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Extremely small Pd nanoparticles have been successfully obtained from reduction of Pd(OAc),
precursor inside two highly cross-linked polymers, namely a poly(ethylstyrene) and a poly(4-
vinylpyridine). The structural, optical, and vibrational properties of the Pd/polymer composites
have been fully characterized by several techniques (FT-IR, UV—vis, and XAS spectroscopies,
coupled with TEM microscopy) during all the synthetic steps. It is demonstrated that the nature of the
polymeric matrix has a strong influence on the formation of the Pd nanoparticles and affect their final
properties, in terms of particle size, electronic properties, and type and fraction of accessible surface
sites. In particular, the presence of nitrogen-based ligands is at the base of the formation of extremely
small, subnanometric Pd clusters in P4VP, as demonstrated by the observation of a specific

interaction between Pd nanoparticles and the nitrogen of the pyridine ligands.

1. Introduction

Metal clusters and colloidal metal particles are attract-
ing an increasing interest because of their unique proper-
ties and broad applicability in many fields, among which
are microelectronics, chemical sensing, catalysis, to name
only a few examples.'~® Physical and chemical properties
of metal nanoparticles (NPs) depend on several factors,
such as the particle size and size dispersity, the structure,
the surface and the shape of the particle, and the organi-
zation of the particles on the support. In turn, all of these
factors depend on the successful control of the synthetic
process, thus explaining the big amount of work that has
been devoted in the recent years to investigate the role
played by the metal precursor, the reducing agent, the
stabilizer, the synthesis conditions, etc., in controlling the
particle size distribution and the structure of metal NPs.

Among all the investigated factors, the role of stabili-
zers is particularly important. Indeed, the formation of
metal NPs necessarily requires stabilization to prevent
aggregation, which would annul most of their desirable
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advantages compared with bulk materials of identical
composition. Recently, numerous methods have been
developed for the controlled synthesis of various metal
nanoparticles in presence of different stabilizers, such as
surfactants,” dendrimers,'®'* functionalized polymers,'*~ '
amphiphilic polymers,'” 2" and others. A standard strat-
egy involves the use of weakly coordinated cationic
precursor of the metal, which is then gently reduced.
However, despite the enormous amount of literature on
the topic, only a few studies have addressed the problem
of how the ligand/stabilizer interacts with the metal NP,
thus affecting its stabilization. Two main types of inter-
actions can be identified: (i) Chaudret’s group has demon-
strated that when classical stabilizers are used, such as
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carboxylic acids, thiols, or amines, a o-type coordination
between the heterodonor atom of the stabilizer and the
metallic surface is established.?* (i) Recently, Kobayashi’s
group has reported a new method for preparing polymer-
supported metal NPs, based on microencapsulation and
cross-linking.>*~?® The authors assumed that in these
systems metal NPs were immobilized on the polymeric
support by means of electronic interaction between the
sr-electrons of the benzene rings of the polystyrene-based
polymers and the vacant orbitals of metal atoms. To
design specific ligands and/or stabilizers, it is of prime
importance to understand how they are coordinated at
the NP surface.”’

The use of polymers as supports for metal NPs has
drawn particular attention, because of the unique physical-
chemical properties and attractive catalytic performance
of the resultant supported metals.****73¢ In particular,
heterogeneous and heterogenized polymer supported
Pd-based catalysts have shown remarkable performance
in coupling and hydrogenation reactions.’’ *’ The
advantage of these catalysts with respect to their homo-
geneous counterparts are the greater stability and the
easier recoverability. Since the properties of the Pd NPs
strongly depend on the type of interaction with the
polymeric support, it would be of great interest a detailed
investigation on how the nature of the polymer influences
the formation of the Pd NPs and their final properties.

This work is focused on the synthesis and complete
characterization of Pd NPs encapsulated inside two
highly DVB cross-linked polymeric supports, namely a
poly(ethylstyrene) and a poly(4-vinylpyridine). In two
recent works, it has been demonstrated that a systematic
and careful multitechnical approach is needed to fully
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characterize supported nanoparticles.*'*** Starting from
this experience, here we apply EXAFS, UV—vis, and
FT-IR spectroscopies, coupled with TEM microscopy, to
investigate the structural, optical, and vibrational proper-
ties of the two Pd/polymer systems in all the synthetic steps,
starting from the hosted Pd(OAc), precursors up to Pd
NPs. We demonstrate that the nature of the polymeric
supports has a strong influence on the properties of the
hosted Pd NPs, in terms of reducibility of the Pd precursor,
particle size distribution, optical properties, and type and
fraction of accessible surface sites. Finally, it is worth
noticing that the two supports present a permanent poros-
ity, a condition that should allow, in principle, the investi-
gation of catalytic reactions in the gas phase.

2. Experimental Section

2.1. Sample Preparation. Two polymeric matrices, 25%
cross-linked with divinylbenzene, were adopted as supports in
this work: a poly(divinylbenzene-co-4-vinylpyridine) (hereafter
P4VP) and a poly(4-ethylstyrene-co-divinylbenzene) (hereafter
PS), both of them commercialized by Aldrich. Their surface area
and porous structure have been evaluated by N, adsorption at
77 K, carried on a Micromeritics ASAP 2020 sorption analyzer
resulting into a BET surface area of 52 m? g~ ' and 1000 m* g~
for P4VP and PS, respectively. The DFT (density functional
theory) analysis allowed also the determination of the distribu-
tion of the pores on the basis of the slit model, evidencing the
presence of two different families of pores in both polymers: one
in the 12-21 A range (micropores) and a second broader
distribution of pores having width > 20 A (mesopores).

Pd/polymers composites were obtained by impregnating the
polymeric supports with a solution of Pd(OAc), in acetonitrile,
resulting into a Pd concentration of ~2 and 5 wt % in the P4VP
and PS case, respectively. The as-prepared samples were succes-
sively subjected to the following treatments: (i) outgassing
procedure at 120 °C for 1 h in dynamic vacuum, and (ii)
reduction in a H; atmosphere at 120 °C. The reduction process
consists of two subsequent H, dosages (equilibrium pressure
Py, = 120 Torr, 1 Torr = 133.3 Pa, contact time = 15 min).
After the last H, removal at the reduction temperature down to
Py < 1 x 107* Torr, the samples were cooled to room
temperature in a dynamic vacuum. These procedures were
carried out in the same cells used for the characterization. At
each step, several in situ spectroscopic techniques were
employed in order to investigate the structural, vibrational,
and optical properties of the confined Pd phase.

2.2. Techniques. XAS. X-ray absorption experiments, at
the Pd K-edge (24350 eV), were performed at the BM26A
beamline of the ESRF facility (Grenoble, F).*** The white beam
was monochromatized using a Si(111) double crystal; harmonic
rejection has been performed using Pt-coated silicon mirrors.
The following experimental geometry was adopted: (1) 7, (10%
efficiency); (2) sample; (3) 7; (40% efficiency); (4) reference Pd
foil; (5) I (80% efficiency). This setup allows a direct energy/
angle calibration for each spectrum avoiding any problem
related to little energy shifts due to small thermal instability of
the monochromator crystals.**® EXAFS part of the spectra was
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collected with a variable sampling step in energy, resulting in
Ak = 0.05 Afl, up to 20 Afl, with an integration time that
linearly increases with k from 4 to 25 s/point to account for the
low signal-to-noise ratio at high k values. Samples, in the form of
self-supported pellets of optimized thickness, have been located
inside an ad hoc conceived cell that allows in situ evacuation, gas
dosage and warming and cooling. The extraction of the y(k)
function was performed using Athena code.** For each sample,
2 consecutive EXAFS spectra have been collected and corre-
sponding yx(k) functions have been averaged before data
analysis. EXAFS data analysis was performed using the
Arthemis software.* Phase and amplitudes were calculated by
FEFF6 code,* and successfully checked with Pd metal foil. For
each sample, the averaged ky(k) functions were Fourier trans-
formed in the Ak = 2.00—16.00 A~" interval.

UV—Vis DR. UV—yvis spectra have been collected in diffuse
reflectance mode (DR), on samples in the powdered form, inside
a homemade cell equipped with a cuvette in optical quartz,
allowing us to perform thermal treatments and measurements in
controlled atmosphere. The spectra have been collected on a
Cary 5000 instrument, equipped with a reflectance sphere.

FT-IR. For the in situ FT-IR measurements the samples have
been measured in transmission mode in the form of self-sup-
porting pellets, inside an IR quartz cell where thermal treat-
ments and measurement in controlled atmosphere can be
performed. After the reduction step, all the outgassed samples
were contacted in situ with CO (Pco= 50 Torr). The FT-IR
spectra were recorded at room temperature at 2cm’ ! resolution,
using a Bruker IFS66 instrument, equipped with a MCT detec-
tor. Pco was then gradually reduced in steps from 50 to 1 x 10
Torr. After each step, the FT-IR spectrum of remaining ad-
sorbed CO species was acquired. The final spectrum corre-
sponds to CO species irreversibly adsorbed at room
temperature.

HRTEM. High-resolution transmission electron micro-
graphs (HRTEM) were obtained with a JEOL 3010-UHR
instrument operating at 300 kV, equipped with a 2k x 2k pixels
Gatan US1000 CCD camera. Samples were deposited on a
copper grid covered with a lacey carbon film. Particle size
distributions were obtained counting at least 200 particles. To
present the data uniformly, a class width of 2 A was chosen for
all the particle size distributions. As the sample exhibited very
small Pd particles, proper contrast/sampling conditions were set
by: (a) counting only Pd particles found on regions of the
support thin enough to appreciate the smallest contrast differ-
ences and (b) acquiring images at a magnification of 400k x
(0.026 nm per pixel). However, it must be considered that
particles with diameter below 10 A might escape the detection
by this technique.

3. Results and Discussion

3.1. Fresh Pd(OAc),/Polymer Samples. The fresh Pd/
polymer samples were investigated by means of several
complementary techniques before any kind of treatments.
The XANES spectra of Pd(OAc), inside PS and P4VP
(red and orange curves in Figure 1a, respectively) are very
similar to the spectrum of bulk Pd(OAc), (brown curve in
Figure la), in both the edge and the white-line (i.e., first
resonance after the edge) regions. This suggests that the
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Figure 1. (a) XANES (spectra vertically translated for clarity) and (b)
IFT| of the k*-weighted EXAFS spectra of Pd(OAc), in PS (red curves)
and P4VP (orange curves) polymeric matrices, compared to bulk Pd-
(OACc), reference samples (brown curves). Inset in (b) reports the corre-
sponding Imm(FT), whereas inset in a shows (a) schematic representation
of the trimeric structure of bulk Pd(OAc),.

oxidation state of Pd is Pd*" (no reduction occurs on the
fresh samples) and that the local environment around the
absorbing atom is very similar to that of the Pd(OAc),
precursor.

Bulk Pd(OACc); has a trimeric structure and contains a
bridging acetate (see inset in Figure 1a). It is interesting to
observe that the triangular (Pd"); moiety is a rarity, since
most polynuclear Pd"" complexes contain linear (Pd"),
structures. More in details, in the crystalline form of
Pd(OAc), (as determined by XRD)* the Pd ions occupy
the corners of a (nearly) equilateral triangle. Each pair of
Pd" ions is bridged by two acetate groups in which the
two equivalent O atoms are directed toward each Pd ion,
with Pd—O distances in the 1.973—2.014 A range and
Pd—Pd nonbonded distance in the 3.105—3.203 A region.
The EXAFS datum for bulk Pd(OAc), is in perfect
agreement with the crystallographic structure. The |FT)|

(46) Skapski, A. C.; Smart, M. L. Chem. Commun. 1970, 658.
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Table 1. Summary of the Parameters Optimized by Fitting the EXAFS
Data of Pd(OAc), Bulk (reference) and Fresh Pd/PS and Pd/P4VP

Samples”

Pd(OACc), bulk Pd/PS fresh Pd/P4VP fresh
AE, (eV) —3+1 —2+1 —241
No 4 34+04 35+04
Sy’ . 0.9 +0.1 0.9 0.9
Rpq—o (A) 2.004 £ 0.006 2.007 £ 0.008 2.009 £ 0.008
0pa—o (A7?)  0.0025 £ 0.0006  0.0041 £ 0.0008  0.0028 =+ 0.0008
Reactor 0.022 0.023 0.028

“The fits were performed on the first coordination sphere (AR =
1.0—2.0 A) over FT of the k*-weighted y(k) functions performed in the
Ak = 2.0—16.0 A™! interval, resulting into a number of independent
parameters of 2ARAk/m = 8.9. Non optimized parameters are recogni-
zable by the absence of the corresponding error bar.

of the k*-weighted EXAFS spectrum for bulk Pd(OAc),
(brown curve in Figure 1b) is characterized by a main
component centered at 1.56 A (distance not corrected in
phase) because of the four oxygen neighbors and by a less
intense but well-defined feature centered at 2.74 A
(distance not corrected in phase), which is mainly due to
the contribution of two Pd neighbors (2.4 &+ 1.0) at an
average distance of 3.11 £ 0.02 A. Additional contribu-
tions from C atoms of the acetate groups are present in
this region and have to be considered in the model used to
fit the data. However, to compare with the Pd(OAc),/
polymer samples, the fit was performed on the first shell
only (see first column in Table 1 and fit reported in Figure
S1 of the Supporting Information), resulting in So® =
0.9 £0.1 and Rpg_o = 2.004 £+ 0.0Q6 A, with a Debye—
Waller factor of 0.0025 + 0.0006 A2, typical of well-
ordered materials.

The |FT| of the k*-weighted EXAFS spectra for
Pd(OAc), dispersed inside the polymeric matrices (red
and orange curves in Figure 1b) present a first coordina-
tion sphere very similar to that of bulk Pd(OAc),, only
slightly lower in intensity, whereas the Pd—Pd component
due to the longer Pd—Pd nonbonding distance is com-
pletely absent (in both modulus and imaginary parts, see
inset in Figure 1b). A summary of the optimized para-
meters is reported in Table 1, whereas the related fits are
reported in Figure S1 of the Supporting Information. A
slightly lower Ng coordination number (rescaled on the
So> obtained for the reference Pd(OAc),) and slightly
higher 0”p4_o values have been obtained. The decrease
of the coordination number, the increase of the 0”py—_o,
and the disappearance of the Pd—Pd contribution can be
explained in terms of a heterogeneous distortion of the
trimeric structure of PA(OAc),, or of its complete rupture
into dimers and/or monomers. On the basis of the EX-
AFS data only, discrimination between these two possi-
bilities cannot be done.

Itis well-known that the trimeric Pd(OAc), is soluble in
glacial acetic acid*’ or less polar solvents such as
benzene*®* and acetonitrile. In these solvents, the Pd-

(47) Kragten, D. D.; van Santen, R. A.; Crawford, M. K.; Provine,
W. D.; Lerou, J. J. Inorg. Chem. 1999, 38, 331.
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Figure 2. DR UV—vis spectra of Pd(OAc), in PS and P4VP (red and
orange curves, respectively) polymeric supports, compared to reference
samples (brown curves). Bulk Pd(OAc), diluted in SiO, has been mea-
sured in DR mode (dotted-dashed brown line), whereas Pd(OAc), in
pyridine (full brown line) and acetonitrile (dotted brown line) have been
measured in transmission mode (spectra vertically translated for clarity).

(OAc), complex retains its trimeric composition and gives
rise to a broad absorption in the UV—vis spectrum, with a
band maximum around 25000 cm ' (400 nm), as reported
in Figure 2 (dotted brown curve). The high intensity and
energy of this band suggests that it involves ligand-to-
metal charge transfer from the acetate ligands to the Pd
ions. It is worth noticing that a similar UV —vis spectrum
is observed in the case of bulk Pd(OAc), (dashed-dotted
brown curve in Figure 2), which is characterized in this
case by a tail at lower frequencies, typical for solid-state
materials. However, upon addition of alkali metal acet-
ates to solutions of Pd3(OAc)s, the trimeric structure
breaks down, with the consequent change of the absorp-
tion spectrum, that shifts toward higher frequencies (up
to 27600 cm™', 362 nm).*’~>” A similar behavior of the
optical spectra is observed when Pd(OAc), is dissolved in
pyridine (full brown curve in Figure 2), showing a max-
imum centered around 30000 cm ™' (330 nm). This sug-
gests that one or two acetate ligands are substituted by
pyridine units, with the consequent decomposition of the
trimeric structure. A more complex situation is observed
in the case of Pd(OAc), dispersed inside PS and P4VP. In
both cases a very broad component centered around
28000 cm ™' (360 nm) is observed, with a pronounced tail
extending down to 20000 cm ™' (500 nm); note that the
strong absorption at frequencies higher than 32000 cm ™'
is due to the m—x* transitions characterizing the poly-
meric matrix. The absence of a well-defined component
and the large range of frequency over which the spectra
are extended are in agreement with the heterogeneity of
species suggested by EXAFS data, and can be interpreted
both in terms of distortion or rupture of the Pd(OAc),
trimeric structure.

Finally, the FT-IR spectra of the fresh Pd(OAc),/
polymer samples have been compared to those of the

(50) Pandey, R. N.; Henry, P. M. Can. J. Chem. 1974, 52, 1241.



Article

corresponding polymeric matrixes (spectra not shown).
In both cases only the vibrational manifestation related
with the acetate groups emerge from the spectrum of the
polymeric background. No changes are observed in the
vibrational modes of the polymers, suggesting that no
specific interactions occur between the hosted Pd(OAc),
precursor and the supports. This is not straightforward,
at least in the case of P4VP. Several examples are reported
in literature regarding the formation of complexes be-
tween P4VP and metal complexes or small molecules,
where a shift of the vibrational modes related with the
pyridine units is observed.’' >® In the present case, the
trimeric structure of Pd(OAc), maybe responsible for
the absence of a specific interaction with pyridine.

3.2. In situ Reduction of Pd(OAc),/Polymer Sam-
ples. 3.2.1. XANES Spectroscopy. Once that the struc-
tural, optical and vibrational properties of fresh
Pd(OAc),/polymer samples have been determined, their
reducibility as a function of temperature and atmosphere
was investigated.

XANES spectroscopy is a valuable technique to eval-
uate the degree of Pd*" — Pd° reduction, because the
position of the edge and the white line features are
associated with the oxidation state of the absorbing
species and their local environment. The XANES spectra
of both samples at each step of reduction are reported in
Figure 3, and compared to those of bulk Pd(OAc),
(dotted orange) and Pd foil (black), used as reference
for Pd*" and Pd° species, respectively. In the case of Pd/
PS sample (Figure 3a), a gradual evolution in both edge
and white line regions is observed upon treatment at
120 °C in vacuum and in H, atmosphere (from orange,
to brown and gray curves). In particular, the edge gradu-
ally shifts toward lower energy down to the Pd foil value,
accompanied by a decrease of the white line intensity and
the appearance of three isosbestic points at 24 370, 24 390,
and 24405 eV, that clearly demonstrate that the Pd*"
species are transformed into Pd°. By contrast to the Pd/PS
system, in the case of Pd/P4VP sample no changes in the
XANES spectrum are observed upon outgassing at 120
°C (orange and brown curves in Figure 3b); only when
reduced in H, at the same temperature (gray curve in
Figure 3b) a shift of the edge position toward the Pd foil
and a decrease in the white line intensity are observed.

A quantitative evaluation of the fraction of Pd*" and
Pd’ species in the two investigated samples is possible by
fitting the XANES data with a linear combination of the
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Figure 3. XANES spectra of (a) Pd/PS and (b) Pd/P4VP samples at
different treatment steps: fresh (orange), outgassed at 120 °C (brown), and
H, reduced at 120 °C (gray), compared to Pd(OAc), (dotted orange) and
Pd foil (black), used as references for Pd>* and Pd” species. Inset in a
reports the Pd” fraction at each step as evaluated by a linear combination
of the spectra of the two references.

spectra of the two reference compounds.®***° This proce-
dure requires the definition of the energy interval in which
the fit is performed. In this regard, it is important to
observe that the first EXAFS oscillation of Pd metal
appears immediately after the edge (negative and positive
peaks at 24382 and 24397 eV, respectively). These strong
features are due to the well-arranged local fcc structure,
where 12 Pd atoms are coordinated at the same distance
from the central Pd atom. Therefore, the intensity of these
features contains intrinsically information on the Pd
particle size. When the size of Pd metal particles is small,
there is a large fraction of low coordinated atoms, causing
low amplitude of the EXAFS oscillation. Therefore, only
a small energy range close to the edge (from —20 eV to
+25eV)is available for the quantitative evaluation of the
fraction of reduced species.®’ The results of the fit
(performed without imposing any constraints) are re-
sumed in the inset of Figure 3a. It is clear that the thermal
decomposition of PA(OAc), is greater when it is dispersed
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Spoto, G.; Zecchina, A.; Moreno, S. D.; Cremaschi, B.; Garilli, M.;
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C. J. Am. Chem. Soc. 2006, 128, 13161.

(61) Note that the assumption that the edge position scales linearly as a
function of the oxidation state could be questionable for small
nanoparticles, because their electronic properties could be affected
by ligand binding and support interaction. However, in the present
case, the complete reduction of Pd*" upon treatment in H, is
demonstrated by independent FTIR measurements (vide infra).
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inside PS matrix, but in both cases an almost complete
reduction is achieved (within the experimental error) upon
treatment in H, at 120 °C. Nevertheless, the intensity of the
first EXAFS oscillation is highly different in the two cases,
suggesting that the average size of the obtained particles is
much smaller in the Pd/P4VP case. Note that the Pd-
(OACc),/PS is not definitely stable in air, but undergoes a
progressive reduction with time. This does not occur in the
case of PA(OAc),/P4VP, testifying that the two systems are
also characterized by a different stability.

3.2.2. UV—Vis Spectroscopy. The reduction of Pd-
(OAc),/polymer samples was followed also by means of
in situ UV—vis DR spectroscopy. Typically, electronic
spectra of metal nanoclusters (such as Cu, Ag, and Au)
show strong absorption bands due to the excitation of the
surface plasmon resonance (i.e., coherent oscillation of
the conduction band electrons induced by the interacting
electromagnetic fields). These bands can be correlated to
physical properties using theoretical approaches, such as
Mie theory, and in principle the maximum of the plasmon
resonance can be correlated to the nanoparticle dimen-
sion.®? In particular, the larger the particle’s dimension,
the lower the frequency of the absorption maximum (or
the higher the A). The problem is that many transition
metals, including Pd, do not show distinct plasmon peaks
in the visible region. Moreover, it is well-known that when
the diameter of a metal nanoparticle is reduced, the
electronic energy levels become quantized because of
the confinement of the electrons into smaller dimensions
of the particles and, as a result, metal-to-nonmetal transi-
tion occurs at a certain critical size. For these reason, very
few works report the optical spectra of Pd nanoparticles.
An in situ UV—vis investigation on Pd nanoparticles
formation in solution has been presented by Rothen-
berg’s group,® showing the growth of a broad absorption
extended in all the visible region. Authors demonstrate
that the traditional band assignment approach, which
works well for well-defined homogenecous complexes,
does not provide an accurate description when nanoclus-
ters are concerned. This is exactly what we observe in the
Pd/polymers case.

Reduction in H, at 120 °C causes an evident change in
the color of the samples that from bright orange (orange
curve in Figure 4) turn dark gray and light gray-brown
in the case of Pd/PS and Pd/P4VP samples, respectively.
The correspondent UV—vis spectra are reported in
Figure 4 (gray curves). For both samples, the spectra
are characterized by a broad absorption band that
extends down to 15000 cm ™' in the Pd/P4VP case, and
to 8000 cm ™! in the Pd/PS one. Whatever is the origin of
the broad absorption bands shown by the two Pd/poly-
mer composites, two important observations must be
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13957. (b) Evanoft, D. D.; Chumanov, G. ChemPhysChem 2005, 6,
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Phys. Chem. Chem. Phys. 2006, 8, 3669.
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Figure 4. UV—vis DRS spectra of Pd/PS (upper part) and Pd/P4VP
(bottom part) at different subsequent steps of activation: fresh (orange),
H, reduced at 120 °C (gray) and after exposure to air (red).

done: (1) the absorption bands cover a different frequency
region, the Pd/PS system absorbing at lower frequencies
with respect to Pd/P4VP; (2) in both Pd/PS and Pd/P4VP
cases, the broad absorption is affected by exposure to air
(red curves in Figure 4), being almost completely
destroyed in the Pd/P4VP case, and only slightly dimini-
shed in the Pd/PS one. This last behavior definitely
validates the assignment of the broad absorption appearing
in the UV—vis spectra upon H; reduction to formation of
Pd nanoparticles. The different position and the different
reactivity toward exposure to air should be related to a
different particle dimension, as will be discussed in the
following sections.

3.3. Properties of the Pd Nanoparticles and Their Inter-
action with the Polymeric Support. 3.3.1. Direct Obser-
vation of the Pd Nanoparticles: TEM Results. XANES and
UV—vis spectroscopies suggest that the nature of the poly-
meric matrix influences the reducibility of the hosted Pd-
(OACc), precursor as well as the dimension of the resulting
Pd nanoparticles. To have a direct insight into the size
distribution of Pd particles, an accurate TEM investigation
was conducted. Representative HRTEM images of the two
samples are reported in Figure 5. Few particles are visible in
the Pd/PS case (a), with a different size in the 10—60 A
range, whereas much more particles are observed in the case
of Pd/P4VP (b), with a higher homogeneous dispersion and
smaller sizes. In both cases the particles present a spherical
shape and there is no evidence of well-defined exposed
surfaces. This will be confirmed by FT-IR spectroscopy of
adsorbed CO (see section 3.3.2).

A systematic TEM analysis on a statistically significant
number of particles allowed us to estimate the relative
particle size distribution in the two cases (see insets in
Figure 5). A quite asymmetric and broad distribution is
observed for Pd/PS, with a relevant tail at higher diameter
values, suggesting a heterogeneous situation and the occur-
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Figure 5. Representative TEM images of Pd nanoparticles formed inside (a) PS and (b) P4VP samples, and corresponding particle size distributions.

rence of some sintering. The estimated average particle size
is 27 A, with a standard deviation of 10 A. The absence of
particles with very small diameter is an intrinsic problem of
the technique, which hardly detects particles with size
smaller than 10 A. A much more symmetric and narrow
distribution is obtained for the Pd/P4VP sample, as the
diameter of most of the particles lies in the 5—25 A range,
with an average particle size of 16 A and a standard
deviation of 3 A. It is important to notice that no particles
bigger than 30 A are observed in this case and 50% of the
counted particles are smaller than 15 A.

3.3.2. Available Surface Sites: FT-IR Results. TEM
images evidenced that the Pd nanoparticles obtained
inside PS and P4VP polymers are characterized by a
different particle size distribution and UV —vis spectro-
scopy suggested that they experience a different electronic
environment. Both differences can be potentially probed
also by means of FT-IR of adsorbed CO, which is a
well-established technique to obtain information on the
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exposed faces of supported metal nanoparticles and on their
defectivity.*"**~ 73 Figure 6b,c report the FT-IR spectra of
CO dosed at 300 K on the Pd/polymer samples Hy-reduced
at 120 °C, upon decreasing CO coverage (). In our experi-
mental conditions, 8,,,., (bold black curve) corresponds to T’
= 300 K and Pco = 50 Torr, whereas 6,,;, (bold gray
curve) is obtained by evacuation at 300 K down to 1 x 10~*
Torr. At a first look it is evident that in the Pd/P4VP case the
spectra present an overall higher intensity (notice the dif-
ferent scale in parts b and c¢). This is the first immediate
proof that Pd dispersion is much higher in Pd/P4VP than in
Pd/PS, nicely confirming TEM results.

Coming in more detail, in the case of the Pd/PS sample
(Figure 6b), the highest coverage spectrum (bold black
curve) is characterized by two main components at 2072
and 1926 cm™ ', respectively, with an almost equal inten-
sity (see Table 2). On the basis of the huge amount of
literature on the topic,®*%%7%-767 these two components
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Figure 6. FT-IR spectra of CO dosed at room temperature on the (b) Pd/
PSand (c) Pd/P4VP H,-reduced at 120 °C. The sequences of spectra show
the effect of decreasing Pco, from 50 (bold black curve) to 1 x 10™* Torr
(bold gray curve). (a) For comparison, the 6. (black) and 6.,;, (gray)
spectra of CO adsorbed on a Pd/SiO,—Al,03 sample activated in the same
conditions and characterized by an average particle size of 28 A.°! (d)
Effect of dosing pyridine vapor pressure on a Pd/PS sample previously
contacted with Pco = 50 Torr. Black curve, same asin b. Bold gray curve,
maximum coverage of pyridine; thin gray curves, effect of decreasing
pyridine pressure by keeping constant Pco.

are assigned to linear and bridged CO species, respectively.
The usual assignment in terms of CO adsorbed on well-
defined Pd faces is problematic for NPs because the
prediction of a well-defined geometrical model is difficult
in the case of nanoparticles smaller than 20 A. As a term
of comparison, we report the spectrum at 6,,,, obtained
in the case of CO adsorbed on a Pd/SiO,—Al,O3; sample
activated in the same conditions (black spectrum in
Figure 6a), characterized by a homogeneous particle size
distribution centered around 28 A, with a well-defined
cuboctahedral shape.”!

The following main differences are observed.

(1) For CO adsorbed on Pd/PS, the component due to
linear carbonyls is broader and less defined, suggesting
the presence of a greater variety of terminal carbonyls, as

Groppo et al.

Table 2.v(CO) (cm ") of the Different Type of Carbonyls (linear/bridged)
Formed on Pd/PS and P4VP*

Pd/PS Pd/P4VP
linear 2072/2008 2033/1991
bridged 1926/1852 1893/1835

“Black and grey values refer to the highest and lowest coverages
explored in the work, respectively, corresponding to the bold black and
bold grey spectra reported in Figure 6.

expected in the case of highly defective and/or amorphous
nanoparticles.'>%73929 Moreover, it is shifted at lower
frequencies (appearing close to 2100 cm ™' in the same
experimental conditions on well-defined cuboctahedral
Pd particles, see black curve in Figure 6a). This is usually
observed in the case of small nanoparticles, where the
coupling of the CO oscillators is not completely effective.

(2) The component due to bridged carbonyls on (100)
face (band at 1990 cm™' in the case of well-defined
cuboctahedral NPs) is totally absent, confirming that a
cuboctahedral model is not valid in this case, as already
suggested by TEM images.

(3) The linear and bridged components present an
almost equal intensity. This is a further proof in favor
of the presence of very small and/or amorphous nano-
particles. Indeed, investigation on CO adsorbed on col-
loidal metal nanoparticles revealed that there is a
correlation between the particle size and the relative
proportion of linear and bridged adsorbed carbonyls.'*>
Small and probably amorphous metal particles exhibit
prevalently linear (terminal) CO species, whereas an
increase in the particle size results in a greater number
of bridged carbonyls.

(4) Finally, the carbonyl species are easily reversible.
Both bands decrease in intensity and gradually down-
ward shift upon lowering 6 (from thin gray spectra to bold
gray): the band due to linear carbonyls shifts from 2072 to
2008 cm ™! and almost disappears upon prolonged out-
gassing, whereas the component due to bridged carbonyls
moves from 1926 to 1852 cm™' (see Table 2). This
behavior is particular relevant, especially if compared
with the Pd/SiO,—Al,03 sample, where the majority of
both linear and bridged CO species is irreversible also
after prolonged outgassing (gray curve in Figure 6a).*!"!
The easier reversibility of adsorbed CO reveals that the
polymeric support plays an “active” role and competes
with CO in interacting with Pd NPs surface. A similar
behavior was previously reported in the case of molecular
Pd carbonyl clusters hosted in zeolites,”* for which a
chemical interaction of zeolite walls with the Pd clusters
was fully established.

The CO adsorption on Pd/P4VP sample shows a
similar behavior, with three important differences. (1)
As already anticipated at the beginning of this section, the
spectra present an overall higher intensity, as expected
for better dispersed NPs. (2) All the components are
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downward shifted with respect to what occurs on the Pd/
PS sample. In particular, the component due to linear
carbonyls appears at 2033 cm ™' (at 6p.y) and shifts
downward to 1991 cm ™' upon lowering 6, whereas the
component assigned to the bridged species shifts from
1893 to 1835 cm™ ! upon lowering Pco (see Table 2). The
downward shift (Av around —35 cm ™! at 6,,,,) of both
linear and bridged carbonyls bands with respect to Pd/PS
sample should be explained by the different electronic
environment which Pd nanoparticles experience in the
two polymeric matrices. Indeed, the nitrogen atom of the
pyridil ligands in P4VP should act as electron donor, thus
increasing the m-back-donation from Pd particles to the
adsorbed CO molecules. (3) Finally, the downward shift
of the carbonyl bands upon decreasing 6 is lower for Pd/
P4VP than for Pd/PS (—42 vs —64 cm™'); this is again
perfectly in agreement with the smaller size of the NPs, the
shift being associated with the coupling of the CO oscil-
lators on the surface.

To fully demonstrate the role of Py ligands in affecting
the electronic properties of Pd NPs, we performed an ad
hoc experiment (Figure 6d). CO was dosed on Pd/PS
sample (black spectrum in Figure 6d), followed by ex-
posure to the vapor pressure of pyridine (bold gray
spectrum in Figure 6¢). The effect on the FT-IR spectrum
is spectacular: both linear and bridged CO bands are
immediately shifted to the lower frequency; in addition,
the linear component is strongly affected in intensity.
The new position of the two components is very close to
that observed for CO adsorbed on Pd/P4VP sample
(Figure 6¢). Next, pyridine was condensed in a liquid
nitrogen trap, which allowed to reduce pyridine pressure
on the sample and simultaneously keep the pressure of
CO almost constant. The IR bands of the adsorbed CO
then moved back toward the original ones (thin gray
curves in Figure 6c).

From the whole set of FT-IR experiments (Figure 6), it
can be definitely concluded that pyridil ligands of P4VP
support closely surround Pd NPs and affect their electronic
properties, with important consequences on the proper-
ties of the adsorbed CO molecules. Pyridil moieties are
stronger ligands with respect to CO molecules, and there-
fore they cannot be displaced by incoming CO. A quali-
tative representation of this situation is depicted in Figure 7
for a Pd NP with a diameter around 10 A. It is expected
that the presence of pyridil ligands close to Pd surface
would play a relevant role when Pd/P4VP sample is
employed in catalysis.

3.3.3. EXAFS Spectroscopy. Last but not least, EX-
AFS spectroscopy can provide complementary informa-
tion with respect to the previous techniques, being
sensitive to bulk as well as surface Pd species. The EXAFS
spectra of Pd/polymers at each activation step are re-
ported in Figure 8 and compared to those of the reference
compounds. From a qualitative inspection of the spectra,
it is possible to get information on the reducibility of the
Pd(OAc), species hosted in the polymeric matrices, simi-
lar to those already discussed in the case of the
XANES data (see Figure 3). Moreover, a quantitative
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Figure 7. Qualitative representation of a Pd nanoparticle surrounded by
pyridil ligands and by CO molecules. All the atoms are represented as
CPK spheres. Color code: Pd, gray; C, green; O, red; N, blue; and H,
white.
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Figure 8. Moduli (main part) and imaginary parts (insets) of the FT of
the k3—weighted x(k) functions for (a) Pd/PS and (b) Pd/P4VP samples at
different treatment steps: fresh (orange), outgassed at 120 °C (brown), and
H, reduced at 120 °C (gray), compared to Pd(OAc), (dotted orange) and
Pd foil (black), used as references for Pd*" and Pd” species. Note that the
spectrum of Pd foil has been divided for 3.3. Vertical line in b shows the
shift in the Pd—Pd contribution between the Pd/P4VP sample and the
reference Pd foil.

data analysis could provide information on the local
structure around Pd atoms.

In the case of the Pd/PS sample, a decrease in the Pd—O
contribution centered around 1.56 A (not corrected in
phase) is observed upon outgassing at 120 °C (brown
curve in Figure 8a), accompanied by the appearance of a
new component at 2.41 A, because of Pd—Pd contribu-
tion of metal nanoparticles. This behavior confirms that a
fraction of Pd(OAc), is reduced to Pd metal in these
conditions, in agreement with the XANES analysis.
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Table 3. Summary of the Parameters Optimized by Fitting the EXAFS Data of Pd/PS and Pd/P4VP Samples Reduced in H, at 120°C, Compared to Pd

Foil*

Pd bulk Pd/PS H,@120 °C Pd/P4VP H,@120 °C
AR (A) 1.6-3.0 1.6-3.0 1.6-3.0 1.0-3.0
AEy (eV) -5140.5 741 841 841
N 12 6.8+0.5 39408 3.940.6
So2 0.92 + 0.04 0.92 0.92 0.92
Rpg-pa (A) 2.743 4 0.004 2.736 4 0.006 2.71 +0.01 2.713 % 0.007
pa—ra (A 0.0060 = 0.0005 0.0089 + 0.0007 0.012 £ 0.012 0.012 % 0.001
So>Nx 13403
Rpa—x (A) 2.011 % 0.009
Praon (A7) 0.004 + 0.001
Reactor 0.002 0.007 0.085 0.032

“The fits were performed over FT of the k*-weighted y(k) functions performed in the 2.0—16.0 A~

Vinterval, in the AR range specified for each column.

Non optimized parameters are recognizable by the absence of the corresponding error bar.

When treated in H, at 120 °C (gray curve in Figure 8c), the
Pd—O component is completely destroyed and the
Pd—Pd peak reaches its maximum value, which is how-
ever 3.3 times less intense than that obtained in the case of
Pd foil, as expected for small Pd particles. It is worth
noticing that the higher shell multiple scattering contri-
butions centered around 4.5 and 5.0 A (distances not
corrected in phase) are visible in this case, even if char-
acterized by a very weak intensity.

The average Pd coordination number obtained by a
first shell analysis of the EXAFS datum for Pd/PS
reduced in H, at 120 °C is 6.8 £ 0.5, vs 12 of the bulk,
with a Debye—Waller factor ?pd—pa = 0.0089 =+ 0.0004
A2 (see Table 3 and Figure S2 in the Supporting
Information). In principle, indirect information on the
average particle size of the Pd metal particles can be
obtained from EXAFS data analysis, provided that an
appropriate geometrical model is chosen. Given the
difficulty associated with developing a deterministic model
that can uniquely define both the shape and size of a
cluster, EXAFS studies of supported NPs typically as-
sume, either implicitly or explicitly, that the particles
adopt quasi-hemispherical shapes, and the evolution of
the average first shell Pd—Pd coordination number (Npq)
versus Pd particle diameter have been computed for hemi-
spherical clusters (cuboctahedral, spherical, etc.).>>*2>=%7
In the present case, if a cuboctahedral model is assumed,
an average coordination number close to 7 should corre-
spond to particle diameter around 11.5 A* An analo-
gous value is obtained by assuming a spherical model.**
However, in the case of particles with diameters smaller
than 30 A, prediction of the most stable structure is
difficult®®*” and the average Pd—Pd coordination num-
ber is a strong and nonlinear function of the particle
diameter. For this reason, as carefully demonstrated by
Frenkel et al..”>®” a first shell analysis cannot unambigu-
ously provide for an understanding of the coordination
numbers and Debye—Waller factor values in the first shell
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bond lengths, and the first shell coordination numbers
cannot be interpreted in a strict quantitative structural
sense. On this consideration, we will come back later,
when comparison will be done with TEM data (see
section 3.3.4).

Coming to the Pd/P4VP sample, EXAFS spectroscopy
confirms that no reduction occurs upon outgassing at
120 °C (compare brown and orange curves in Figure 8b),
whereas big changes are observed in the EXAFS spec-
trum after H, reduction at 120 °C (gray spectrum in
Figure 8b). Also in this case, a new peak appears in the
Pd—Pd region, but slightly shifted toward lower distances
with respect to that of Pd foil (more evident in the imagi-
nary part, see inset in Figure 8b) and much lower in
intensity. A preliminary fit on this peak (see last but one
column in Table 3: (AR = 1.6—3.0 A) gives an extremely
small average Npq value (3.9 £ 0.8), with an average
Rpg—pq = 2.71 £0.01 A ie.,0.03 A smaller than that of
bulk Pd. No evidence of the hlgher shell contributions is
visible in this case. Beside the peak due to the Pd—Pd
contribution, an important contribution at lower dis-
tances is also present, centered around 1.56 A. At the
first look, this peak could be interpreted as a Pd—O
contribution resulting from a significant fraction of un-
reduced Pd(OAc),. This interpretation, which could also
explain the very low intensity of the Pd—Pd contribution,
must however be discarded on the basis of (i) the XANES
analysis previously discussed (see section 3.2.1), demon-
strating that almost all Pd>" species are reduced to Pd’
within the accuracy of the technique (10%) and (i) FT-IR
of adsorbed CO, showing no bands due to Pd*" and the
disappearance of the acetates vibrational modes (data not
reported for brevity). The presence of a signal at low
distances, with a phase typical of Pd-low Z elements,
together with the very small Npy value must be therefore
interpreted as due to subnanometers Pd® particles (or
“molecular” clusters) significantly interacting with the
light elements of the matrix, as almost all Pd atoms are on
the surface. This interpretation is perfectly in agreement
with FT-IR results, which clearly demonstrated the pre-
sence of Py ligands in close proximity of the Pd surface.

On these bases, the fit of the EXAFS data has been
extended in the lower R range in order to account for both
contributions. On the basis of the chemical affinity,
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the low-Z element chosen to fit the low R contribution
was the nitrogen of the pyridil rings, which is a well-
known stabilizing heteroatom for noble metal nanopar-
ticles. The results of the more complete fit are reported in
the last column of Table 3 (and Figure S2 in the Supporting
Information). About one nitrogen per one Pd atom, at an
average distance of 2.011 £ 0.009 A,is responsible for the
low R contribution. Coming to the Pd—Pd contribution,
the results confirm those obtained in the fit performed on
the Pd—Pd shell only (with an increased significance): Npq
=3.940.6, at Rpg_pg = 2.713 £ 0.007 A with a 0°pq_pg
= 0.012 + 0.001 A~ In case of such small particles, an
attempt to correlate coordination number with average
particle size is not straightforward because the definition
of spherical or cube-octahedral geometries looses its
meaning. Similar extremely small Npq values were already
reported by the Kobayashi’s group in the case of
subnanometer Pd clusters stabilized within micelles of
random copolymers.> In this case, authors estimated a
particle size diameter of 7 A, by extrapolating the sphe-
rical model. More important, a small peak at lower
distances was observed also in that case, and assigned to
carbon atoms of polymers coordinated with Pd atoms.
Even smaller clusters were obtained previously inside
zeolites cavities.”* 1907 1% Iy these cases, authors estimated
a Npq value around 5, corresponding to a Pd;3 stoichiom-
etry. These small clusters were again characterized by a
chemical interaction with the support, as revealed by a
Npy—o coordination number around 1.10%194

As a final but important observation, EXAFS data
analysis on Pd/P4VP reveals that the Rpy_pq distance
shows a significant contraction (0.03 A) from the bulk
value; this is expected for small clusters, where such
contractions are described qualitatively in terms of in-
crease of surface stress due to the high curvature of the
particles.'%1° Note that a parallel analysis including the
third and fourth cumulants for the Pd—Pd shell was also
conducted, in order to verify that the observed contrac-
tion of the Rpy—pq bond distance has a physical mean-
ing.'"” However, in both Pd/PS and Pd/P4VP cases, the
new analysis gives (within the experimental error) the
same values for all the parameters optimized in the
standard analysis, with both third and fourth cumulants
being zero within the experimental error.

3.3.4. TEM, FT-IR, and EXAFS: Still Open Contro-
versies. In both Pd/PS and Pd/P4VP samples, the average
particle size obtained by TEM is greater than that esti-
mated by EXAFS measurements. The systematic over-
estimation of the average particle size reflects the
well-known difficulty of standard TEM to detect small
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particles,*! whereas all metal atoms contribute to the EX-
AFS signal regardless of the size of the cluster. Moreover,
as discussed above, the extraction of quantitative infor-
mation from EXAFS data requires the definition of an
appropriate geometrical model, which is not straightfor-
ward in case of very small NPs.”>?719%8:10% 1t is also
possible to assume that electron-beam-induced structural
changes and/or sintering of Pd NPs can occur during
TEM experiment, as already demonstrated in the litera-
ture. Nevertheless, in both Pd/PS and Pd/P4VP cases the
discrepancy between EXAFS and TEM results is not
negligible and cannot be explained only in these terms.
Because the two techniques have been applied exactly on
the same samples, we also have to exclude some errors
during the activation procedure. Two main explanations,
not mutually exclusive, can be provided.

(1) The Pd NPs observed by TEM do really correspond
to the totality of Pd particles, but they are not well
structurally ordered. It is known that opposite to Pt, Pd
particles often result into a well-ordered core surrounded
by a disordered external shell. In other words, only one
phase is present, but it is characterized by a bimodal
distribution of Pd—Pd distances: only the structurally
ordered core contributes to the Pd—Pd signal in the
EXAFS spectrum, whereas the Pd—Pd contributions of
the disordered shell cancel out together. This hypothesis
would explain the extremely low intensity of the Pd—Pd
contribution in the EXAFS signal, and is in agreement
with FT-IR spectra of adsorbed CO, which are typical of
NPs and do not show the well-defined components
peculiar of molecular Pd carbonyl species.”* However, it
does not fully explain the appearance of the quite sig-
nificant Pd—N contribution at low R-values in the EX-
AFS signal of Pd/P4VP. (ii) Together with these NPs, a
second Pd phase is present, characterized by clusters
having an atomic/molecular dimension (constituted by
few atoms), not visible by TEM but well-detected by
EXAFS. This possibility is not unrealistic, especially if
one considers that the Pd(OAc), precursor has a trimeric
structure, which can be stabilized by the polymeric sup-
port without further aggregation during the reduction
step. The fraction of “molecular” clusters should be
responsible of the low-R signal observed in the EXAFS
spectrum of Pd/P4VP and assigned to Pd—N contribu-
tion. Nevertheless, it should be expected that clusters
having a “molecular” character give a peculiar IR spec-
trum of adsorbed CO,”* which is not observed, unless it is
assumed that these clusters are completely shielded by Py
ligands.

For the time being, we are not able to definitely confirm
neither exclude one of these possibilities. It is clear that we
are at the border of reliability for both EXAFS and TEM
techniques, because of the lack of a structural model in the
first case, and because of the limit in sensitivity in
the second case. A more detailed investigation in this
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direction is behind the scope of the work and would be the
topic of a further investigation. The important observa-
tion that should be made here is that the polymeric matrix
definitely influences the final particle size of Pd NPs; in
particular, the pyridil ligands stabilize smaller NPs and
act as real surface ligands, as clearly detected by all the
techniques employed in this work.

4. Conclusion

Highly cross-linked polymers characterized by a per-
manent porosity efficiently stabilize very small Pd nano-
particles and affect their final properties. In this work two
different DVB-cross-linked polymers have been em-
ployed as supports, a poly(ethylstyrene) and a poly(4-
vinylpyridine); Pd nanoparticles have been obtained by in
situ hydrogen reduction of Pd(OAc), precursor. Several
spectroscopic techniques (UV—vis, FT-IR, and XAYS),
coupled with TEM microscopy, have been applied to fully
characterize the properties of the obtained Pd/polymer
composites in all the synthetic steps, in terms of structural
and optical properties, as well as of type and fraction of
available surface sites.

Groppo et al.

It is clearly demonstrated that the formation of Pd
nanoparticles and their final properties depend on the
nature of the hosting polymers. In particular, the nitrogen-
based ligands characterizing the poly(4-vinylpyridine)
polymer stabilize smaller nanoparticles with respect to
what occurs in the poly(ethylstyrene). In this case, the Pd
surface sites experience the proximity of the pyridil
ligands (as revealed by EXAFS), with the attendant
influence of their electronic properties (as revealed by
FT-IR of adsorbed CO and UV —vis spectroscopies). It is
expected that the two Pd/polymer systems would show a
different behavior in presence of reactants, with promis-
ing applications in catalysis.
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