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Abstract 

In this work we followed the formation of palladium nanoparticles, starting from palladium (II) 

acetate precursor, inside a poly(4-vinylpyridine-co-divinylbenzene) polymer in presence of different 

reducing agents. The formation and growth of palladium nanoparticles in presence of H2was 

followed as a function of temperature by simultaneous XANES-SAXS techniques, coupled with DRIFT 

spectroscopy in operando conditions. It was found that the pyridyl functional groups in the polymer 

plays a fundamental role in the stabilization of the palladium (II) acetate precursor, as well as in the 

stabilization of the palladium nanoparticles. The effect of a thermal treatment in alcohol (ethanol and 

2-propanol) was preliminarily investigated by means of DRIFT spectroscopy in operando conditions. 

We found that alcohols act as reducing agents for Pd(OAc)2. The obtained palladium nanoparticles 

were preliminarily characterized by means of IR spectroscopy using CO as probe molecule. 



1. Introduction 

Metal nanoparticles supported on high-surface-area supports are fundamental materials for catalytic 

applications exhibiting enhanced performances compared to unsupported metal nanoparticles and 

homogeneous catalysts. In fact, support prevents particles growth and aggregation and allows an easier 

separation and recovery of the spent catalyst from reaction mixture. Considering the whole branch of 

heterogeneous catalysts com-posed of metal nanoparticles, those based on palladium are widely employed in 

several applications, in combination with various sup-ports having organic (such as carbons) or inorganic 

(Al2O3, SiO2, and others) nature [1–3]. In particular, palladium nanoparticles supported on porous polymers 

are a promising class of catalysts showing physical chemical properties different from the most com-mon 

carbon-based or oxide-based catalysts and attractive catalytic performances [4–13]. For example, polymer-

supported palladium-based catalysts have shown remarkable performance in coupling and hydrogenation 

reactions [14]. The polymer may act simultaneously as support and stabilizer, thanks to the dual effect of 

porosity (steric stabilization) and polar functional groups (electrostatic stabilization) [15–17]. In polymers 

without specific functional groups, such as polystyrene-based polymers, stabilization occurs only via electronic 

interaction between the π electrons of the benzene rings of the polymer and the empty orbitals of metal atoms 

[11,18,19]. For polymers having specific functional groups, instead, an additional stabilization mechanism, 

involving a σ-type coordination between hetero-donor atoms of the functional groups and the sur-face of 

metal nanoparticles, may take place. This is an effect similar to what occurs in solution in the presence of 

classical stabilizers, such as carboxylic acids, thiols, or amines [20]. Highly cross-linked porous polymers with 

functional groups combine the two stabilization mechanisms, steric and electrostatic (dipole-charge or dipole–

dipole interactions). Recently, we undertook a thorough investigation of palladium-based catalysts supported 

on highly cross-linked porous polymers with and without functional groups [21–23]. In recent papers [21–23], 

we proved that the reduction of palladium precursor(palladium(II) acetate), in the presence of H2or CO, can 

be monitored by applying simultaneously Small-Angle X-ray Scattering (SAXS) [24–26] and X-ray Absorption 

Near Edge Structure (XANES) [27–29] techniques and Diffuse Reflectance Infrared Fourier Transform (DRIFT) 

spectroscopy [30–32] in operando conditions. We found that in presence of functional groups, such as the 

pyridyl group in poly(4-vinylpyridine-co-divinylbenzene), palladium (II) acetate is stabilized through the 

coordination of Pd2+ cations, with the consequent rupture of the trimeric structure characteristic for solid 

palladium (II) acetate, and the restructuring of the acetate ligands in a monodentate coordination. In addition, 

extremely small (<2 nm) and very homogeneous palladium nanoparticles are formed upon H2 reduction [21], 

compared to those obtained in polymers without functional groups, such as poly(ethylstyrene-co-

divinylbenzene). Herein we extend our previous study to investigate the behavior of palladium (II) acetate 

inside the same poly(4-vinylpyridine-co-divinylbenzene) matrix, but in presence of alcohols as reducing agents. 

Indeed, palladium-catalyzed reactions (e.g. hydrogenation, Suzuki-Miyaura Cross-Coupling reaction, and 

others) [33] are often conducted in slurry conditions, using alcohols as solvents, because alcohols combine 

good solvation properties for organic compounds with a low price. Hence, understanding the role of alcohols 

in palladium-catalyzed reactions is of prime interest in the optimization of the reaction variables. In other 

cases, alcohols are used as reactants. For example, alcohol hydrogenation, oxidation and cross-coupling 

reactions are also catalyzed by palladium-based catalysts, either homogeneous or heterogeneous [34–41]. In 

this respect, the homogeneous Pd(OAc)2/pyridine system is by far one of the most efficient and selective 

catalyst for oxidation of alcohols to aldehydes. The reaction mechanism has been proposed by Stahl and 

coworkers [38–40] as an oxidase-style mechanism in which palladium(II)-mediated substrate oxidation (Stage 

I in Scheme 1) and aerobic oxidation of the catalyst (Stage II in Scheme 1) occur in two independent, sequential 

stages. Formally, in Stage I Pd(II) species transform into Pd0 ones, while in the Stage II oxidation by oxygen 

restores the Pd(II) original complex. These steps occur with the contemporary elimination (Stage I) or addition 

(Stage II) of acetic ligands. The main cause of deactivation for the homogeneous Pd(OAc)2/pyridine catalyst is 



the formation of metal nanoparticles, which occurs when Stage II is inhibited, that is in absence of oxygen. In 

our prospect, the palladium (II) acetate inside the porous poly(4-vinylpyridine-co-divinylbenzene) matrix may 

show catalytic behavior similar to the Pd(OAc)2/pyridine system, provided that the reaction conditions 

(reagents mixture, temperature, etc.) are properly set. To this aim it is important to understand the effect of 

alcohols on P4VP/Pd(OAc)2, in absence and in presence of oxygen, as a function of the reaction temperature. 

The present paper deals with the first step (understanding the role of alcohols in absence of oxygen), while 

the second step will be the subject of a successive work. Since alcohols are mild reducing agents, the redox 

behavior of palladium (II) acetate inside poly(4-vinylpyridine-co-divinylbenzene) in presence of H2 as a function 

of temperature is discussed first. In particular, we summarize our recent results obtained by applying: (i) 

simultaneous XANES-SAXS techniques, which give direct information on the oxidation state and electronic 

density of the palladium phase; (ii) operando DRIFT spectroscopy, which gives information on the acetate 

ligands; and (iii) IR spectroscopy of adsorbed CO, which provides information on the surface properties of 

palladium nanoparticles. In the second part of the paper we present DRIFT data in operando on the effects of 

different alcohols (ethanol and 2-propanol) on the same system as a function of temperature. 

 

 
Scheme 1. Catalytic cycle for alcohol aerobic oxidation catalyzed by homogeneous Pd(OAc)2/Pyridine catalyst as proposed by Stahl et 

al. [38–40]. Stage I (black arrows) involves alcohol oxidation into aldehyde/ketone by eliminating acetate ions as acetic acid; Stage II 

(grey arrows) involves the active species regeneration, by converting acetic acid and O2 into acetate ions and water. The absence or 

the loss of efficiency of Stage II, results in the formation of precipitated Pd0 nanoparticles, causing the deactivation of the catalyst in 

the homogeneous phase. 

 

2. Sample and Methods 

 

2.1. Investigated catalyst 

The starting catalyst was obtained by impregnating a commercial poly(4-vinylpyridine-co-divinylbenzene) 

polymer (P4VP hereafter), commercialized by Sigma Aldrich, with a solution of palladium (II) acetate (Pd(OAc)2 

hereafter) in acetonitrile, having a final palladium loading of 5 wt.%. The polymeric support has a specific 

surface area of about 50 m2∙g−1, which is relatively poor compared to other supports [21]. However the 

presence of the pyridyl group plays a fundamental role in the dispersion and in the stabilization of the 

palladium precursor. After impregnation, the sample was dried at room temperature. Finally, the sample was 

gently grinded in a mortar in order to obtain a powder. 

 

2.2. Experimental methods 

FT–IR spectra were collected in diffuse reflectance mode (DRIFT) on a Nicolet 6700 instrument, equipped with 

a MCT detector, using a Thermo Fisher Environmental Chamber to record data under reaction conditions. FT-

IR spectra were recorded at regular temperature intervals during the whole reaction at a spectral resolution 



of 4 cm−1, averaging 64 spectra. Thermal treatments in presence of H2 or alcohols were performed following 

a temperature ramp of 2 °C∙min−1, from 25 °C up to 200 °C. The cell was connected to a gas-flow system (under 

atmospheric pressure), equipped with Brooks Instrument Delta Smart Mass Flow Controllers (MFC), controlled 

via Read Out & Control Electronics 0154 by Brooks Instrument. The MFCs were calibrated for each gas used 

using Agilent Optiflow 570instrument. A total flow of 25 ml∙min−1 was used. Reduction was performed either 

in H2 (5% H2 in N2), or in presence of alcohols (ethanol and 2-propanol). In the latter cases, vapors of alcohols 

were dosed from the liquids at room temperature, exploiting a 25 ml∙min−1 N2 stream. After the reduction 

step, the sample was cooled at room temperature in inert atmosphere. Successively, 50% CO in N2 (total flow 

= 25 ml∙min−1) was dosed, in order to investigate the eventual formation of the nanoparticles and their surface 

properties. Simultaneous XANES-SAXS measurements were performed on the BM26A beamline at the ESRF 

facility (Grenoble, France), by using the experimental set-up discussed elsewhere [42,43]. The samples in 

powder form were placed in a 2 mm glass capillary connected to a gas flow system, and heated with a heat 

gun. Thermal treatments and gas dosing were the same applied during the DRIFT measurements. Fluorescence 

XANES spectra at the Pd K edge (24.35 keV) were collected with a 9-element Ge detector. A double crystal 

Si(111) monochromator was used; the energy delivered was calibrated measuring the XANES spectrum of a 

palladium foil in transmission mode. The spectra were normalized and treated with the Athena software [44]. 

The SAXS patterns were collected by using a 2D Mar CCD detector. The sample-to-detector distance was 

calibrated according to the peak position of a standard Ag behenate powder sample. The energy change during 

XANES measurements (about 120 eV: ΔE/E = Δλ/λ < 5 × 10−3) was irrelevant to SAXS collected with a photon 

energy so high that the incident beam wavelength can be treated as constant, λ = 0.509(1) Å. The resulting q-

range was 0.5–7 nm−1 (with the module of the scattering vector q = 4π sinθ/λ, in which θ is half of the scattering 

angle), allowing to investigate the 12.5–0.7 nm d-spacing interval (d = 2π/q). We decided to collect a single 

XANES/SAXS spectrum/pattern in 300 s, corresponding to a temperature increase of Δt = 10 °C during the 

reduction treatment. As the readout and erasing time of the SAXS detector was of 180 s, each XANES spectrum 

was collected with an integration statistics of 120 s; in such a way we obtained a 1:1 correspondence between 

XANES spectra and SAXS patterns. According with this acquisition strategy, 16 combined XANES/SAXS 

spectra/patterns were collected along the thermal activation in H2 flow from RT to 200 °C. Four additional data 

XANES/SAXS collections were successively collected in isotherm condition at 200 °C. The SAXS data have been 

analysed by fitting the experimental patterns with the function described by Eq. (1): 

𝐼(𝑞) = 𝐴 +
𝐵

𝑞4
+ 𝐶 ∫𝐷(𝑟)𝑗(𝑞𝑅)2𝑟6𝑑𝑟  (1) 

in which the term A + B/q4 describes the Porod function [45], simulating the polymer contribution; D(r) 

corresponds to the Weibull function, accounting for the particle size distribution, defined as                                     

D(r) = (r/R)−1exp(-r/R)b, in which R is the average radius of the particles; and j(qR) is the first order Bessel 

function, accounting for spherical shape of the metal clusters. 

 

3. Results and Discussion 

 

3.1. H2 activation 

3.1.1. Simultaneous SAXS-XANES 

It has been demonstrated that SAXS and XANES techniques applied simultaneously under reduction conditions 

provide information on the evolution of the palladium oxidation state, the size of the formed palladium 

nanoparticles or aggregates and the quantity of palladium contributing to the total scattering as a function of 

both time and temperature [22,23,46–49]. Fig. 1 shows the evolution of the normalized XANES spectra         

(part a) and SAXS patterns (reported in a log–log plot, part b) at the Pd K-edge, collected simultaneously during 

thermal treatment of P4VP/Pd(OAc)2 in gaseous H2 (5% H2 in He) from room temperature (purple) to 200 °C 



(red). During the reaction, the XANES spectra (Fig. 1a) change gradually, as a result of the progressive reduction 

of the Pd2+ precursor and the formation of palladium metal nanoparticles. In particular, the edge shifts to lower 

energy, the white-line is flattened and a weak band grows at 24393 eV, ascribable to the first EXAFS oscillation 

of palladium atoms arranged in an fcc structure [21–23]. The evolution of the spectra can be better 

appreciated by observing them in first derivative (inset in Fig. 1a). The energy position of feature 1 (ΔE1) and 

the intensity of feature 2 (ΔI2) in the first derivative spectra are shown as a function of temperature in Fig. 2a. 

ΔE1 changes according to the edge position and gives information on the oxidation state of palladium. It is 

evident that almost no reduction occurs up to 110 °C. The growth of ΔI2 roughly correlates with the dimension 

of the formed nanoparticles. Feature 2 grows as soon as feature 1 starts to change. The final intensity of 

feature 2 (0.02 eV−1) is much smaller with respect to that observed for palladium metal foil (0.04 eV−1) [21], as 

expected for nanoparticles, due to the relevant fraction of low-coordination surface sites compared to the 

total amount of metal sites [50–52]. Complementary information regarding the palladium particle size can be 

obtained by the analysis of SAXS data.  

 

 
Fig. 1. Selection of spectra showing the evolution of the normalized Pd K-edge XANES spectra (part a) and SAXS patterns (in log–log 

scale, part b) collected simultaneously during reduction of P4VP/Pd(OAc)2 in H2 from room temperature (purple) to 200 °C (red) with 

a heating rate of 2 °C∙min−1; inset of part a shows the derivative of normalized XANES spectra. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article). 

 

Fig. 1b shows the evolution of I(q) vs the modulus of scattering vector (q) in logarithmic scale for 

P4VP/Pd(OAc)2 as a function of temperature during the heating ramp in gaseous H2. The patterns begin to 

change above 110 °C, in perfect agreement with the XANES data previously discussed. The SAXS data reported 

in Fig. 1b have been analysed by fitting the experimental patterns with the function described in Section 2.2. 

by Eq. (1). Fig. 2b shows the evolution of the mean particle diameter (<dSAXS> = 2R) obtained from such 

analysis. Below 110 °C the particle diameter remains almost constant around <dSAXS> = 0.70 ± 0.05 nm. When 

reduction of palladium (II) acetate begins to occur, the average particle size increases up to a value around 

1.50 ± 0.05 nm, in good agreement with previous data reported for P4VP/Pd(OAc)2 sample reduced in H2 in 

static conditions [21]. Once reached 200 °C the system was kept in isothermal condition for 20 min without 

observing any significant change neither in the XANES spectra nor in the SAXS patterns. This additional 

information confirms that the metal nanoparticle formation is complete at the end of the activation ramp in 

H2 at 200 °C. A final relevant aspect of the operando XANES/SAXS study needs to be clarified. While the XANES 

technique is element-selective, reporting information related to Pd atoms only, SAXS is not. Actually, due to 

the dilution of the Pd species, the largest contribution to the SAXS signal comes from the P4VP support. To 

validate the solidity of our SAXS data analysis (Fig. 2b) we must consequently demonstrate that possible 

evolution of the Pd4VP structure (e.g. changes in the pore distributions) along the thermal treatment in H2 

flow up to 200 °C has a negligible effect on the SAXS profile of the polymer itself. To prove this thesis, the same 

SAXS experiment reported in Fig. 1b for the P4VP/Pd(OAc)2 system has been repeated on the bare P4VP 



support and reported in Fig. 3. The evolution of the SAXS patterns of P4VP along the thermal activation in H2 

from room temperature (bold red pattern) to 200 °C (bold blue pattern) is minimal, and mainly limited in the 

0.7−1.2 nm−1 range, while the Pd nanoparticle formation affects the SAXS profile mainly in the 1.5−4.2 nm−1 

range and in a much larger extent (Fig. 1b). Consequently, we can safely conclude that the changes observed 

in the SAXS patterns of P4VP/Pd(OAc)2 are almost entirely due to changes in the supported Pd phase, and that 

the quantitative SAXS analysis reported in Fig. 2b is not biased by any significant systematic error due to 

changes in the scattering from the polymer support. 

 

 
Fig. 2. Analysis of the XANES and XAS data collected during the reduction of P4VP/Pd(OAc)2 in H2 as a function of temperature. Part (a): 

evolution of feature 1 (shift in energy-black curve) and feature 2 (change in intensity-red curve) in the derivative XANES spectra (see 

inset in Fig. 1a). Part (b): average palladium particle size as obtained from analysis of the SAXS data. (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this article). 

 

 
Fig. 3. Selection of SAXS patterns (in log–log scale) collected during activation of the bare P4VP support (i.e. without Pd) in H2 from 

room temperature (bold red) to 200 °C (bold blue) with a heating rate of 2 °C min∙−1. Same experimental set-up as in Fig. 1b. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). 

 

3.1.2. DRIFT spectroscopy 

Successively, DRIFT spectroscopy was employed to monitor in situ reduction of P4VP/Pd(OAc)2 in presence of 

gaseous H2 as a function of temperature. Fig. 4 shows the DRIFT spectrum of bare P4VP support (black) and of 



the P4VP/Pd(OAc)2 catalyst (red). The spectrum of P4VP is dominated by the absorption bands due to the 

vibrational modes of the benzyl and pyridyl rings.  

 

 
Fig. 4. DRIFT spectra of bare P4VP before (black) and after Pd(OAc)2 impregnation (red). The inset shows a magnification of the spectral 

region where the main absorption bands of the polymer and of palladium (II) acetate contribute. (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this article). 

 

The absorption bands characteristic of the pyridyl group shift after insertion of Pd(OAc)2. In particular, the two 

bands at ν = 1596 and 1414 cm−1, corresponding to the 8a and 19b vibrational modes of pyridyl functional 

group, shift to ν = 1640 and 1430 cm−1 [53]. Similar shifts of the IR absorption bands typical of the pyridyl 

groups in P4VP were reported in literature for several P4VP/metal complexes [54–57], and interpreted in 

terms of a strong interaction between the pyridyl groups of the polymer and the coordinated metal precursors. 

Hence, DRIFT spectra demonstrate that insertion of palladium (II) acetate into the P4VP scaffold occurs via 

chemical interactions involving the pyridyl groups in the polymer. In addition, the spectrum of P4VP/Pd(OAc)2 

shows two intense absorption bands at 1365 and 1315 cm−1, which are typical of acetate ligands in a 

monodentate coordination [23]. Fig. 5a shows the DRIFT spectra of P4VP/Pd(OAc)2 collected during reduction 

in H2 at increasing temperature from 25 (blue curve) to 200 °C (red curve). Treatment in H2 causes the 

decomposition of the palladium (II) acetate precursor, as demonstrated by the gradual disappearance of the 

absorption bands at 1365 and 1315 cm−1, related to the acetate groups. Acetic acid is detected as intermediate 

(absorption bands close to 1725 cm−1), but it is not stable at high reduction temperature. The inset in Fig. 5a 

shows the intensity of the absorption band at 1365 cm−1 (taken here as a reference for the acetate ligands) as 

a function of temperature. It is evident that reduction begins at a temperature around 110 °C, in good 

agreement with the XANES-SAXS results discussed above. In order to characterize the palladium nanoparticles 

obtained at the end of the reduction process, we dosed CO at room temperature at the end of the reduction 

step (hereafter P4VP/Pd sample). Indeed, DRIFT spectroscopy of CO adsorbed at room temperature is a well-

established technique to quantitatively and qualitatively characterize the surface properties of palladium 

nanoparticles [21,31,58–61]. Fig. 5b shows the DRIFT spectrum of CO adsorbed on P4VP/Pd sample collected 

after having saturated the environmental chamber, upon decreasing and the sequence of spectra collected 

upon decreasing the CO concentration in the flow. At the maximum CO coverage (θmax), two absorption bands 

are observed at 2040 and 1890 cm−1, overlapped to the intense bands due to gaseous CO at 2143 cm−1 [62]. 

The first two bands are easily assigned to linear carbonyl and bridged carbonyl species respectively     

[21,31,58–61]. Both bands are quite broad, suggesting the presence of a great variety of carbonyls, as 

expected for highly defective and/or amorphous nanoparticles [58,63,64]. Hence, the data shown in Fig. 5 

demonstrate that DRIFT spectroscopy allows to follow the reduction of P4VP/Pd(OAc)2 as a function of 



temperature and simultaneously to obtain information on the formed palladium nanoparticles. For this 

reason, in the following we apply the same technique to obtain preliminary information on the effect of 

alcohols on the same sample. 

 

 
Fig. 5. Part (a) DRIFT spectra of P4VP/Pd(OAc)2 during the thermal treatment in presence of H2. The temperature rises going from blue 

(25 °C) to red (200 °C) spectra. The inset shows the evolution as a function of temperature of the intensity of the IR absorption band 

at 1365 cm−1, which is characteristic of the acetate ligands. Part (b) DRIFT spectra (in the ν(CO) region) of CO adsorbed at room 

temperature on the P4VP/Pd sample obtained from P4VP/Pd(OAc)2 after reduction in H2, as a function of the CO concentration (from 

red at θmax, to blue at θmin). The spectra were subtracted from the spectrum of the sample prior to CO adsorption. (For interpretation 

of the references to colour in this figure legend, the reader is referred to the web version of this article). 

 

3.2. Thermal behavior of P4VP/Pd(OAc)2 in presence of alcohols: innocent or active? 

The thermal behavior of P4VP/Pd(OAc)2 was tested in the presence of different alcohols (ethanol and                   

2-propanol). As discussed in the introduction, alcohols are often used as solvents in reactions catalyzed by Pd-

based catalysts [33], or they may be used even as reactants [34–41]. Therefore, it is important to clarify if they 

are innocent toward the catalyst, or if they may react with it and eventually lead to its final deactivation. 

 

 
Fig. 6. DRIFT spectra of P4VP/Pd(OAc)2 before (black) and after (red) interaction with ethanol (part a) and 2-propanol (part b). Insets 

show a magnification of the area of interest for the control of the reduction process. (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article). 

 

Fig. 6a shows the DRIFT spectra of P4VP/Pd(OAc)2 before and after dosing the vapour pressure of ethanol;   

Fig. 6b shows the same for 2-propanol. In both cases, the DRIFT spectra collected at room temperature in 

presence of the alcohols are dominated by the intense absorption bands due to the alcohols physisorbed in 

the polymer (ν(OH) in the 3500–3100 cm−1 region, ν(CH) in the 3000–2800 cm−1 region,  δ(CH) around           



1400 cm−1, and ν(C-O) close to 1000 cm−1). In particular, the most intense bands are observed at 1050 cm−1 for 

ethanol and at 955 cm−1 for 2-propanol, and correspond to the ν(C-O) vibrational modes of condensed 

alcohols.  

 

 
Fig. 7. Evolution of the DRIFT spectra during the thermal treatment of P4VP/Pd(OAc)2 in presence of ethanol (part a) and 2-propanol 

(part b). Colour change from blue to red with the rise of the temperature; temperature ramp of 2 °C∙min−1, Tfinal = 200 °C. The inset 

shows the evolution as a function of temperature of the intensity of the IR absorption band at 1315 cm−1, which is characteristic of the 

acetate ligands. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 

article). 

 

Fig. 7 shows the sequence of DRIFT spectra collected during the thermal treatment of P4VP/Pd(OAc)2 in 

presence of the two alcohols from 25 (blue curve) to 200 °C (red curve). Upon increasing temperature up to 

around 130 °C (i.e. above the boiling temperature of the two alcohols), the IR absorption bands due to 

physisorbed alcohols gradually disappear. At higher temperature, the absorption bands at 1365 and 1315 cm−1 

due to acetate ligands begin to decrease in intensity, indicating that palladium (II) acetate is gradually 

decomposed. Insets in Fig. 7 show the trend of palladium (II) acetate decomposition as a function of 

temperature. However, the disappearance of the bands due to species is not sufficient to prove the formation 

of the metal nanoparticles; therefore also in these cases the use of CO as probe molecule was exploited to 

check the effective formation of palladium nanoparticles and to characterize them.  

 

 
Fig. 8. DRIFT spectra (in the ν(CO) region) of CO adsorbed at room temperature on the P4VP/Pd sample obtained from P4VP/Pd(OAc)2 

after thermal treatment in ethanol (part a) and 2-propanol (part b), as a function of CO concentration (from red at θmax, to blue at θmin). 

The spectra were subtracted from the spectrum of the sample prior to CO adsorption. (For interpretation of the references to colour 

in this figure legend, the reader is referred to the web version of this article). 

 



Fig. 8 shows the sequence of DRIFT spectra of CO adsorbed at room temperature on the P4VP/Pd samples 

after the thermal treatment in alcohols, as a function of CO concentration. In both cases, two weak absorption 

bands are observed, overlapped to the roto-vibrational profile of gaseous CO, with maxima at 2040 and       

1890 cm−1 at θmax, which are assigned to linear and bridged carbonyl species on defective/amorphous 

palladium nanoparticles respectively. Hence, these spectra demonstrate that alcohols are not innocent and 

have the ability to reduce palladium (II) acetate, although their reduction potential is not as high as for H2. 

Further measurements with additional characterization techniques (including simultaneous XANES-SAXS and 

TEM measurements) are planned in the near future to get more insights in the formation of palladium 

nanoparticles in presence of alcohols. 

 

4. Conclusions 

The use of simultaneous XANES-SAXS techniques, combined with DRIFT spectroscopy, allowed us to monitor 

the reactivity of Pd(OAc)2 in a P4VP polymer towards H2 as a function of temperature. It was found that the 

pyridyl functional groups in the polymer plays a fundamental role at two different levels: (1) in the stabilization 

of the palladium (II) acetate precursor, which occurs through a direct interaction of the pyridyl groups with 

the Pd2+ cations, and the consequent adjustment of the acetate ligands in a monodentate configuration [23]; 

(2) in the stabilization of the palladium nanoparticles obtained upon reduction in H2 at increasing temperature. 

As a consequence of point (1), the reduction of palladium (II) acetate in P4VP occurs at a higher temperature 

compared to reduction of palladium (II) acetate dispersed in a similar polymer without functional groups [22]. 

As a consequence of point (2), the formed palladium nanoparticles are smaller, due to the stabilization via 

direct covalent interaction with the nitrogen-containing ligands [21]. The data discussed in the first part of the 

manuscript demonstrate that DRIFT spectroscopy in operando allows to follow the reduction of P4VP/Pd(OAc)2 

as a function of temperature and simultaneously to obtain information on the formed palladium nanoparticles. 

In the second part of the manuscript we applied infrared spectroscopy to obtain preliminary information on 

the effect of alcohols on P4VP/Pd(OAc)2. We demonstrated that alcohols (ethanol and 2-propanol) in the gas 

phase act as reducing agents for Pd(OAc)2.The reaction was successfully followed by means of DRIFT 

spectroscopy, by monitoring the disappearance of the IR bands due to Pd(OAc)2. The obtained palladium 

nanoparticles were preliminarily characterized by means of CO used as probe molecule. These data 

demonstrate that alcohols have the potential to reduce palladium salts to palladium nanoparticles, already in 

the gas phase. 
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