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View Article Online
Abstract DOI: 10.1039/D5DT02604K

Sub-nanometric sized Pt nanoparticles, generated by metal vapor synthesis technique, were supported
onto covalent triazine framework @ silica (CTF@SiO,) core-shell hybrid microspheres obtained
through polycondensation reactions at the SiO, surface. The later catalyst and a reference system (i.e.
Pt nanoparticles deposited onto bare SiO, microspheres) were screened under identical experimental
conditions in the hydrogenation of butane-2,3-dione and pyruvic acid in water, leading to butane-2,3-
diol and lactic acid in high selectivity. A combination of catalytic recycling experiments was
conducted with both catalysts, along with transmission electron microscopy and X-ray diffraction
analyses performed on either as-synthesized and recovered catalysts confirmed the remarkable role
of the CTF shell layer on the stabilization of ultrafine Pt NPs against their aggregation under catalysis

as well as on its catalytic activity.

KEYWORDS: Platinum / Covalent Triazine Framework / Hydrogenation / Butane-2,3-dione /

Pyruvic Acid
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1. Introduction DO 10.1039/D5DT02604K
Since their first report in 2005, covalent organic frameworks (COFs) have received an increasing
interest in catalysis.!?> The ordered structure and the light element composition of COFs-based
materials lead to high specific surface area and adjustable pore sizes. Moreover, their customizable
structure allows for various functional groups, making them promising materials for different
catalytic applications such as photocatalysis, electrocatalysis, energy storage, and fine chemical
production.'** Among COFs, covalent triazine frameworks (CTFs) stand out due to their unique
porous structure, which is attributed to the 1,3,5-triazine units with m-conjugation properties that
enhance their thermal and chemical stability.>” Their high nitrogen content, high surface area, and
high porosity make them versatile hosts for catalytically active metal species, ranging from single
metal atoms to nanoparticles (NPs).3 In fact, porosity of the polymeric support layer along with a
favourable electron donor property of the support is a prerequisite for high catalytic activity in metal-
based heterogeneous catalysis.!%!? Recently, both noble and non-noble metal NPs like Pd, Pt and Ni
13-15 have been successfully immobilized on CTFs, exhibiting elevated dispersion even at high metal

loadings and improved catalytic efficiency and recyclability/durability for selective hydrogenation

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

reactions with respect to conventional supports (e.g. carbon).

Open Access Article. Published on 09 January 2026. Downloaded on 1/22/2026 12:56:44 AM.

Although different synthesis approaches for CTFs have been developed,'® the large-scale production

(cc)

of these materials remains still a challenge up to now.!”

Hybrid particles with a silica core and a CTF porous shell combine the advantages of the shell material
and the mechanical stability of silica, significantly reducing the required amount of CTF material. As
a consequence, the synthesis of the catalytic support can easily be scaled up. In this work, we present
a facile approach to fabricate morphology-controllable CTFs shell through polycondensation
reactions using SiO; core spheres as a hard template. Sub-nanometer Pt NPs were generated by metal
vapour synthesis (MVS),'®1? which allow the synthesis of size-tailored metal NPs regardless of the
support nature. The CTF@Si0, system was selected as carrier for the ultrafine Pt NPs to get the

Pt/CTF@SiO, composite (1). Pure silica spheres were also used to obtain the Pt/SiO, system (2) as a
3
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reference catalytic material. Both latter heterogeneous catalysts were thoroughly charagterized by
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microscopic, spectroscopic, diffraction and thermogravimetric techniques and then used to promote
the hydrogenation of butane-2,3-dione (2,3-BDO) and of pyruvic acid (PyA) in water. The chemo-
selective conversion of both substrates into butane-2,3-diol and lactic acid, respectively, which are
known to be bio-based platform molecules?®?! is challenging, since either substrate undergo
undesired side reactions due to their reactivity (i.e. dimerization of 2,3-BDO due to the keto-enol
tautomerization?? and decarboxylation of PyA??). Hence the development of an efficient, recyclable
hydrogenation catalyst, which is efficiently operative at relatively low reaction temperature to prevent
high temperature-stirred side reactions would be highly welcome. To this aim, we propose a
heterogeneous nitrogen-atom stabilizing support material that efficiently stabilizes Pt NPs and Pt-N
interactions occurring at the interface foster heterolytic hydrogen splitting, which is ideal for polar

functional group hydrogenation.?*?3

2. Experimental

2.1 Materials

Mesitylene (98 %, Merck®) was distilled over metallic Na and then stored in a dry argon atmosphere.
The following reagents were purchased from Merck® and used as received without any further
purification: ethanol (purity 99.0 %), ammonia solution (25-28 %), tetraethoxysilane (TEOS, purity
98.0 %), (3-aminopropyl) triethoxysilane (APTES, purity 99.0 %), dimethyl sulfoxide (purity 99.7
%), terephthalaldehyde (TPA, purity 99.0 %), cesium carbonate (purity 99.0 %), tetrahydrofurane
(THF, purity 99.9 % inhibitor free), n-pentane (purity 99.0 %). 2,3-BDO and PyA were purchased

from Aldrich and used as received. Water used for catalytic reactions was bidistilled prior to use.
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. View Article Online
2.2 Synthesis DOI: 10.1039/D5DT02604K

Synthesis of SiO, spheres

Deionized water (40 mL) and ethanol (240 mL) were mixed at 32 °C for 30 min, then ammonia
solution (6.8 mL) was slowly added to the latter mixture. Afterwards, TEOS (24 mL) was quickly
added to the solution and reaction continued for 5 h, giving monodisperse SiO, nanospheres, which

were washed several times with ethanol, centrifuged and then vacuum dried for 24 h.

Synthesis of CTF@SiO;

The covalent triazine framework grafted on silica nanospheres (CTF@SiO,) was synthesized
following a previously reported procedure.?® SiO, nanospheres (5.0 g) were dispersed in ethanol (900
mL) by sonication. Then, APTES (1.5 mL) and ethanol (100 mL) were mixed and then slowly added
to the silica ethanol suspension under vigorous stirring at 32 °C. The reaction continued for 12 h

yielding an amino group-functionalized silica (NH,-Si0,), which was washed with water and ethanol

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

by centrifugation and redispersion, and dried by vacuum for 24 h. Then, NH,-SiO, (625 mg) was

Open Access Article. Published on 09 January 2026. Downloaded on 1/22/2026 12:56:44 AM.

suspended in DMSO (50 mL) and ultrasonically dispersed at ambient temperature until a uniform
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suspension was obtained. Afterwards, terephthalaldehyde (TPA, 8.0 mg) was added to the above
suspension which was stirred at 60 °C for 12 h, followed by the addition of 1,4-terephthalamidine
dihydrochloride (52.9 mg), synthesized according to ref. [27] (see SI section 1.1 for details), and
cesium carbonate (120 mg) at 60°C. The reaction continued for 12 h at the latter temperature, before
it was raised to 80 °C and maintained at the latter temperature for 12 h. Then terephthalaldehyde (25.5
mg), 1,4-terephthalamidine dihydrochloride (171.1 mg and cesium carbonate (240 mg) were added
to the above reaction system and reacted at 100°C for 24 h. The temperature was then maintained at

120 °C for an additional 24 h. The solid (CTF@SiO,) was washed with H,O and centrifuged. The
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obtained solid was then transferred back to the flask, stirred in THF for 2 h, centrifugegbm%](}%ﬁg@gﬁjg”“”e

04K
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with THF and then dried by vacuum for 1 day (final mass 781 mg).

Synthesis of Pt NPs

The synthesis of sub-nanometric Pt NPs was carried out following the metal vapor synthesis (MVS)
method. [18] Briefly, Pt vapor generated at 10> mbar by resistive heating was condensed with
mesitylene vapor (100 mL) onto the cold walls of a glass reactor maintained at -196 °C (liquid
nitrogen) for 1 h. The reactor chamber was then heated to the melting point of the solid matrix (ca. -
40 °C) and the resulting mesitylene-stabilized Pt metal atoms (95.0 mL, 0.80 mg/mL Pt, measured by

ICP-OES) were kept under argon atmosphere in a Schlenk tube at -80 °C.

Synthesis of Pt/CTF@SiO; (1)

A Pt/mes solution (20 mL) was added to CTF@SiO, (800 mg) dispersed in mesitylene (10.0 mL)
under stirring for 12 h. Afterwards the solvent was removed and the obtained solid (Pt/CFT@Si0,)
was washed with n-pentane (3 x 20 mL) and dried under reduced pressure to give 1 (810 mg) as a
yellow-brown powder. The Pt loading determined by ICP-OES (2.0%) indicated a nearly quantitative

deposition of the metal on the support.

Synthesis of Pt/SiO; (2)

The synthesis of 2 was prepared by applying the same synthesis method and using SiO, spheres

(reported in section 2.2) instead of CTF@SiO,, as support. A quantitative deposition of Pt clusters
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onto the support was obtained leading to a final Pt loading of 2.0 wt.%, as proved by ICP-/OFES

analysis conducted on 2.

2.3 Characterization

Inductively coupled plasma — optical emission spectroscopy (ICP-OES) analyses were carried out
with an ICP-Optical emission dual view Perkin Elmer OPTIMA 8000 apparatus. The Pt/mes solution
(0.5 mL) (MVS) was heated over a heating plate in a porcelain crucible to remove the solvent, and
the solid residue was digested in aqua regia (2.0 mL) for 6 h. The latter solution was then diluted with
ultrapure water (PureLab Pro, 18.2 MQ.cm). For the determination of the catalysts’ metal loading,
the catalyst (10 mg) was treated with aqua regia (4 mL) and refluxed for 6 h. The suspension was
then diluted with diluted with ultrapure water and centrifuged to remove the silica residue.
Quantification of Pt was obtained by means of a calibration curve obtained with suitable diluted Pt
stock solutions. The limit of detection (L.O.D.) calculated for platinum was 2 ppb. In all cases, the

results of MV solution and catalyst loading were highly consistent.

Fourier-transformed infrared (FT-IR) spectra were recorded in ATR mode on sample powder using
a Frontiers FTIR spectrometer (Perkin Elmer, Milan, Italy), equipped with a diamond-attenuated total
reflectance (ATR) sampling accessory. For each sample three spectra were recorded in 4000—600

cm™! spectral range with a 4 cm™ resolution, with 32 scans for the background and the sample.

Nitrogen physisorption isotherms were collected with a Micromeritics ASAP2020 instrument.

Prior to the analysis carried out at 77 K, the sample was treated under high vacuum at 200 °C for 2 h.

Powder X-ray diffraction (PXRD) was carried out with a PANalytical powder diffractometer

equipped with a copper anode (CuKo-radiation, A = 1.541874A) and a PIXcel detector. Samples were

4K
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prepared on a Si wafer (zero background) and spectra acquired in the 20 interval from 10,0, t¢80:0% e

4K
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with a step size of 0.0263° and a counting time of 167.8 s.

Transmission Electron Microscopy (TEM) characterization was performed using a Talos™ F200X
G2 TEM microscope (Thermo Scientific). Energy dispersive X-ray spectra (EDS) and element maps
were collected along with HAADF-STEM (high angular annular dark field scanning transmission
electron microscopy) micrographs and four-detector Super-X Energy Dispersive. Samples for
analysis were ultrasonically dispersed in iso-propyl alcohol and a drop of the suspension was

deposited on a holey carbon copper grid (300 mesh).

X-ray photoelectron spectroscopy (XPS) analyses were carried out in a UHV chamber (10-°/10-
"mbar) equipped with non-monochromatized Al radiation (hv = 1486.6 ¢V, VSW-TA1) combined
with a hemispherical electron/ion energy analyzer (VSW-HA100 with a 16-channel detector). The
operating power of the X-ray source was 144 W (12 kV and 12 mA), and photoelectrons were
collected normal to the sample surface, maintaining the angle between the analyzer axis and the X-
ray source fixed at 54.5°. All samples were adsorbed on carbon tape, and the XPS spectra were
acquired in a fixed analyzer transmission mode with a pass energy of 44.0 eV. CasaXPS software
was used to analyze the spectra and a linear or Shirley function was used for the background
correction. The deconvolution of XPS spectra has been performed by applying a combination of
Gaussian and Lorentzian functions (70/30 ratio) for Nls and Cls and Lorentzian Asymmetric
Lineshapes for Al2p and Pt4f. All the binding energies (B.E.) were calibrated upon fixing Cls of the

carbon tape at 285.1 V.28

Thermogravimetric analyses (TGA) were carried out using a SEIKO SII TG/DTA 7200 EXSTAR
instrument (Chiba, Japan). Samples with masses between 3 and 5 mg were heated from 30 to 900 °C
under a nitrogen flow of 200 mL min™!, at a constant heating rate of 10 °C min™"'. The rate inflection
temperatures corresponding to the different degradation steps were determined from the first-

derivative thermogravimetric (DTG) curves. The final residue was evaluated at 900 °C.
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High performance liquid chromatography (HPLC) analyses were carried out on a HPLC appatatis
(Shimadzu), equipped with an Aminex HPX-87H chromatograhic column (300 x 7.8 mm) (BIO-
RAD) and a RID 10A detector. All analyses were carried out using sulfuric acid (0.005M) as eluent
and applying a flow rate of 0.4 mL/min and a column temperature of 35 °C. All organic compounds

were quantified by means of calibration curves.

'"H NMR spectra were recorded with a Bruker AVANCE 400 spectrometer at room temperature

using an Evans tube filled with D,0.

Gas chromatography-mass spectrometry (GC-MS) was carried out with a GC-MS 2010SE
apparatus (Shimadzu) equipped with a capillary column (VF WAXms, 30.0 m x 0.25 mm % 0.25 um)

and He as carrier gas.

2.4 Catalysis

Catalytic hydrogenation reactions were conducted in a teflonated stainless steel autoclave (70 mL)
equipped with magnetic stirring an electronic pressure controller and a thermocouple. The autoclave
was heated by means of an external temperature-controlled oil bath. Typically, catalytic reactions
were conducted as follows: The autoclave was charged with catalyst (20 mg) then sealed and
evacuated. Afterwards a deaerated water solution of the substrate (20 mL, 57.5 mM) was introduced
into the autoclave by suction, followed by heating it to the desired temperature. Once the reaction
temperature was reached, the autoclave was pressurized with hydrogen (25 bar) and magnetically
stirred for the desired reaction time. The autoclave was then cooled to 10 °C by means of a water-
ice bath, excess gas vented off and the solid catalyst separated from water solution by centrifugation.
The clear water solution was analysed by HPLC, '"H NMR spectroscopy, GC-MS spectrometry and
ICP-OES. Recycling experiments were carried out upon washing the separated catalyst with water

followed by centrifugation. The wet catalyst was then redispersed in water (20 mL) which contained

9
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the substrate (1.15 mmol). The obtained suspension was transferred into the evacuated autochyeby e
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suction. The autoclave was then successively, sealed, slowly flushed with hydrogen for 2 minutes,
heated to the desired temperature and then pressurized with hydrogen (25 bar) followed by
magnetically stirring of the reaction suspension. Catalysts 1 and 2, recovered and objected to TEM,

XPS and PXRD analyses were extensively rinsed with water and then vacuum-dried at 50 °C.

3. Results and discussion

3.1 Synthesis and characterization of the materials

The synthesis approach of SiO, spheres and CTF@Si0, spheres is represented in Fig. 1. Following a
previously reported procedure,?’ uniform SiO, spheres with diameters ranging 240-260 nm were
prepared. The SiO, spheres were treated with (3-Aminopropyl) triethoxysilane (APTES) and the
amino groups present at their surface were further used to anchor terephthalaldehyde by a Schiff base
reaction (see FT-IR spectra reported in Fig. S1). The aldehyde monomers were then reacted with 1,4-
terephthalamidine dihydrochloride at the surface of the material and finally both precursors were

added simultaneously to obtain the final CTF@Si0,.

Ultrafine Pt NPs were synthesized as ligand-free particles in their reduced form by MVS
approach!®? and supported on either CTF@SiO, or SiO, to get the composites 1 and 2, respectively,
that were then stored at room temperature, under a dry air atmosphere. The quantitative deposition of
Pt NPs on the supports was verified by ICP-OES analysis, which gave a final Pt content of 2.0 wt.%

for both 1 and 2.

10
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Fig. 1. Synthesis method for 1.

Transmission electron microscopy analysis was performed to investigate the structural and
morphological features of both the pristine supports CTF@SiO, and SiO, (Figs. 2 a)-c), and Fig. S2,
respectively) and of the corresponding derived catalysts 1 and 2 (Figs. 3 and S3, and Fig. S4,
respectively). TEM analysis of the CTF@Si0O, and SiO, support showed in both samples the presence
of Si0; spheres with a very homogeneous size distribution, ranging from 240 to 260 nm in diameter.

In addition, CTF@Si0O, exhibited the additional presence of a rough organic shell (CTF) 25 to 30 nm

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

thick covering the entire surface of the SiO, spheres. HAADF-STEM/EDS element map analysis

confirmed the presence of both carbon and nitrogen atoms at the outer shell of the CTF-Si0, spheres.

Open Access Article. Published on 09 January 2026. Downloaded on 1/22/2026 12:56:44 AM.

Interestingly, no formation of segregated organic aggregates outside of the SiO, surface was
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observed. Moreover, FT-IR spectra of CTF@SiO, support (Figure 2 d)), as well as of the SiO,
functionalization intermediates (i.e. SiO, surface reaction with APTES and the further modification
with TPA, Fig S4), confirmed that the growth of the organic framework successfully occurred at the
surface of the silica spheres. The obtained CTF@SiO, exhibited characteristic vibrations of the
triazine units at 1523 and 1367 cm™!, ascribed to C=N stretching vibrations that are identical to that
observed for the bare CTF bulk material. Moreover, as expected, the Si-O stretching frequency at

1078 cm™! were observed in the examined samples (Figs. 2 d) and S1).

11
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To get further insight in the structural features of CTF@SiO, X-ray Photoelectron Specirscopic
(XPS) analyses were carried out (Figs. 2 e and S5). Survey spectra of the support showed the presence
of the expected element composition (i.e. Si, C, N and O). High-resolution N1s XPS spectra reported
in Fig. 2 e), revealed a main component centred at a binding energy (B.E.) 0f 399.0 eV, which proves
the presence of pyridinic nitrogen (C=N—C) stemming from the CTF triazine moieties. In addition, a
second N1s photoelectron contribution at B.E. of 400.7¢V and a shakeup component B.E. of 402.5
eV confirmed also the presence of oxidized nitrogen atoms in the CTF framework.3%-32 The Si2p
photoelectron spectrum of both supports was characterized by a single contribution at B.E: of ca.
103.7 €V, which corroborated the presence of SiO,.3* While bare SiO, microspheres exhibited a
specific surface area (SSA) of 16 m?/g, the presence of CTF on the surface of the SiO, spheres
(CTF@Si0,) significantly increased the SSA to 33 m?/g (Table S2). Very low porosity was observed
for both materials (Fig. S6) and the H3 type hysteresis loop indicates slit-shaped pores, which are

typical of aggregates of plate-like particles.

TEM analysis of both MVS-derived 1 (Figs. 3 a and b), and Fig. S3) and 2 (Fig. S4) showed no
appreciable alterations in the structural and morphological properties of the corresponding pristine
supports. TEM analysis at high magnifications along with HAADF-STEM/EDS platinum maps
showed the presence of highly dispersed Pt-NPs along the support surface, falling in the sub-
nanometer range (< 1.3 nm) for both 1 and 2 (Fig. 3b) and S3, and S4, respectively). Similar results
were previously reported by depositing pre-formed MVS-derived Pt/mesitylene NPs on different

carbon-based supports.!®2°

12
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Fig. 2. Representative TEM micrographs of CTF@Si0, acquired at low and high magnification, a)
and b), respectively; HAADF-STEM/EDS element map, c); FT-IR spectra of SiO,, CTF and
CTF@Si0,, d); High resolution N1s XPS spectra for CTF@SiO,, (upper part) and 1 (lower part), e).

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

The FT-IR spectrum of 1 (Fig. 3 c)) resulted very similar to that registered for pristine CTF@SiO,,

Open Access Article. Published on 09 January 2026. Downloaded on 1/22/2026 12:56:44 AM.
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which is indicating the absence of any significant support modification during the immobilization of

Pt NPs onto CTF-SiO,.

XPS analysis of 1 showed the presence of the expected element composition (i.e. Si, C, N, O and
Pt) (Fig. S7) and the corresponding N 1s photoelectron spectrum (Figure 2 €)) showed the same feature
as that found for CFT@Si0,. In addition, the B.E. for the pyridinic nitrogen atom at B.E. of 399.1
eV is almost identical to that found for CTF@Si0; (399.0 eV), indicating that no Pt—N interaction
was detected between the surface Pt and nitrogen atoms of CTF, likely due to the low Pt loading (2

wt.% Pt, see Section 2.2). Interestingly, the Si2p photoelectron peak of 1 and 2 exhibited the same

13
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characteristic B.E. of 103.7 ¢V but notably differed in intensity, which is a clear hint for the ptesence: e
of the CTF layer entirely covering the SiO;, nanospheres (Fig. 87). Pt4f XPS spectrum shown for 1 in
Fig. 3 d) contains two contributions which correspond to Pt(II), which is the major fraction (83.3
at.%), at B.E. of 72.3 eV (Pt4f+,) and Pt(0) at B.E. of 71.1 eV (Pt4f7,).3*3 Interestingly, the Pt4f
photoelectron spectrum of 2 is characterized by the presence of a lower percentage of surface Pt(II)
atoms (i.e. 68.5 at%, Table S1), which might hint to an easier oxidation of surface Pt atoms in 1 due

to electron donation originating from CTF nitrogen atoms, compared to 2 (i.e. Pt(Il) 68.5 at%, Table

S1, Fig. S9).

a) b)

c) d) Pt 4f
-~ 2000 -
> —
© 3
~ 1]
© < 1600 4
c 2z
o ®
£ E, 1200 4
w c
2 S
= —CTF@SIO, N
— 800
T T T T T T R L D L T . DL
4000 3500 3000 2500 2000 1500 1000 84 82 80 78 76 74 72 70 68
Wavenumber cm™) Binding Energy (eV)

Fig. 3. Structural characterization of 1: representative TEM micrographs acquired at low, a), and high
magnification, b), respectively; FT-IR spectra, ¢); high resolution XPS spectra in the Pt4f core region
showing also the Al2p photoelectron peaks (orange peaks) originating from a perforated aluminium

foil which covered 1 during drying under reduced pressure, d).

14


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt02604k

Page 15 of 24 Dalton Transactions

Open Access Article. Published on 09 January 2026. Downloaded on 1/22/2026 12:56:44 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online
DOI: 10.1039/D5DT02604K

The thermal behaviour of 1 and of the corresponding support was investigated by TGA under nitrogen

atmosphere (Fig. 4).

1 00 _ | ' 1 ! 1 | ! I ' 1 v 1 ! I
] \— 200
90 - 3
80 - : 150 __
g _ z £
= 704 — SO i. E
.% SiOZ@CTF : L 100 5
2 5l —1 a
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! ‘. !
L - \
40 e T .
F.»/——f‘-u-.‘ﬁmdram‘-j;r_}x-.w;‘nw_ .;xmw.:ﬁ,'::,'ﬁ“ff 10
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Fig. 4. Thermogravimetric analysis of SiO,, CTF@Si0,, 1, and bulk CTF material.

The TGA curve of pristine silica (SiO;) showed a minor weight loss of about 6 wt.% up to 900 °C
mainly due to the desorption of physically adsorbed water below 150 °C (about 2 %) and to the
condensation of surface hydroxyl groups above 200 °C.3¢ In contrast, silica coated with the covalent
triazine-based framework (CTF@SiO,) showed an initial weight loss starting around 200 °C and
continuing up to 600 °C, followed by a second step between 600 and 900 °C, consistent with the
decomposition of the organic framework as observed for the bulk CTF reference. The overall mass
loss of this sample (=18% at 900 °C) corresponds to a CTF content of about 20-25 wt.%. 1 showed a
similar decomposition profile to that of CTF@Si0,, with a slightly higher total weight loss (=19% at

900 °C), confirming a comparable amount of CTF.

15
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Catalysts 1 and 2 have been screened in water for the hydrogenation of 2,3-BDO and PyA by applying
a substrate to Pt molar ratio of 561. The reaction products were analyzed by means of HPLC, 'H
NMR spectroscopy and GC-MS spectrometry. All obtained products were quantified by HPLC using
calibration curves for each compound. All catalytic reactions were carried twice and the reported
results, compiled in Table 1, are average values. To avoid diffusion-controlled reactions, the stirring
speed of the autoclave (i.e. magnetic stirring) was optimized to 1000 rpm. Also, the hydrogen pressure
used in the catalysts’ screening (i.e. from 5 to 30 bar) was optimized to 25 bar (Table 1). The relatively
high hydrogen pressure, needed to obtain a rational conversion of intermediate A into B and C is due
to the low solubility of hydrogen in water.3” In contrast, the conversion of 2,3-BDO in intermediate

A occurs at high conversion already at low hydrogen pressure (5 bar) (Table 1).

Irrespective of the catalyst used, the hydrogenation of 2,3-BDO was found to give three reaction
products, namely 3,4-dihydroxy-3,4-dimethylhexa-2,5-dione (A), 3-hydroxy-butan-2-one (B) and
butane-2,3-diol (C), whereas in the absence of the Pt-based catalyst, no substrate conversion occurred
(Table 1, entry 1). Upon carrying out catalytic reactions with either catalyst at two different reaction
temperatures (i.e. 85 and 105 °C) the stepwise hydrogenation reaction from 2,3-BDO to butane-2,3-
diol was obvious.’®4? At 85 °C 2,3-BDO was converted first into the dimer A, which successively
converted into B, as confirmed by catalytic reactions conducted at the latter temperature at different
reaction times (Table 1, entries 2, 3 and 9). The chemical nature of dimer A has been proved by 'H
and BC{'H} NMR spectroscopy (Figs. S10, S11) as well as by MS analysis (Fig. S12). This dimer
formation contrasts those reported for 2,3-BDO occurring in dichloromethane in the presence of Pt
NPs decorated with nitrogen atom containing ligands.!? The formation of compound A occurred by
a reductive coupling of two molecules of 2,3-BDO in the presence of NPs’ surface Pt(0) atoms, which
action as reducing agent, while water is needed to protonate the deprotonated diol intermediate

yielding A (Scheme S1).43# The experimental fact that in the absence of hydrogen 2,3-BDO was not

16
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converted into A, whereas in the presence of a relatively low hydrogen pressure (5 bar) a high' 23270

604K

BDO conversion into A (95%, Table 1, entry 5) was observed, indicates that hydrogen is needed to

regenerate Pt(0) NPs’ surface atoms.

Table 1. 1 and 2-catalyzed hydrogenation of 2,3-BDO and PyA in water.

(}_<O

w B oM O OH HO  OH
2
OH o : f ‘
A B

2,3-BDO C
Entry?  Catalyst t(h) T(°C) Conv. A (%) B((%) C (%) D E F G
Substrate [meso/rac] (%) (%) (%) (%)
(%)
1 - 1 85 - - - -
2 1 0.5 85 93.1 65.9 33.6 0.5
3 1 1 85 96.5 52.2 45.9 1.9
4¢ 1 1 85 - - - -
5d 1 1 85 95.0 75.2 24.8 -
6° 1 1 85 97.0 68.2 31.8 -
7t 1 1 85 98.0 60.0 39.0 1.
8¢ 1 1 85 97.5 51.0 47.9 1.1
9 1 3 85 100.0 35.2 62.6 2
10 2 1 85 96.5 76.8 23.2
11 2 3 85 99.5 44.5 55.5 -
12 1 3 105 100.0 - 76.8 23.2
13 1 15 105 100.0 - 0.9 99.1/[3/4]
14 2 3 105 100.0 2.1 95.5 2.4
15 2 15 105 100.0 - 80.9 19.1/[3/4]
160 2 3 105 89.0 20.0 79.0 1.0
170 1 3 105 100.0 77.0 23.0
18i 1 3 105 100.0 77.3 22.7
19 1 3 105 100.0 77.8 22.2
0] O H, HO (0] O 0
OH OH OH_(OH _\OH
PyA D E F G
20 - 1 105 - - - - - - - -
21¢ 1 1 105 - - - - -
22f 1 1 105 77.2 929 22 1.9 3.0
23 1 1 105 85.6 - - - 909 29 22 4.0
24¢ 1 1 105 86.5 892 29 39 4.0
25 2 1 105 324 - - - 83.7 5.5 6.9 3.9
26 2 2 105 52.8 91.6 29 2.1 34
27h 1 1 105 86.7 90.9 59 27 0.5
281 1 1 105 85.6 90.7 5.5 3.8 -

17
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29i 1 1 105 85.1 89.9 5,0, J§upriceonine

a Catalytic condition: Catalyst (20.0 mg, 2.05 umol of Pt), substrate (1.15 mmol), water (20.0 mL), p(H,) (25
bar). ®(rac/meso ratio close to 1).¢ Without Hy; 4 p(H;) (5 bar); ¢ p(H;) (10 bar); fp(H,) (20 bar); & p(H,) (30 bar);
h Ist recycling. ' 2" recycling; | 3" recycling.

At 85 °C only small amounts of C (2.2%) were obtained with the most active catalyst 1 after a
reaction time of 3 h (Table 1, entry 9) (Fig. S13). Upon increasing the reaction temperature to 105
°C, a notable conversion of 2,3-BDO into C (23.2%) was obtained for 1 (Table 1, entry 12), while
almost quantitative formation of C (99.1%) was gained after a reaction lasting 15 h (Table, entry 13)
(Figs. S14, S15). In contrast, 2 led to only 19.1% of C under these latter conditions (Table 1, entry 15
vs 13). Irrespective of the catalyst, both stereoisomers of C (meso/rac) were obtained in a 3:4 molar

ratio (Table 1).

The hydrogenation reactions of PyA#-4¢ conducted in water at 105 °C and with a hydrogen
pressure of 25 bar gave lactic acid (D) as major compound, irrespective of the catalyst used (Figs.
S16, S17) (Table 1, entries 20-29). Along with lactic acid, propionic (E) and acetic acid (F) as well
as trace amounts of ethanol (G) were formed, when fresh catalysts were used. Propionic acid was
obtained from lactic acid by a dehydration/hydrogenation step.*’->! Acetic acid and ethanol are mainly
obtained upon decarboxylation of PyA.3>33 Analogously to the results obtained in the hydrogenation
of 2,3-BDO, 1 showed significantly higher catalytic activity compared to 2 (Table 1, entry 23 vs 25)
along with a higher lactic acid selectivity (90.9 (1) vs 83.7 (2), due to the formation of lower amounts

of propionic and acetic acid.

The significantly higher catalytic hydrogenation activity of 1 compared to 2 is the consequence of
efficient surface Pt-N interactions between NPs’ surface Pt(0) atoms (Lewis acid sites) and support-
nitrogen atoms (Lewis base sites). These Lewis acid-base couples foster the heterolytic hydrogen
splitting which leads to the formation of surface Pt-hydride species, which are the real catalytic
species, operative in hydrogenation reactions when polar functional groups, such as C=0O bonds are

intend to convert to the corresponding alcohol functionality.>*
18
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The stability of both catalysts during hydrogenation reactions in water was verified by carfyiig:
out recycling experiments, I[CP-OES analyses of the reaction solution after hot filtration, and the
structural characterization of the recovered catalysts. As a result, recycling experiments conducted
with 1 and 2 under identical catalytic condition proved that 1 gave almost identical substrate
conversion for three consecutive catalytic reactions, using 2,3-BDO as substrate (Table 1, entries 17-
19), which is in stark contrast to the drop of catalytic activity found for 2, already after the first
recycling experiment (Table 1, entry 16 vs 14). In addition, in consecutive catalytic reactions using
PyA as substrate, 1 showed also an almost identical conversion with high lactic acid selectivity of
roughly 90 % maintained throughout four consecutive catalytic runs (Table 1, entries 23 vs 27-29).
ICP-OES analyses of the hot filtered solutions gave for both catalysts low leaching, which was close
to the detection limit of the instrument (< 2 ppb). TEM analyses of recovered 1 and 2 (i.e. after 15 h
reaction time at 105 °C (1) and after 3 h reaction time at 105 °C (2)), are shown in Figs. 5a and b,
respectively and confirm the high stability of 1 against sintering (Pt NPs of recovered catalyst showed
comparable size respect the as synthesizes one). On the other hand, strong sintering of the Pt NPs was
observed in case of 2 (Fig. 5 b)). In agreement with the TEM results, PXRD spectra acquired for
recovered 1 and 2, showed only in case of 2 the presence of the characteristic diffraction peaks
assigned to fcc Pt (i.e. Pt (111) at 39.6 (2@) and Pt (200) at 46.4 (2@)) (Fig. 5 ¢)), (Fig. 5 ¢), trace d;
the PXRD pattern of pristine Pt-NPs are shown in Fig 5c, trace e). This experimental result confirms
strong sintering of Pt NPs in 2 (i.e. average NPs’ size of 2.8 nm has been determined by the Debye-
Scherrer method [46] based on the Pt(111) Bragg reflex). The TGA curve of recovered 1 (i.e. after
four catalytic cycles) (Fig. S18) is almost identical to that of as-synthesized 1, confirming the high
stability of the organic CTF phase under real catalytic conditions. The temperature corresponding to
the maximum degradation rate (DTG peak) was observed at approximately 700 °C, which is
comparable to that of pristine CTF, but shifted relative to the CTF@Si0O,, where the peak appeared

around 640 °C. The high stability of SiO,-supported CTF under the chosen catalytic conditions is

19
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furthermore confirmed by the identity of the FT-IR spectra of recovered 1 (after 3 catalyticicycles)

and as-synthesized 1 (Fig. 5 d)).

a)

2.
o
'

—1
— 1 after 3° cycle

Intensity (a.u.)

Trasmittance (a.u.)

d
~PH022) o
AR ST T A G o e “zTh’:ta(;;' 4000 3500 3000 2500 2000 1500 1000

Wavenumber ¢cm™)

Fig. 5. Representative TEM micrograph of recovered 1 (after 15 h reaction time at 105 °C (a) and
recovered 2 (after 3 h reaction time at 105 °C (b)) ; PXRD spectra acquired at room temperature for
1 and 2 (c)): as-synthesized 1 (a); recovered 1 (b); as-synthesized 2 (¢) recovered 2 (d) and pristine
Pt-NPs (e); FT-IR analysis of as-synthesized 1 (green) and recovered 1 after three catalytic cycles
(orange)(Table 1 entry 19).

4. Conclusion

We showed that sub-nanometric-sized Pt NPs (<1.3 nm), synthesized by MVS technique and
supported onto a covalent triazine (CTF) framework, which entirely covers SiO, nanospheres (1),
were highly active in the hydrogenation of 2,3-BDO and PyA in water. Butane-2,3-diol and lactic
acid were selectively obtained under relatively mild reaction conditions (i.e. T, 105 °C and p(H,), 25

bar). Related catalytic systems hydrogenate 2,3-BDO mainly to 3-hydroxy-2-butanone using ethanol,
20
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toluene, iso-propanol or dichloromethane as reaction medium*-> and PyA is hydroggnated ifi:water
to lactic acid using Ru-based catalysts.*->* The crucial role of CTF for the electron donation to surface
Pt(0) centers, favouring the formation of Pt-H species which are the dominant catalytic species for
C=0 bon hydrogenation and stabilizing the Pt-NPs during real catalytic reaction conditions, has been
proved by: (i) comparing the catalytic activity of Pt NPs onto SiO; (2) (i.e. Pt NPs synthesized by the
same method as 1, showing hence the same Pt dispersion on the support surface) which showed not
only a higher catalytic activity for 1, irrespective of the substrate, but also a higher chemoselectivity
mainly in the hydrogenation of PyA to lactic acid (Table 1, < 90%); (if) TEM and PXRD analyses
conducted on recovered 1 and 2, which confirmed in contrast to 1, 2 experienced a notable NP
sintering even after relative short reaction times (3 h); (iii) recycling experiments conducted with 1,

which gave almost identical catalytic performance in four successive catalytic reactions, regardless

of the substrate used.
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