&953,%: UNIVERSITA
S v 13'”’1 DEGLI STUDI
| “ A]]Lr l O %ﬁ?ﬁﬁ% DI TORINO

AperTO - Archivio Istituzionale Open Access dell'Universita di Torino

Spectroscopic study on the surface properties and catalytic performances of palladium
nanoparticles in poly(ionic liquid)s

This is the author's manuscript

Original Citation:

Availability:
This version is available http://hdl.handle.net/2318/1570317 since 2016-06-22T11:58:48Z

Published version:
DOI:10.1021/acs.jpcc.5b11137
Terms of use:

Open Access

Anyone can freely access the full text of works made available as "Open Access". Works made available
under a Creative Commons license can be used according to the terms and conditions of said license. Use
of all other works requires consent of the right holder (author or publisher) if not exempted from copyright
protection by the applicable law.

(Article begins on next page)

18 October 2024



UNIVERSITA DEGLI STUDI DI TORINO

This is an author version of the contribution published on:

Spectroscopic study on the surface properties and catalytic performances of palladium
nanoparticles in poly(ionic liquid)s
J. Phys. Chem. C, 120, 2016, 1683-1692, DOI: 10.1021/acs.jpcc.5b11137

The definitive version is available at:
http.//pubs.acs.org/doi/pdf/10.1021/acs.jpcc.5b11137




A Spectroscopic Study on The Surface Properties
and Catalytic Performances of Pd Nanoparticles in
Poly(lonic Liquid)s

A. Dani 2 V. Crocell3,? L. Maddalena,® C. Barolo,* S. Bordiga,* E. Groppo®*

"Department of Chemistry, NIS, INSTM Reference Centre, University of Torino, Via Quarello 15,
10135 Torino, Italy

ABSTRACT: Palladium nanoparticles in vinylimidazolium-based polymers and poly(Ionic Liquid)s
(PIL)s have been synthetized, systematically characterized and preliminarily tested in the selective hy-
drogenation of p-chloronitrobenzene to p-chloroaniline In both non-ionic polymers and PILs the palla-
dium nanoparticles were found to be extremely small (below 2 nm) and hardly detectable by means of
TEM and XRPD, but they have been successfully detected by FT-IR spectroscopy of adsorbed CO,
which indicated that the available metal surface was approximately the same, as well as the types of ex-
posed sites. In non-ionic polymers palladium nanoparticles are stabilized mainly by the interaction with
the nitrogen atoms of the imidazole ring, which act as electron donors. In contrast, in absence of availa-
ble nitrogen species inside PILs, palladium nanoparticles are mainly stabilized by the iodide anions,
which determine important electronic effects at the palladium surface. PILs/Pd samples were tested in
the selective reduction of p-chloronitrobenzene to p-chloroaniline, under remarkably mild conditions
(room temperature, absence of solvents, gaseous H, below 1 atm). The reaction was followed by FT-IR
spectroscopy in operando. All the PILs/Pd samples display an excellent chemoselectivity, whereas non-
ionic polymers/Pd samples are not selective. Since the morphology and size of the palladium nanoparti-
cles is the same in all the catalysts, it is concluded that the driving force for chemoselectivity is the ion-
icity of the environment provided by the PIL scaffolds.




1. INTRODUCTION

Metal nanoparticles exhibit unique physical-chemical properties which differ significantly from the
properties of bulk metals,'™ and are mainly influenced by particle size, shape, and structure. The high
surface-to-volume ratio makes them ideal systems to be exploited in catalysis. In order to prevent their
aggregation in reaction conditions, with a consequent loss of metal surface area, metal nanoparticles
must be stabilized, either by ligands acting as stabilizers (such as dendrimers,*” microgels,*"" mi-
celles'?) or by a support (such as metal-oxides, activated carbons or various polymers'>??). Besides pre-
venting the aggregation of the nanoparticles, both stabilizers and supports have important effects on
their surface properties and, consequently, on the overall catalytic performances. In this context, neat
ionic liquids (ILs), especially those based on imidazolium, were extensively studied as stabilizers for
metal nanopar‘[icles.23'26 It is a common opinion that metal nanoparticles are stabilized by ILs through
the interaction of the anions with the coordinatively unsaturated, electron-deficient, metal surface.”’ It
has been demonstrated that ILs affect the catalytic performances of metal nanoparticles, both in terms of
conversion and chemoselectivity.**>° On these basis, some attempts have been done in transferring the
properties of ILs as stabilizers for metal nanoparticles to heterogeneous systems having similar features.
The first study on a heterogeneous membrane constituted of palladium nanoparticles stabilized by a IL
was reported by Carlin and Fuller’'. This pioneering work open up the route to heterogeneous systems
composed of covalently bond ionic liquids. Imidazolium-based ILs in form of single molecules or pol-
ymeric chains were successively supported on silica and silica-based materials, and used to support pal-
ladium nanoparticles for nitroarenes reduction’ and Suzuki C-C cross-coupling.33

An alternative strategy consists in the exploitation of poly(lonic Liquid)s (PILs) as supports for
metal nanoparticles. PILs are polymers bearing ionic liquid functionalities along the polymeric chains.
They have underwent an increasing interest during the last decade, thanks to their peculiar properties
that can be easily tuned by varying the polymer structure and composition.>*>’ PILs allow to generate a
ionic liquid-like micro-environment at the surface of solid polymers, having the same characteristic of
the liquid phase.*® Poly(Ionic Liquid)s of different kind were used as hosts for metal nanoparticles (such
as platinum and palladium) and exploited for Suzuki C-C cross-coupling,® 4-nitrophenol reduction®
and hydrogenation reactions.*' In most of these cases PILs do not possess high specific surface area, be-
cause the polymer is developed in linear fashion. High surface area may enhance the dispersion of metal
nanoparticles, the interaction between polymer and metal and the mass transfer of reactants and prod-
ucts inside the catalyst. Only very recently, it has been reported that palladium nanoparticles supported
on imidazolium-based porous organic polymer (having a specific surface area of 100 m?*/g) display ex-
cellent conversion and a rather good chemoselectivity in the hydrogenation of nitroarenes.** Unfortu-
nately, none of the cited studies allows to unravel the role of the IL functionalities in affecting the cata-
lytic performances of the supported metal nanoparticles, especially in terms of selectivity.

In this work, we report on the synthesis, characterization and catalytic performances (evaluated
by spectroscopic methods) of palladium nanoparticles inside porous imidazolium-based PILs. Non-ionic
polymers based on co-polymers of divinylbenzene and vinylimidazole in a different ratio, were pro-
duced using a synthetic pathway that leads to hierarchically structured polymers having a specific sur-
face area as high as 500 m*/g, and bearing micropores and mesopores.* PILs were made from non-ionic
polymers through a successive alkylation step.* Palladium nanoparticles were obtained by impregnation
of non-ionic polymers and PILs with palladium (II) acetate precursor, which is then gently reduced. The



so obtained composite materials were tested in the chemoselective hydrogenation of p-
chloronitrobenzene to p-chloroaniline in remarkably mild conditions (gas phase, pressure below 1 atm,
room temperature). This reaction is commonly employed as a standard reference reaction for comparing
the activity and selectivity of hydrogenation catalysts for various applications.

Chloro-anilines are important intermediates for many industrially relevant chemical products,
such as pharmaceuticals, polymers, dyes and, urethanes. They are generally obtained by catalytic hydro-
genation of nitro chlorobenzenes with various heterogeneous catalysts.** Hydrogenation of p-
chloronitrobenzene to p-chloroaniline (step 1a in Scheme 1) requires the selective hydrogenation of the
nitro group, which is challenging for at least two reasons: 1) it competes with the hydro-dechlorination
path (step 2a in Scheme 1), which leads to production of nitrobenzene; ii) p-chloroaniline may be fur-
ther hydrogenated to aniline (Step 1b in Scheme 1), because hydro-dechlorination is promoted by the
electro-donation effect of the amino group at the aromatic ring.*’ Catalysts based on supported platinum
nanoparticles are known to be highly selective in this reaction, but they are also expensive.***** The
current scientific challenge is to retain the chemoselectivity towards p-chloroaniline using the cheapest,
but generally less selective, palladium. The most common approach involves the modification of classi-
cal heterogeneous palladium-based catalysts by means of organic or inorganic modifiers.***-** Accord-
ing to the recent work of Zhao et al.,** also palladium nanoparticles in porous ionic polymers display a
good chemoselectivity in this reaction, provided that the solvent is judicial chosen. On these basis, in
this work we explore the role of the ionic functionalities in PILs in driving the selectivity of supported
palladium nanoparticles. It is important to notice that the main goal was not to evaluate quantitatively
the activity and selectivity of each catalyst, but rather to compare their relative performances in order to
clarify the role (if any) played by the ionic scaffolds in catalysis. This is the reason why we chose to
screen all the synthetized composite materials during catalysis by means of FT-IR spectroscopy in oper-
ando, which is a very sensitive technique to monitor catalysts at work.
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Scheme 1. Hydrogenation pathways of p-chloronitrobenzene. The desired product is p-chloroaniline, while possible by-
products are nitrobenzene and aniline.

2. EXPERIMENTAL
2.1 Materials

Synthesis of non-ionic polymers and PILs. The non-ionic vinylimidazolium-based polymers and the
PILs used as hosts for palladium nanoparticles were obtained by precipitation polymerization, according
to the procedure previously reported.”® Briefly, the non-ionic polymers were synthesized starting from



divinylbenzene (DVB) and vinylimidazole (VIm) as co-monomers. Acetonitrile was used as solvent and
toluene as porogen, in order to achieve a permanent porous structure. This synthetic strategy leads to
polymeric microspheres characterized by both meso- and micro-pores, i.e. a hierarchical pore structure
which is perfect for catalytic applications. Two different non-ionic polymers were obtained, having a
nominal DVB:VIm volume ratio of 5:5 and 3:7, respectively, hereafter called Poly(DVB-co-VIm)-5:5
(1) and Poly(DVB-co-VIm)-3:7 (2). The PILs were obtained from the non-ionic polymers through a
post-synthesis modification. Methyl iodide and butyl iodide were used as alkylating agents, to obtain re-
spectively poly(DVB-co-mVIm'T) (1a, 2a) and poly(DVB-co-bVIm'T) (1b, 2b). All the non-ionic pol-
ymers and PILs display a specific surface area larger than 500 m*/g.”!

Synthesis of non-ionic polymers/Pd(OAc), and PILs/Pd(OAc),. Palladium (II) acetate was inserted in
both non-ionic polymers and PILs by wet-impregnation, using acetonitrile as solvent (Scheme 2); the
amount of palladium (II) acetate was calculated to give a palladium loading of 5 wt% with respect to the
polymer. After impregnation, the samples were dried at room temperature. All the polymer/Pd(OAc),
composite materials were brown in color.

Synthesis of on-ionic polymers/Pd and PILs/Pd. Both non-ionic and ionic polymer/Pd(OAc), samples
were successively degassed at room temperature in dynamic vacuum for 1 hour. The reduction process
(Scheme 2) consisted in three subsequent H, dosages (equilibrium pressure Py, = 100 mbar, contact
time = 30 minutes) at 120°C. After the last H, removal at 120°C, the samples were cooled down to room
temperature in dynamic vacuum, resulting into polymer/Pd samples. After the reduction step the sam-
ples became darker in color. The synthesis of non-ionic polymers/Pd and PILs/Pd samples was per-
formed directly into the measurement cells.

2.2 Techniques

Transmission Electron Microscopy (TEM). Transmission electron micrographs were collected with a
JEOL 3010-UHR instrument operating at 300 kV, equipped with a 2k % 2k pixels Gatan US1000 CCD
camera. Samples were deposited on a copper grid covered with a lacey carbon film.

X-ray powder diffraction (XRPD). XRPD were collected with a PW3050/60 X’Pert PRO MPD diffrac-
tometer from PANalytical working in Debye—Scherrer geometry, using as source a high-powered ceram-
ic tube PW3373/10 LFF with a Cu anode equipped with a Ni filter to attenuate Ky and focused by a
PW3152/63 X-ray mirror. Scattered photons have been collected by an RTMS (real time multiple strip)
X’celerator detector. Powdered samples have been hosted inside a 0.8-mm boron silicate capillary and
mounted on a rotating goniometer head.
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Scheme 2. General synthetic pathway to obtain the non-ionic vinylimidazolium-based polymers and the corresponding PILs,
followed by supporting of palladium nanoparticles. The cartoons on the left and right sides schematically represent the struc-
ture of the neutral polymers and PILs. Imidazole and imidazolium are represented with red spheres, iodine with blue spheres

and palladium nanoparticles with grey spheres. The nomenclature of all the synthetized samples is also shown.
Attenuated Total Reflection IR spectroscopy (ATR-IR). ATR-IR spectra were recorded on a Bruker Vertex70 spectrophotome-
ter equipped with a MCT detector and a diamond ATRcrystal. Each spectrum was recorded at 2 cm™ resolution and 32 scans

in the range 4000-600 cm™. Within the same series of polymer, all the ATR-IR spectra were normalized to the couple of
bands at 795 cm™ and 830 cm’', characteristic of DVB.

Fourier Transformed IR spectroscopy (FT-IR). In situ FT-IR spectra were collected in transmission
mode on the same instrument. The measurements were performed on thin layers of polymer/Pd samples
deposited on an IR transparent silicon plate from an acetone dispersion. The depositions were placed in-
side a cell equipped with two KBr windows, which allows the manipulation of the samples in controlled
atmosphere while monitoring the FT-IR spectra. Two types of in situ FT-IR measurements were per-
formed: 1) adsorption of CO at room temperature to characterize the palladium nanoparticles in poly-
mers/Pd samples; and 2) catalytic tests to evaluate the potential of the investigated samples in the hy-
drogenation of p-chloronitrobenzene. In the first case, the Hp-reduced samples were contacted in situ
with CO (Pco = 50 mbar), and the FT-IR spectrum was collected. Pco was then gradually decreased in
steps from 50 mbar to 10™* mbar. FT-IR spectra were recorded at each step. The final spectrum corre-
sponds to CO species irreversibly adsorbed at room temperature. The spectra are reported after subtract-
ing the spectrum of the sample prior CO dosing.

For the catalytic tests, the polymers/Pd samples were contacted with the vapor pressure of p-
chloronitrobenzene, followed by H, dosage (Py, = 100 mbar). FT-IR spectra were collected at a time
resolution of 50 minutes to monitor the evolution of the hydrogenation reaction, until all the absorption



bands related to p-chloronitrobenzene were completely eroded. The spectra were normalized according
to the following procedure, in order to compare the catalytic performances of different samples:

i) to account for the thickness of the samples, the spectra were normalized to the ratio between
the intensity of the band at 1342 cm™ (characteristic of p-chloronitrobenzene) and that at 795
cm™ (characteristic of DVB in the polymer). It is worth noticing that this normalization allows
to compare the reaction rate only for samples within the same series (1/Pd or 2/Pd), since the
amount of DVB is different for samples of the two series.

i) to account for the p-chloronitrobenzene loading, the starting intensity of the bands typical of p-
chloronitrobenzene was normalized to 1, and all the spectra were rescaled according to the
same factor.

3. RESULTS AND DISCUSSION
3.1 The polymer/Pd(OAc), systems

ATR-IR spectroscopy was used to obtain preliminary information on the structure of palladium (II) ace-
tate inside the vinylimidazolium-based polymers. Figure 1 shows the ATR-IR spectra of polymers of Se-
ries 2 before (blue) and after (red) impregnation with palladium (II) acetate; the difference between the
two spectra is also shown (grey). In all the cases, the difference spectra are characterized by both posi-
tive and negative bands, revealing that after impregnation with palladium (II) acetate new species are
formed at the expenses of others. A similar behavior is observed for samples of series 1 (Figure S1).

Starting the discussion from the non-ionic polymer 2 (Figure la), most of the IR absorption
bands in the spectrum of 2 are ascribable to DVB and only a few bands characteristic of the imidazole
ring are observed, at 1225 em™ (8c.c + ), 1110 em™ (8cpr), 1081 em™ (Scuyr + Vring) and 662 em™ (ve.
N T Sring).52 All of them except that at 1110 cm™ (which does not involve directly the nitrogen atoms in
the ring) are affected by impregnation with palladium (II) acetate (asterisks in the difference spectrum),
testifying the occurrence of a strong interaction between the imidazole ring and the palladium salt in
sample 2/Pd(OAc),. Hence, the insertion of palladium (II) acetate into 2 occurs through chemical inter-
actions involving the nitrogen functionality in the imidazole rings. A similar behaviour was reported for
poly-vinylpyridine/metal complexes, where the metal salts are stabilized by the nitrogen-containing
pyridyl ligands.”’ In addition, new IR absorption bands are observed in the spectrum of 2/Pd(OAc),,
at 1365 and 1315 cm’ (sharp) and around 1630 cm™ (broad), which are due to the vcoo vibrational
modes of the acetate groups. The frequency position of these bands is much lower than for solid palladi-
um acetate and reflects a different local structure of the acetate.®”®* According to literature, the asym-
metric and symmetric vcoo frequency values for palladium acetates fall around 1615 and 1430 cm™ for
trimers (where both bridging and chelating acetates are present),” and 1630 and 1315 cm™ for terminal
acetates (mono-dentate),’’ respectively. On these basis, the new bands observed in the spectrum of
2/Pd(OAc), at 1365 and 1315 cm™ are assigned to the symmetric vcoo modes of two slightly different

terminal acetate ligands, being the asymmetric modes overlapped in the broad band around 1630 cm™ . %
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Figure 1. ATR-IR spectra of polymer 2 (part a) and PILs 2a (part b) and 2b (part c¢) before (blue) and after impregnation of
palladium (II) acetate (red). The difference between the two spectra is shown in each part (grey). The main absorption bands

associated to the imidazole ring are indicated. The asterisks highlight the effect of palladium (II) acetate on the absorption
bands assigned to the imidazole ring.

Hence, ATR-IR spectroscopy reveals that palladium (II) acetate is stabilized inside the non-ionic poly-
mer 2 through the coordination of the vinylimidazole ring to the Pd*" cations, with the consequent rup-
ture of the trimeric structure characteristic for solid palladium (II) acetate, and the restructuring of the
acetate ligands in a mono-dentate coordination

The situation is largely different for palladium (II) acetate inside the PILs 2a (Figure 1b) and 2b
(Figure 1c¢). First of all, the ATR-IR spectra of 2a and 2b differ from that of 2. Indeed, the quaternariza-
tion process causes a shift of all the bands associated to vibrational modes involving the imidazole ring;
in particular the band due to (d¢c-c + 0c.n) combination mode shifts from 1225 cm™ to 1157 cm™. This
band is perturbed by the insertion of palladium (II) acetate (asterisk in the difference spectra, Figure 1b
and 1c), indicating that also the alkylated imidazole ring interacts with the palladium salt, although the
nitrogen doublet is no more available. The IR absorption bands characteristic of the acetate groups are
observed around 1570 and 1400 cm™, in the frequency range typical of trimers. Hence, the absence of
free nitrogen and the simultaneous presence of the ionic functionality in PILs stabilize palladium (II)
acetate in its trimer form.

3.2 In situ formation of palladium nanoparticles

It is generally accepted that palladium (II) acetate is stoichiometrically reduced by H; to give palladium
metal and acetic acid as by-product.”’** The reactivity of polymer/Pd(OAc), samples toward H, at 120
°C is testified by the gradual change of the sample color from orange to dark brown, indicating that pal-
ladium (II) acetate is reduced to give polymer/Pd systems. Accordingly, transmission FT-IR spectra of
polymer/Pd samples (Figure S2 and S3) do not show any more the IR absorption bands characteristic of
the palladium (II) acetate, either dissociated (in polymers 1 and 2), or in the trimer form (in PILs 1a, 1b
and 2a, 2b), proving its complete reduction. Interestingly, the IR absorption bands characteristic of the



imidazole rings (either free or alkylated) are still perturbed with respect to those observed in the spectra
of the bare polymers. This observation indicates that the imidazole rings act as stabilizers not only for
palladium (II) acetate, but also for the reduced palladium species.

Attempts to directly observe the palladium nanoparticles were done by TEM. Both the non-ionic
polymers and PILs consist of narrowly dispersed microspheres of about 1 pm in diameter.*’ A repre-
sentative TEM image of a small portion of the polymer sphere is shown in Figure 2b for 2a/Pd. The
thickness of the polymer sphere does not allows a clear observation of palladium nanoparticles. Only at
the edges (inset in Figure 2b) a few extremely small (< 1.5 nm) palladium nanoparticles are visible (see
arrows). However, the poor contrast of the images does not permit to determine the average particle size
and the particles size distribution. XRPD failed in the detection of palladium nanoparticles. Indeed, the
XRPD patterns collected on the samples before and after reduction in H, (Figure S4) show only a broad
reflection centered around 26 = 21° due to the scattering of the polymer support (overlapped to that of
the glass capillary). These results indicate that the palladium nanoparticles have a dimension below the
sensitivity of the technique (in agreement with TEM) and/or they are amorphous.

Figure 2. Representative TEM micrographs of sample 2a/Pd. The inset shows a magnification of the border of the polymer
particle. Arrows indicate palladium nanoparticles.

In contrast, the polymer/Pd samples were successively characterize by means of in situ FT-IR
spectroscopy using CO as a probe molecule. Indeed, FT-IR spectroscopy of adsorbed CO is a well-
established technique to obtain both quantitative and qualitative information on the exposed sites of
supported metal nanoparticles and on their defectivity, also when the particles are extremely small
and/or amorphous.®*”® Figure 3 shows the FT-IR spectra of CO adsorbed at room temperature on sam-
ples 2/Pd, 2a/Pd and 2b/Pd, as a function of the CO coverage. Figure S5 shows the same experiments
for polymers of series 1. The IR spectra collected at the highest CO coverage (bold) are all characterized
by two main absorption bands centered around 2055 and 1880 cm™', which are easily assigned to linear
(terminal) and bridged carbonyl species formed on palladium nanoparticles.®*”® The absolute intensity
of the spectra is similar in the three cases, indicating that the available metal surface is approximately
the same. Moreover, the two absorption bands are almost equally intense. According to literature, the
relative proportion of linear and bridged adsorbed carbonyls correlates with the size and the surface reg-
ularity of the palladium particles. The spectra shown in Figure 3 indicate that small and rather defective



palladium particles are formed upon reduction of polymer/Pd(OAc); in H,, in agreement with findings
from TEM and XRPD techniques.

The position (in cm™) of the two carbonyl bands at the maximum CO coverage are listed in Ta-
ble 2 for the whole set of samples. The absorption band assigned to linear carbonyl species falls around
2055 cm™ for most of the samples, being the maximum and minimum values at 2060 cm™ for 1/Pd and
at 2038 cm™' for 2b/Pd samples, respectively. In analogous experimental conditions, the same band ap-
pears usually close to 2100 cm™ for CO adsorbed on well-defined cuboctahedral palladium particles on
metal-oxide supports.®*”" Similarly, the broad band assigned to bridged carbonyls is observed around
1900 cm™ for most of the samples, being the two extreme values at 1933 cm™ for 1/Pd and at 1873 cm’
for 2b/Pd samples, respectively. The same band is usually observed at wavenumbers larger than 1950
cm” for CO adsorbed on well-defined cuboctahedral palladium particles on metal-oxide supports in the
same experimental conditions.®*”® The large shift observed in this case indicates the presence of a par-
tially negative charge at the surface of the palladium nanoparticles, which increases the n-back-donation
from palladium to the adsorbed CO molecules. For non-ionic polymers (1/Pd and 2/Pd) the nitrogen at-
om of the imidazole ring may act as electron donor. For PILs/Pd samples it is more likely that the iodide
anion interacts directly with the palladium surface; its electronic effect should be larger than that of the
positively charged imidazole ring. Hence, FT-IR spectroscopy of adsorbed CO reveals that palladium
nanoparticles in non-ionic polymers and in PILs feel a different electronic environment, with potential
relevant consequences in terms of catalytic properties.
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Figure 3. Background subtracted FT-IR spectra of CO adsorbed at room temperature on samples 2/Pd (part a), 2a/Pd (part b)
and 2b/Pd (part c). The sequences of spectra (blue to cyan, green to yellow, red to orange) show the effect of decreasing P co,
from 50 to 1-10™* mbar.



Table 2. v(C=0) frequencies in cm™ of linear/bridged CO adsorbed on different samples

Entry Series 1 Series 2
Non-ionic 2060/1933 2055/1909

a 2052/1877 2055/1873
Ionic

b 2059/1894 2038/1873

Finally, the adsorbed carbonyls are easily reversible upon degassing at room temperature. The
absorption bands due to linear and bridged carbonyls decrease in intensity and gradually downward shift
upon lowering the CO coverage, as a consequence of the progressive removal of lateral-lateral interac-
tions among adsorbed CO molecules.®* " The easy reversibility of adsorbed CO reveals that the poly-
meric support plays an “active” role and competes with CO in interacting with palladium surface. A
similar behavior was previously reported for palladium carbonyl clusters in other polymers®**' and in

. 1
zeolites.’

It is worth noticing that in the FT-IR spectra of CO adsorbed on all the PILs but sample 2b/Pd,
an additional sharp absorption band is observed at 2100 cm™, which is remarkable for sample 1b/Pd
(Figure S5c¢) and 2a/Pd (Figure 3b). This band decreases in intensity upon outgassing but does not shift,
suggesting that the corresponding carbonyl is not bound to palladium nanoparticles, but rather to isolat-
ed palladium species. The frequency position of this band is border line between that characteristic of
CO adsorbed on Pd’ (usually below 2100 cm™) and on positively charged Pd**/Pd" species (usually
around 2120-2110 em™).”*” A possibility is that the ionic charges in PILs stabilize a small amount of
positively charged Pd™" species. Apparently, there is no a clear correlation between the appearance of the
2100 cm™ band and the composition of the PILs (in terms of length of the alkyl group). For PILs of se-
ries 1, the band at 2100 cm™ is maximized for sample 1b/Pd, i.e. for longer alkyl chain; on the contrary,
for PILs of series 2 the band at 2100 cm™ is more intense for sample 2a/Pd, i.e. for shorter alkyl chain.

3.3 A spectroscopic investigation of the catalytic performances of PiLs/Pd in the hy-
drogenation of p-chloronitrobenzene

The catalytic properties of PILs/Pd were tested in the chemoselective reduction of p-chloronitrobenzene
to p-chloroaniline. The reaction was performed in presence of the vapor pressure of p-
chloronitrobenzene and of gaseous H», below atmospheric pressure, and followed by in-situ FT-IR spec-
troscopy. Figure 4 shows as an example the FT-IR spectra for sample 2b/Pd collected during the most
relevant steps of the reaction. The spectrum of 2b/Pd (light grey) shows the absorption bands character-
istic of the polymeric matrix, as commented previously. When 2b/Pd is contacted with the vapor pres-
sure of p-chloronitrobenzene (red), the absorption bands typical of p-chloronitrobenzene appear in the
FT-IR spectrum (main bands at 1603, 1578, 1521, 1343, 1107, 1096, 852 and 742 cm'l), overlapped to
those of the matrix. In particular, the most intense bands at 1521 and 1343 cm™ are assigned to the
symmetric and antisymmetric vono Vvibrational modes of p-chloronitrobenzene. These bands are down-
ward shifted with respect to those of pure p-chloronitrobenzene (Figure S7), as a consequence of the in-
teraction with palladium nanoparticles.74 When about 100 mbar of H; are introduced in the reaction cell,
the FT-IR spectrum gradually changes, testifying the occurrence of the hydrogenation reaction. In par-
ticular, the absorption bands characteristic of p-chloronitrobenzene gradually decrease in intensity up to



disappear (arrows) and simultaneously new bands ascribable to the reaction products appear and grow in
intensity (light green, arrows). The spectra shown in Figure 4 demonstrate that FT-IR spectroscopy has
the sufficient sensitivity to monitor in situ the evolution of the reaction.
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Figure 4. FT-IR spectra of 2b/Pd collected at the most relevant steps of the catalytic test: 2b/Pd (light gray), in presence of p-
chloronitrobenzene (red), and at the end of the hydrogenation reaction (light green). Arrows highlight the disappearance of
the absorption bands due to p-chloronitrobenzene and the appearance of the bands assigned to the reaction products.

Figure 5 shows the whole sequence of spectra collected during the hydrogenation reaction of p-
chloronitrobenzene over sample 2b/Pd, after subtraction of the spectrum of 2b/Pd. The spectra are col-
lected at a time resolution of 50 minutes. The same experiment is shown in a 2D representation in Fig-
ure 6¢c; similar experiments were performed for all the samples (Figure 6 and Figure S6). In all the cas-
es, it is evident that the absorption bands characteristic of p-chloronitrobenzene constantly decrease in
intensity, with the attendant appearance of new absorption bands typical of the products. A comparison
of the catalytic properties of non-ionic polymer/Pd and PILs/Pd samples in terms of both activity and
chemoselectivity can be done by integrating an absorption band characteristic of the reactant and of the
products as a function of time. The intense absorption band at 1342 cm™ (asymmetric vono) was chosen
to follow the consumption of p-chloronitrobenzene during the reaction (squares in Figure 6). The band
at 819 cm™ (ring breathing + trigonal ring mode)” was chosen for the quantification of p-chloroaniline
(triangles in Figure 6) and the band at 691 cm™ (mode 4)”® was used to identify aniline (circles in Figure
6). These bands do not overlap to the spectral features of other products or reactants, as demonstrated in
Figure S7.

The normalized absorbance of these three bands as a function of time is shown in Figure 6d-f for
samples 2/Pd, 2a/Pd and 2b/Pd, whereas the results obtained on polymers of series 1 are shown in Fig-
ure S6d-f. In all the cases the reaction starts immediately. In particular, for the non-ionic 1/Pd the con-
sumption of p-chloronitrobenzene (squares in Figure 6d) is accompanied by the simultaneous formation
of both p-chloroaniline (triangles in Figure 6d) and aniline (circles in Figure 6d); when most of p-
chloronitrobenzene is consumed, the concentration of p-chloroaniline starts to decrease in favor of a fur-
ther increase of aniline. This behavior was previously observed in presence of other catalysts and it was
explained by considering that the nitro group is probably strongly adsorbed on the metal surface, there-
by hindering access to the chlorine functional group.**
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Figure 5. Three-dimensional representation of the FT-IR spectra collected during hydrogenation of p-chloronitrobenzene
over 2b/Pd sample. The spectra are reported after subtraction of the spectrum of 2b/Pd.

The reaction is slightly slower but more chemoselective in presence of 2a/Pd. At the beginning,
p-chloronitrobenzene is selectively converted to p-chloroaniline, and only for times longer than 120
minutes the production of a small amount of aniline is observed. Finally, sample 2b/Pd shows the high-
est selectivity towards p-chloroaniline in the hydrogenation of p-chloronitrobenzene. The reaction rate is
comparable to that of 2a/Pd, but in this case only p-chloroaniline is formed in the investigated reaction
conditions. Samples of series 1 (Figure S6) exhibit an analogous behavior and a similar reaction rate:
1a/Pd and 1b/Pd samples are more chemoselective than 1/Pd, being 1b/Pd the most selective ones.

Interestingly, no intermediates species are detected by means of FT-IR spectroscopy, despite the
high sensitivity of the method.**"*”"" The catalytic hydrogenation of nitroarene is a multi-step process.
The generally accepted mechanism, involves the formation of nitroso and hydroxylamine compounds,
and eventually of azoxy, azo and hydrazo compounds. In particular, hydroxylamine was recently detect-
ed by means of spectroscopic techniques,’*’”” albeit it is known that its concentration varied consider-
ably with the reaction conditions.* In our case there are no evidence for p-chloro phenylhydroxylamine
formation that, if present, should contribute with an intense absorption band around 910 cm'l, le.in a
spectral region where both reagent and products do not contribute (Figure 6s). Although the FT-IR data
alone probably cannot be considered fully conclusive on the absence if intermediate species (e.g. inter-
mediates may be present at very low levels, or do not adsorb strongly to the catalyst surface and thus
may be poorly detectable), the absence of spectroscopic signals attributable to intermediate species sug-
gest that these catalysts are very active for the fast reduction of all intermediates and possible side prod-
ucts.

Finally, we might speculate on the nature of the active catalytic sites and in particular on the role
of the few isolated Pd"" species revealed by FT-IR spectroscopy of adsorbed CO on most of the samples
(Figure 3 and Figure S5). Although we cannot totally exclude a participation of these species to the ca-
talysis, it must be noticed that their abundance does not correlate neither with the activity nor with the
chemoselectivity of the investigated reaction. Moreover, when hydrogenation of p-chloronitrobenzene is



conducted on polymers/Pd(OAc), not reduced in H, a very long induction period is observed before the
onset of the reaction (data not shown), during which palladium (II) acetate is reduced to metal palladi-
um. These observations provide substantial evidences that the active sites are in the form of palladium
nanoparticles.
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Figure 6. Parts a)- ¢): Two-dimensional representation of the background-subtracted FT-IR spectra collected during hydro-
genation of p-chloronitrobenzene over samples 2/Pd (part a), 2a/Pd (part b) and 2b/Pd (part c). The colors refer to the intensi-
ty of the absorption bands, which are normalized to account for the thickness of the sample and for the of p-
chloronitrobenzene loading. Parts d) — f): reaction kinetic, evaluated by monitoring the normalized intensity of the absorption
bands at 1342 cm™ for p-chloronitrobenzene (squares), at 819 cm™ for p-chloroaniline (triangles) and at 691 cm™ for aniline
(circles). Note that the absorbance values do not correlate with the absolute amount of reagents and products, because differ-
ent bands have also different extinction coefficients.

4. CONCLUSIONS

This study reports on the synthesis and characterization of palladium nanoparticles inside non-ionic vi-
nylimidazolium-based polymers and PILs, and on their catalytic performances in the selective hydro-
genation of p-chloronitrobenzene to p-chloroaniline, which is an important intermediate in the manufac-
ture of many agrochemicals and pharmaceuticals. Two non-ionic polymers were investigated, character-
ized by a different amount of vinylimidazole. Starting from the two non-ionic polymers, four different
PILs were obtained, through a successive alkylation step with alkyl-iodide and by changing the length
of the alkyl chain. All the polymers were characterized by a permanent porosity and a surface area larger
than 500 m?/g. Palladium was inserted in these materials in the form of palladium (II) acetate (to give
polymer/Pd(OAc), composites), and successively reduced in presence of gaseous H, in mild conditions
(Pg2 = 100 mbar, 120 °C), to give polymer/Pd composites. A systematic investigation of the physical-
chemical properties of both polymer/Pd(OAc), and polymer/Pd systems as a function of the polymer
composition was carried out by means of several characterization techniques

It was found that in non-ionic polymers the nitrogen functionality of the imidazole ring stabilizes
both the starting palladium (II) acetate, by breaking the trimeric structure characteristic for solid palla-
dium (II) acetate, and the palladium nanoparticles. The interaction between the hosting polymer and pal-
ladium nanoparticles occurs mainly through the nitrogen atoms of the imidazole ring, which act as an



electron donor. On the other hand, in absence of available nitrogen species inside PILs, palladium (II)
acetate is stabilized in its trimer form. Once reduced, palladium nanoparticles are mainly stabilized by
the iodide anion, which interacts directly with the palladium surface, with a total electronic effect much
larger than that of the positively charged imidazole ring. In both non-ionic polymers and PILs the palla-
dium nanoparticles were found to be extremely small (below 2 nm) and hardly detectable by means of
TEM and XRPD. However, they have been successfully detected by FT-IR spectroscopy of adsorbed
CO, which indicated that the available metal surface was approximately the same, as well as the types of
exposed sites.

PILs/Pd samples have proven to be excellent catalysts for selective reduction of p-
chloronitrobenzene to p-chloroaniline, under remarkably mild conditions (room temperature, absence of
solvents, gaseous H, below 1 atm). /n situ FT-IR spectroscopy revealed interesting differences among
the investigated catalysts in terms of selectivity. In particular, the PILs/Pd samples characterized by bu-
tyl chains showed an almost total selectivity towards p-chloroaniline at full p-chloronitrobenzene con-
version. Since the average size of the palladium nanoparticles is the same in all the catalysts, these re-
sults do suggest that chemoselectivity depends on the ionicity of the environment provided by the PIL
scaffolds, which directly affects the electronic and surface properties of the hosted palladium nanoparti-
cles.
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