of it was added at the start of nucleation, while the other half was added at the end of the 30

min precursor feed.

In the second case, feed strategy F2, metal precursor, surfactant and initiator were initially charged while
the monomer was fed quickly (2 min). Similarly as for F1b, half of the KPE was fed at the start of the
nucleation, while the other half was fed 30 minutes later. F2 emulsion polymerization was performed
by targeting two different solid contents, SC: one with 4% and the other with 10%, named F2 A and F2

B, respectively.

In each case, the feeding procedure of KPE was chosen based on the destabilization effect of adding

salts inside a colloidal dispersion, as it acts as stabilizer. The schematic representation of the two
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different feed strategies (F1 and F2) is illustrated in Fig. 1. The latexes produced by emulsion
polymerization were named PANPd and PANPt when using K,PdCls and K,PtCly, respectively, and the

recipes are described in Table 2.

Table 2. Recipe for emulsion polymerization of Pt- or Pd-containing PAN; the overall reaction mass

was 60 g at 10 % SC for Fla, F1b and F2 B, 25 g mass synthesis at 4 % SC for F2 A.

Fla&b Ingredient Weight %
Water @ 90
Initial charge SDS Y 3
Acrylonitrile ¥ 10
Additional KPS b 3
compounds KoXCls? 1.5
dissolved in water | KPE 2
. Weight | Weight
F2 Ingredient %- A %-B
Water @ 96 90
Initial charge SDS P 3 3
KoXCl,? 15 15
Additional
compounds KPS 3 3
dissolved in water | KPE 3 3
Other feed Acrylonitrile ¥ 4 10

A with respect to total mass, Pwith respect to monomer

After weighting separately the desired amounts of KPS, K2XCl4 (X = Pd or Pt) and KPE, ~4 g of water
were taken from the initially weighted degassed water and added to each compound to ensure complete
dissolution. In all cases, the evolution of the conversion was followed by thermogravimetric analysis
(Halogen Moisture Analyzer, Mettler Toledo, Switzerland) by heating the samples up to 120 °C in air
and measuring the corresponding weight loss. Dynamic Light Scattering (DLS) using a Zetasizer Nano
Z (Malvern, UK) under backscattering geometry (at angle 173°) was employed to follow the aggregation
kinetics of the dissolved K;PdCls or K;PtCls in (0.1 pm) filtered deionized water in the temperature
range of 20-60 °C. For each temperature, an equilibrium time of 120 seconds was employed and 3
measurements were subsequently performed. All the produced latexes were filtered with a paper-filter

to remove all possible agglomerates. In addition, another type of material was produced by adding 1.5



wt % K,PdCl,4 (with respect to monomer) diluted in water after the synthesis of metal-free PAN latex.

The latter was produced using a recipe reported elsewhere.*

1.3 Characterization of the incorporated noble metals

To visualize the metal dispersion in the nanoparticles, Scanning Transmission Electron Microscopy and
Energy-Dispersive X-ray spectroscopy (STEM-EDX) were performed on all materials. Images with
1024 x 1024 pixels were obtained using a FEI Talos F200X electron microscope equipped with a Super-
X SDD detector at an acceleration voltage of 200 kV, a spot size of number 6 and using high angle
annular dark field (HAADF) detector. EDX elemental maps (hypermaps) were acquired by scanning the
probe for 10 minutes at an energy of 40 keV to assess the K, M and L lines of palladium and 20 keV for
the L and M lines of platinum. The combination of the two methods, i.e. STEM and EDX, allows
imaging of the distribution of the metal atoms in the colloidal particles. The CP dispersions were diluted
and a droplet was placed on a TEM-grid (lacey carbon film 300 mesh, Lucerna-Chem, Switzerland),

which was put in an oven at 40 °C for drying.

To identify small noble metal nanoparticles (< 1 nm), High-Resolution STEM (HR STEM) was
performed on MEPANPt, PANPt and PANPd, using the same sample preparation mentioned above. The
STEM investigations were performed on the aberration-corrected HD-2700CS (Hitachi; cold-field
emitter), operated at an acceleration potential of 200 kV. A probe corrector (CEQOS) is incorporated in
the microscope column between the condenser lens and the probe-forming objective lens providing
excellent high-resolution capability (beam diameter ca. 0.1 nm in the selected ultra-high resolution
mode). Images (1024 x 1024 pixels) were recorded with a HAADF detector with frame times of ca 15
s. These imaging conditions give rise to atomic number (Z) contrast, a highly sensitive method to detect
atoms of strongly scattering elements (high Z) on light supports. The HR STEM micrographs can be

find in the SI.

The extent of Pd and Pt incorporation in all latexes were measured by ICP-OES and performed on the
solid polymer obtained from drying each latex in vacuum. The stoichiometry of the metal complex
resulting from the chemical entrapment mechanism was investigated by ICP-OES on F1b synthesis to

analyze Cl in the remaining water phase after the polymerization. The latter was obtained by adding 3 g
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of a 0.1 M MgSO4 aqueous solution to 4 g of the synthesized latex and centrifuging until the polymer
was fully deposited on the bottom. The water phase was then extracted, filtered with a 0.1 pm syringe
filter and diluted to reach a maximum of 35 ppm chlorine. This procedure was repeated using two

different batches of the same synthesis type for each case (F1b, Pd and Pt-incorporation).

NMR titration studies were performed to investigate possible complex formation of AN with various
metal salts at 298 K. A stock solution of AN (6.3 mm) either with K,PdCls (2.4 mm) or with KoPtCls
(2.4 mm) in DMSO-ds was prepared gravimetrically. The titration experiments were performed by
stepwise addition of K,PdCls, K,PtCls or AN to the respective stock solution. *H and *C NMR spectra
were recorded on a Bruker DRX 400 spectrometer. Chemical shifts are reported relative to the residual
solvent signal (DMSO-ds, o1 = 2.50 ppm, dc = 39.50 ppm).*° As a reference, tetramethylsilane (TMS, ¢
= 0 ppm) was used as internal standard to monitor the effect of the complexation-induced shift of the

DMSO-ds signals.

X-ray absorption spectroscopy (XAS) spectra at the Pd K- and Pt Ly, absorption edge were collected at
the SuperXAS beamline of the Swiss light source (PSI, Switzerland). The SLS operated at 2.4 GeV in
top up mode, with a ring current of 400 mA. The polychromatic X-ray beam resulting from the 2.9 Tesla
bending magnet was collimated by a collimating mirror, monochromatized by a Si(111) channel cut
monochromator for measurements at the Pt L, edge and a Si(311) channel cut monochromator for
measurements at the Pd K-edge and subsequently focused by a toroidal mirror. The spot size on the
sample measured 2 x 0.4 mm (H x V). On both mirrors a Rh coating was selected for measurements at
the Pt Ly edge and a Pt coating for measurements at the Pd K-edge. The energy was calibrated by
measuring a Pt foil at the Pt Ly edge and setting the monochromator energy to 11564 eV at the inflection
point of the absorption edge, or by setting the monochromator energy to 24350 eV at the inflection point
of a Pd foil. Samples were measured in transmission mode using 20 cm long ionization chambers (filled
with N for measurements at the Pt L, edge or a mixture of Ar and N for measurements at the Pd K-
edge). PANPd, PANPt and MEPANPt were pressed in the form of pellets for analysis, while Pd and
Pt foils were simultaneously measured as absolute reference. As polymers might get damaged by X-ray

radiation, we introduced a liquid nitrogen cryojet that cooled the sample continuously to 150 K. The Pd
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samples were measured in fluorescence mode using a silicon drift detector (Vortex) with a 1 mm thick
sensor. The Pt samples were measured in transmission mode within a minute. Fitting was performed
using the Demeter software package. >* All spectra were background corrected and normalized. The
energy units (eV) were then converted to photoelectron wave vector k units (A1) by assigning the
photoelectron energy origin, Eo, corresponding to k =0, to the first inflection point of the absorption
edge. The resulting (k) functions were weighted with k3 and then Fourier-transformed to obtain pseudo
radial structure functions (RSFs). The amplitude reduction factor was obtained from fitting a Pd or Pt-
foil, i.e., 0.814 + 0.038 and 0.800 + 0.031, respectively. The final fit was made over the 1-3.7 (PANPd)
and 1.05-3.5 (PANPt) A range by using the structures of metallic Pt and Pd, PtCl and PdCl, for the
chlorine path and for the nitrogen path PtO and PdO were used where O atoms in the structure where

replaced by N atoms.

2 Results & Discussion

2.1 Physical entrapment via mini-emulsion polymerization

The aforementioned four synthesis techniques permit to target specific metal distributions in polymeric
CPs. In particular, mini-emulsion enables the incorporation of platinum in PAN CPs in a highly
dispersed manner. In the case of PAN, the CPs are less spherical due to the insolubility of the polymer
inside the monomer. The formed polymer present in the monomer droplets precipitates and crystallizes
creating “crumpled latex particles” with a degree of crystallinity of 26 %. % Additionally, achieving
monodispersity of the CPs is less trivial than with conventional emulsion polymerization as hydrophilic
acrylonitrile droplets are formed by a breakage/coagulation mechanism induced by sonication in water.
% In fact, it was reported that adding styrene (stronger hydrophobic behavior) as co-monomer is
improving the monodispersity of the obtained polymer CPs. #8 Hence, the presence of styrene is reducing
the crystallinity and changing the morphology (more spherical CPs). The droplets are then polymerized
when increasing the surrounding temperature, thus “freezing” the structure and embedding the metal
precursor in the polymer. The size of the monomer droplets decreases upon polymerization, because of

the change in density.
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100 nm 40 nm

Fig. 2 STEM-EDX HAADF of MEPANPt a) overview of an aggregate (Pt La-lines, enhanced) b) single

colloidal particle (Pt M af-lines, enhanced)

The difference in solubility between the solvent and the monomer is a key aspect when dealing with
mini-emulsion polymerizations. 4 In this case, the procedure still works with the addition of an apolar,
low boiling solvent (DCM), which leaves the reaction mixture when the polymerization starts. In order
to increase the hydrophobicity even more and also to suppress Ostwald ripening among the droplets,
water-insoluble hexadecane is added as co-stabilizer. 3* These particles produced by mini-emulsion are
shown in Fig. 2, where the STEM-EDX (Pt M of3 lines) micrographs of a cluster of PAN CPs (Fig. 2 a))
and of an individual CP (Fig. 2 b)) are depicted. The particles are clearly non spherical, in contrast to

those obtained by conventional emulsion polymerization (cf. Fig. 2 and Fig. 3).

This type of incorporation is mainly physical due to the entrapment of the metal precursor inside the oil-
droplets prior to polymerization. In addition, the close-up MEPANPt micrograph in Fig. 2 b) shows
clearly no big metal-aggregates (5-10 nm) in the nanoparticle, since they should be visible in STEM at
this magnification as bright spots due to the difference in density between the metal and polymer. % To
ensure the absence of even smaller aggregates (< 1 nm), High Resolution STEM (HR STEM) was
performed on this material. This technique is highly sensitive and, in principle, could easily detect atoms

of metal (due to strong scattering) on polymer (light support). However, in the present case, the thickness
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of the polymer (many layers of carbon atoms) prevents the visibility of single Pt atoms. The micrographs
with scales down to 10 and 2 nm are given in the supporting information in Fig. 6S a) and b),

respectively.

2.2 Chemical entrapment via emulsion polymerization

F1 emulsion polymerizations

As compared to mini-emulsion, incorporation via emulsion polymerization permits more versatility in
terms of metal dispersion in the CPs. For this purpose, three different types of synthesis were designed,
as sketched in Fig. 1, with different targeted distributions, and the representative results of these

syntheses are shown in the following Figs. 5, 6, 8 and 9.
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Fig. 3 a) STEM HAADF of PANPd from Fla synthesis; b) STEM-EDX HAADF of PANPd from Fla
(Pd L a-lines, enhanced); ¢) STEM HAADF of PANPd from F1b synthesis; d) STEM-EDX HAADF

of PANPd from F1b (Pd L a-lines, enhanced)

Figs. 3 and 4 represent STEM micrographs and the corresponding STEM-EDX maps from F1 syntheses
for palladium and platinum, respectively. According to Figs. 3 b) and 4 b), larger metal concentration
towards the center of the CPs is obtained when applying feed strategy Fla for both noble metals. As
already mentioned, this technique involves the addition of the water-soluble metal-precursors when the
reaction just started, i.e. at the nucleation onset, coupled with a very short feeding time (2 minutes). All
the precursor is then quickly fed when the PAN particles are still very small, thus explaining the high
concentration of the metal towards the center of the particle. The continuation of the reaction results in

the growth of the polymer particles, with the formation of external polymer shells much less rich in
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metal. Nonetheless, also in this case, no Pd or Pt aggregates are visible in HAADF STEM (Figs. 3 a)

and 4 a)).

a) [

100 nm
m—

90 nm
e —

Fig. 4 a) STEM HAADF of PANPt from F1la synthesis; b) STEM-EDX HAADF of PANPt from Fla
synthesis (Pt M af -lines, enhanced); c) STEM HAADF of PANPt from F1b synthesis; d) STEM-EDX

HAADF of PANPt from F1b synthesis (Pt M af-lines, enhanced).

In contrast to Fla, the feeding time is prolonged to 30 minutes in F1b reactions, which allows the
particles to grow during the continuous addition of metal precursor. The Pd and Pt are, in both cases,
more homogeneously distributed inside the CP, as confirmed by the EDX results in Figs. 3 d) and 4 d).
Batch emulsions polymerizations show usually fast reaction rates at the beginning of the reaction and

decreasing rate later on. % Since 2 minutes of metal precursor feeding when the polymerization rate is
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fast permits the successful transfer of the metal ions from the aqueous phase to the particles formed in
this short time, as indicated by the feed strategy Fla, longer feeding times should result in a better
distribution of the noble metal. In fact, given that 80 % of monomer conversion was usually achieved
after 1 h polymerization, a feeding time of 30 minutes was sufficient to allow a successful and
homogeneous metal incorporation. Unfortunately, in the case of Pd, feeding in the slow rate region (after
1 hour reaction) leads to the formation of black solid aggregates, similarly to the case of mini-emulsion

with Pd(acac)s.

Like in the case of MEPANPt, HR STEM was also performed for PANPd and PANPt CPs. Here again,
the high resolution does not permit to visualize any aggregates in the case of PANPd and probably some

Pt atoms in the case of PANPt. The results (micrographs etc.) can be find in the Sl as Fig. 7S.

F2 emulsion polymerizations

In the previous section, we have shown that feeding the metal-precursors during the polymerization to
a reactor initially containing the monomer is an effective approach to the incorporation of palladium and
platinum in the PAN CPs. On the other hand, using the opposite feed strategy F2 with metal-precursor
charged first and the monomer fed right after, cf. Fig. 1, another type of metal distribution inside the
CPs was achieved. The first trial was performed at 4 % SC based on the recipe in Table 2 (recipe A) and

the results are shown in Fig. 5.
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Fig. 5 For the synthesis F2 A at 4 % SC a) STEM HAADF of PANPd; b) STEM-EDX HAADF of
PANPd, (Pd L a-lines); ) STEM HAADF of PANPt; d) STEM-EDX HAADF of PANPY, (Pt M of-

lines, enhanced).

The STEM micrograph of the PANPd CPs from F2 A synthesis in Fig. 5 a) shows clearly the presence
of arelative large (20-30 nm based on the STEM micrograph) metallic core in the center of the particles.
Applying EDX hypermapping on this sample, such aggregates were identified to be made of Pd (Fig. 5
b)). It has to be mentioned that these Pd aggregates were present in approximately 40 % of the observed
polymer CPs, while for the remaining 60 %, the Pd amount seems lower but better distributed in space.
The large Pd clusters in the center of the particles were evidently formed before feeding the monomer
and most probably imputable to the low stability of the Pd-precursor in water, which will be further

discussed later on. On the other hand, when using the metal-precursor K.PtCls, no sign of formation of
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metal aggregates was visible before feeding the monomer and, in fact, no metal clusters are visible in
the center of the particles, as shown in Fig. 5 c¢). One can recognize that the brightness in the particle
center is higher and decreases towards the particle surface: since such brightness corresponds to the
metal, as proved by the EDX result in Fig. 5 d), the results from F2 B synthesis in this case are similar

to those previously achieved in case Fla.

For the sake of comparison, F2 synthesis was also performed at 10 % SC, the same solid content of F1
syntheses. The corresponding STEM and EDX results are shown in Fig. 6 a) and b) for palladium and
¢) and d) for platinum. Interestingly, the Pd clusters are practically present in all the polymer CPs in this
case but they are smaller in size, as shown in Fig. 6 a), as indicated by the brighter “point” in the center
of each CP. The same metal aggregates exhibited a diameter of about 20 nm in the case of the F2

synthesis at 4 % SC, as shown in Fig. 5 a).

For the precursor K,PtCls and using the F2 feeding strategy at both 4 % and 10 % SC, no visible Pt
nanoparticles could be found in the center of the particles, as shown in Fig. 5 ¢) and 7 c), further
confirming the good stability of K-PtCls in water. However, the Pt distributions observed by STEM-
EDX in Fig. 5 d) and 7 d) at the two SCs are different. At 4 % SC, the Pt distribution is similar to that
obtained in case Fla as shown in Fig. 5 b). On the other hand, at 10 % SC, the CP size distribution is
quite broad and the Pt content is much larger and more centered in the larger particles, thus resembling
the case Fla. The metal distribution is instead more uniform inside the smaller particles, thus resembling

the case F1b.
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Fig. 6 For the synthesis F2 B at 10 % SC a) STEM HAADF of PANPd; b) STEM-EDX HAADF of
PANPd, (Pd L a-lines); ) STEM HAADF of PANPt; d) STEM-EDX HAADF of PANPY, (Pt M of-

lines, enhanced)

Since the size of the Pd nanoparticles inside the PAN CPs decreases as the SC increases, at least two
competitive processes are active in the system: aggregation among the molecules of Pd precursor,
K2PdCls, due to their low stability in water, and complexation of Ky;PdCl, with the monomer.
Accordingly, at higher SC, since the monomer feeding is faster, the complexation between precursor
and monomer is faster, and the aggregation among K:PdCls molecules is hindered. In the case of
platinum, since the metal-precursor K;PtCl, is stable in water, no aggregation competes with the

complexation between precursor and monomer and, therefore, the monomer feeding affects only the
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complexation process. In the case of 10 % SC, the monomer can complex the larger amount of K,PtCl,,
thus forming PAN CPs with larger metal contents. If the polymer latex is stable enough, further AN
addition would lead to the growth of external polymer shells at much lower Pt content, thus explaining

the results in Fig. 6d).

To verify the different stability in the water phase mentioned above for the two metal-precursors,
K2PtCls and K2PdCly, their aggregation behavior in water was studied as a function of temperature using
DLS. The corresponding values of the hydrodynamic diameter (dp) and the count rate of the scattered
light (Counts) are depicted in Fig. 7 a) and b) for K,PtCls and K,PdCl,, respectively. All the data are the
average of three measurements at each temperature. As shown in Fig. 7 a) in the case of K,PdCly,, starting
around 30 °C, both d, and Counts increase as the temperature increases, and the increase in d, is
especially fast after 40 °C. Notably, both variables decrease after reaching a maximum value, around 50
°C and this reflects the sedimentation of big K.PdCl, aggregates on the bottom of the cuvette, no longer

detectable by the laser.
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Fig. 7 Aggregation behavior: hydrodynamic diameter, d, (dark gray squares), and count rate of the
scattered light, Counts (light grey squares), measured by DLS, as a function of temperature for a)

K>PdCl4 and b) K,PtCl, dissolved in water.

On the other hand, in the case of the KzPtCl, solution, Fig. 7 b), the average size stays constant over the
entire range of experimented temperatures, from 20 to 60 °C. Moreover, the count rate stays low, about
two orders of magnitude lower than in Fig. 7 a). There are few points that lie higher than the rest, but

they are rather random, resulting from presence of some dusts and other contaminations. These results
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clearly indicate that no aggregation takes place in the case of K,PtCls, which is not the case for KoPdCly,,

and confirm the largely different stability of the two metal-precursors in water, as discussed above.

The fact that the water-soluble precursor is able to be embedded and distributed inside the polymer CPs
is a clear indication that chemical bonding between precursor and monomer occurs, thus leading to
chemical entrapment of the metal. In particular, when AN is charged initially and the water soluble
precursor is fed (F1 feed strategy), the entrapment seems to indicate that the distribution of noble metal
inside the CPs is in the form of single atoms, due to the absence of visible metallic aggregates by STEM
and HR STEM. To elucidate the chemical entrapment mechanism and support the assumption of single
atoms of metal inside the CPs, a mass balance of the CI content of the initial noble metal precursors
(K2PdCls and K;PtCls) was performed by analyzing the aqueous phase of the latexes. The obtained
stoichiometry showed that 2.95 + 0.01 CI equivalent out of 4 stay in aqueous phase in the case of
K>PdCl4, while only 2.36 + 0.04 CI equivalent out of 4 were observed in the case of KyPtCls. First of
all, this result confirms that ClI atoms of the initial precursors have been exchanged during the
polymerization. Given the good electron donor properties of the N atoms, the monomer itself is the most
probable ligand replacing Cl, binding to Pd or Pt via the cyanide group. Secondly, the measured CI
equivalent remaining in water could be the result of the average exchange out of the five possible
configurations sketched for Pd in Fig. 8 a) (and valid also for Pt). Note that the possible chemical
structure of the complex with Pd (or Pt) is proposed in Fig. 8 b). The circles indicate possible active
sites for polymerization, which starts in the water phase and, due to the increased hydrophobicity while
the chain length is growing, enters micelles or formed particles and continue the polymerization in their
organic core. This metal-containing monomer should definitely hinder any further formation of Pd-Pd

or Pt-Pt bonds.
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b)

Fig. 8 a) Possible configurations of the complexes (I-V) of Pd with AN; b) example of complex chemical

structure, where the circles indicate possible starting sites for radical polymerization.

In order to identify the structure and stoichiometry of the formed complex between AN and the metal
precursors, NMR-titrations in DMSO-d® were performed by charging initially AN and feeding the metal-
precursor. A shift was observed but no saturation binding of AN on the metal precursors was identified.
This suggests a fast and continuous ligand exchange, consequently the shift, as the metal-precursor is
fed in the NMR tube (more information in SI). Therefore, the monomer is indeed binding to the metal
precursors and all the complex configurations seem to be present in the system. However, given the
complexity of the system — different bonding sites, possible interactions with the solvent, fast dynamic
equilibrium that prevents saturation, different possible configurations (Fig. 8 a)) — further

characterization work is required to better identify such complexes.
2.3 Characterization of single metal-sites

The lack of aggregates observed in HR STEM micrographs for mini-emulsion and F1b synthesis as well
as the proof of noble metal complexation (by NMR for AN, by ICP-OES for the remaining Cl in
solution) are two good indicators of the presence of single metal atoms in our material. In order to better
substantiate this expectation, X-ray absorption studies were performed. Fitting of EXAFS spectra
permits to identify the nearest neighbors of Pd and Pt atoms, their bond distance and their average
coordination number, while XANES spectra yield information on the empty density of states (oxidation

state). Fig. 9 a) and b) show a zoom of the Pd K-edge and the Pt L;-edge XANES spectra, respectively.

In Fig. 9 a) the whiteline of PANPd is more intense than that of Pd-foil (reference sample is bulk Pd(0)),

which suggests that Pd in the PANPd has a higher oxidation state, probably Pd(Il) as in the precursor.
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Additionally the shape of the PANPd spectra corresponds to reported Pd(11) K-edge samples . %" In the
case of the platinum-based samples in Fig. 9 b), the three samples have different intensities, but no shift
is observed in the position of the edge. Those different intensities in the whitelines likely results from
different electron density of the metal atoms, for example due to strong interactions between the ligands
(charge transfer). % Unexpected at first glance is the highest intensity of MEPANPt with respect to
PANPt, as both precursors, even if chemically different, had the same oxidation state Pt(1l). There are
several possible explanations for this observation, like differences in transition states or near neighbor
distances or particle size effects. 5% However, based on the physical entrapment mechanism of
MEPANPt, the most probable explanation for the higher whiteline intensity is the weak or inexistent
interaction with the polymer as compared to PANPt. Moreover, the bond Pt-O (from Pt(acac).) and Pt-
Cl (from K,PtCly) are both stable, hence no differences should emerge from the initial ligands. ¢ Thus,
the Pt(11) atoms from MEPANPt have a lower electron density than Pt(I1) in PANPt as the latter interact

with the polymer.

The corresponding Fourier transformed EXAFS spectra are reported in Fig. 9 c) and d) for palladium
and platinum, respectively. The PANPd and PANPt spectra were fitted using models involving N and
Cl as first shell neighbor and a second metal or carbon shell neighbor depending on the sample. The best

fits are indicated by purple dotted lines and the best fit parameters are listed in Table 3.

23



'S | ——Pd foil g | il

S| ——paned S, |7 PAND

) a —— ME PANPt

= =

> (2

b~ =

L Q

= N

= =

= g

= =

=] =]

z z

24320 24340 24360 24380 24400 11520 11540 11560 11580 11600
Energy [eV] Energy [eV]
c) d)

X(R)| [A™]
X(R)| [A™]

3
R + AR [A] R + AR [A]

Fig. 9 X-ray absorption studies a) normalized Pd K-edge XANES spectra of PANPd (red) and Pd foil
(black) b) normalized Pt Li-edge XANES spectra of PANPt (red), MEPANPt (blue) and Pt foil (black);
Fourier transformed k®-weighted EXAFS spectra with the imaginary part (grey) and magnitude (red)
(both uncorrected for phase shift) of c) PANPd with corresponding fitting (purple dotted line) d) PANPt

with corresponding fitting (purple dotted line).

The bond Pd-Cl was chosen based on the precursor used for Fla and b syntheses (K:PdCls and K2PtCl,).
The Fourier transformed and fitted k*-weighted EXAFS spectra of the metal foils can be found in Fig.

12S in the SI.
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Table 3. Best fit parameter values for the EXAFS spectra of PANPd (N, CI, Pd) and PANPt (N, CI, C).

Sample | Shell Bond length [A] Nurrgt;ger:t;);rr;e[?]rest D]?;’C{gr‘?’g'z']er AEQ R-factor
Pd-O/N  2.03+0.06 1.2+1.0 0.001* 8.9+35

PANPd | Pd-ClI 2.31+0.05 3.0+£10 0.010* 48+6.0 0.010
Pd-Pd 2.74 +0.05 1.6+1.4 0.011* 8.9+35
Pt-O/N 1.86 £ 0.04 09+04 0.002* -0.2+11.0

PANPt | pt-ClI 2.25+0.04 3.3+0.5 0.010* 57+7.0 0.002
Pt-C 3.23+0.08 3.7+18 0.001* -0.2+11.0

*Fixed Debye Waller factor (values were determined from fitting shells individually with floating Debye
Waller factor’s), AEO is the shift of the potential between the model and the data where only one value
was taken because two scattering paths came from the same structure

As shown in Fig. 9 ), the FT EXAFS spectra have a main peak between 1-2.2 A (uncorrected for phase
shift) that was best fitted with N and CI neighbors. A second peak is visible next to the main one, and
based on the best fitting results of PANPd in Table 3; this peak corresponds to an average of Pd-Pd
dimers and trimers (1.6 = 1.4 number of nearest neighbors). Moreover, the data suggest that on average
one Pd atom is coordinated to three Cl atoms and one N atom, which corresponds to configuration Il in
Fig. 8 a). The FT EXAFS spectra of the PANPt are depicted in Fig. 9 d). From best fitting of the first
shell of PANPt, we obtain Pt-N and Pt-Cl bonds with coordination numbers of 0.9 + 0.4 and 3.3 = 0.5,
respectively. A small second peak is observed around 2.8 A. The data range available is too limited to
get a perfect fit of this peak but, as we know the raw materials used in the synthesis, two different
possibilities are expected: C (bridged to the N of the cyanide group) or Pt. Only a Pt-C scattering path
could be fitted. Accordingly, and in agreement with the results of the other characterizations, the EXAFS
data suggest that Pt exists predominantly as isolated atoms. The EXAFS spectra of MEPANPt (Fig. 14S
in SI) show the absence of a Pt-ClI path since we used a Cl-free precursor, Pt(acac),. As EXAFS can not
distinguish N from O, we do not know if the oil-soluble precursor is also binding to the nitrogen of
polyacrylonitrile, but, based on the physical entrapment procedure and the XANES spectra, we expect

to have mostly Pt-O paths.

These results are in line with the instability of K,PdCl, in water in comparison with K,PtCls while
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increasing the temperature up to the 60 °C (Fig. 7 a) and b)). In fact, during feeding of the precursor, the
aggregation of [PdCls;]> to dimers or triplets cannot be completely avoided, despite the fast
complexation. On the other hand, [PtCl4]% stays completely stable towards aggregation and hence results

in a dominant single atom incorporation.
2.4 Incorporation efficiency and monomer conversion

A quantitative analysis of the polymer was also performed by ICP-OES on each synthesized latex. All
latexes were synthesized twice and the results are summarized in Table 4. Moreover, prior to analysis,
the latexes were at least one week old such that the reported results account for possible leaching of the

metal over time.

Table 4. Extent of incorporation and conversion of Pt or Pd in polyacrylonitrile measured by ICP-OES

for all types of synthesis (2 repetitions)

Metal Synthesis types Incorporation [wt.%] Latex Conversion [%]

MEPAN 979=+12 92620
Fla 96.5+35 89.5+5.2

Platinum Flb 87.9+3.2 942+4.3
F2 B (10%) 83.9+95 98.4+0.8
F2 A (4%) 98.96 £5.9 94.7+5.2
Fla 88.4+24 95.2+2.4
Flb 90.8+3.0 985+15

Palladium
F2 B (10%) 89.9+5.6 93.0+3.3
F2 A (4%) 88.7+6.0 824+0.1

26



A first, general observation from Table 4, is the good incorporation of metals for all types of synthesis.
In addition, the conversion is also always reaching almost 90% or more. The incorporation errors for F2
synthesis for Pd and Pt are slightly higher than the rest and are due to less homogeneous distribution of

the noble metals inside each polymer CPs.

2.5 Metal incorporation into pre-formed PAN colloidal particles

As a direct comparison to the incorporation approach developed in this work, K-PdCl, was added to a
preformed PAN latex. Thanks to the basicity of N in the polymer matrix, partial diffusion of Pd inside
the PAN CPs was taking place along with an almost instantaneous black coloration, which could be the
result of residual monomer reacting with the Pd-salt. The final picture is shown in Fig. 10, where an
overview of the polymer particles assessed by STEM HAADF (Fig. 10 a)) and a closer STEM HAADF
Pd-EDX mapping of several individual polymer CPs (Fig. 10 b)) are reported. In the overview
micrograph, quite large Pd nanoparticles (approximately 50 nm) are visible as brighter spots distributed
over the sample. Such Pd nanoparticles, clearly located outside the polymer, were never observed for
all three types of chemical entrapment applied in this work. Thus, post-synthesis incorporation is
definitely not effective and resulted in a much larger loss of Pd than in the case of incorporation

performed during the polymerization.

 J
L

Fig. 10 a) STEM HAADF of Pd incorporated in preformed PAN CPs; b) STEM-EDX HAADF of Pd

incorporated in preformed PAN CPs (Pd L o-lines, enhanced)
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3 Conclusions

In this work, different synthesis routes are described to incorporate noble metals inside PAN colloidal
particles and result in different spatial distribution. Mini-emulsion polymerization permits the physical
incorporation of Pt(I1) with very homogeneous spatial distribution and small size scale, as evidenced by
the absence of brighter spots in HR STEM. Conventional emulsion polymerization enables a similar
incorporation of Pt(Il) and Pd(Il) in the PAN CPs but via a chemical entrapment mechanism. This
technique results in spherical CPs and allows more versatility with respect to the spatial distribution of
the metal. In fact, the distribution of the incorporated atoms can be tuned by varying the feed strategy
of different ingredients. While Fla strategy resulted in a more centered distribution of metal-ions
without sign of aggregate formation, F1b strategy results in a more homogeneous distribution. In both
Pt and Pd incorporations, there are strong indications of the presence of single site atoms or extremely
small aggregates, as evidenced again by the absence of brighter spots in the HR STEM but also by the
formation of the metal complexes when the monomer and metal precursor are mixed, proven by NMR
titration and residual CI atoms inside the reaction water. Based on the EXAFS analysis, the presence of
Pd in the polymer is (in average) in the form of dimers or trimers while Pt exists predominantly as
isolated atoms. Finally, in F2 strategy, Pt and Pd incorporations result in different outcomes. Pd-based
synthesis exhibits a STEM-visible 20-30 nm metallic nanoparticle in the center of the PAN CPs: this is
the result of aggregation of the metal precursor at the reaction temperature followed by polymer growth
around these “nuclei”. On the other hand, Pt synthesis did not show any sign of formation of metal
nanoparticles its spatial distribution results in a mixture of Fla and b. To conclude, the methodologies
proposed in this work are effective to incorporate metals in polymer particles with very high segregation

among the inorganic entities and provide different spatial distributions.
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