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Abstract: Understanding the interface between soluble metal complexes and supported metal par-
ticles is important in order to reveal reaction mechanisms in a new generation of highly active
homogeneous transition metal catalysts. In this study, we show that, in the case of palladium forming
on a carbon (Pd/C) catalyst from a soluble Pd(0) complex Pd2dba3, the nature of deposited particles
on a carbon surface turns out to be much richer than previously assumed, even if a very simple
experimental procedure is utilized without the use of additional reagents and procedures. In the
process of obtaining a heterogeneous Pd/C catalyst, highly active “hidden” metal centers are formed
on the carbon surface, which are leached out by the solvent and demonstrate diverse reactivity in
the solution phase. The results indicate that heterogeneous catalysts may naturally contain trace
amounts of molecular monometallic centers of a different nature by easily transforming them to
the homogeneous catalytic system. In line with a modern concept, a heterogenized homogeneous
catalyst precursor was found to leach first, leaving metal nanoparticles mostly intact on the surface.
In this study, we point out that the previously neglected soft leaching process contributes to high
catalyst activity. The results we obtained demand for leaching to be reconsidered as a flexible tool for
catalyst construction and for the rational design of highly active and selective homogeneous catalytic
systems, starting from easily available heterogeneous catalyst precursors.

Keywords: leaching; catalysis; solvent; dynamic transformations; cocktail of catalysts; carbon materials;
electron microscopy; mass spectrometry

1. Introduction

Transition metal catalysts play an important role in organic synthesis, polymer sci-
ence, the production of biologically active compounds, and industry developments [1–3].
The synthesis and modification of monometallic nanocatalysts [4–11], bimetallic nanocata-
lysts [12–15], and mixed metal-nonmetallic nanocatalysts [16–18] are actively investigated
in recent years. In particular, heterogeneous carbon-supported metal nanoparticle cata-
lysts (M/C) have been applied in the fine chemical industry [19], energy research [20],
and metal-catalyzed reactions in organic synthesis [21–23]. Indeed, palladium deposited
on a carbon support is one of the most commonly used catalysts. Carbon materials are
inexpensive, widely available, and easy to manufacture and recycle; they can be produced
from biomass; they have a large specific surface area; and they represent efficient support
for metal catalyst particles [24].

Recent studies have shown that there are no clear boundaries between homogeneous
and heterogeneous catalysis [25–29]. The application of a heterogeneous catalyst often
leads to the formation of soluble metal complexes, while the use of a homogeneous catalyst
can result in the deposition of metal nanoparticles or the precipitation of metal black [27,28].
The removal of metal from the surface of the support using the reaction mixture (leaching)
is now well known in a number of catalytic processes [29]. Even minor contamination of
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the reaction system with palladium can significantly affect catalytic activity [30]. A new
wave in the research on M/C catalysts was initiated by investigating the role of leaching in
Pd-catalyzed cross-coupling, the Mizoroki–Heck reaction, C-H activation, etc. [31].

Leaching usually takes place at higher temperatures and leads to modifications in the
catalyst and the contamination of the reaction system’s liquid phase with metals [32–35].
Catalytic sites formed during leaching often exhibit high activity, allowing the reaction to
be carried out with higher turnover number/turnover frequency (TON/TOF) values and a
greater resistance to functional groups in reagent molecules compared to purely heteroge-
neous catalytic systems. These centers are observed in the form of mono- and bimetallic
complexes, nanoparticles, or clusters, which can exist in equilibrium or transform into each
other. This behavior was described as a “cocktail”-type catalysis [27,29]. Important studies
on the dynamic behavior of catalysts and the mechanisms of active site formation have
been carried out by several research groups [36–53]. A dedicated focus on the application
of leaching in the case of supported catalysts was also made [54–57]. de Bellefon and
co-workers conducted a detailed literature review on mechanistic studies pertaining to the
Suzuki–Miyaura reaction and showed that there is evidence supporting a homogeneous
mechanism for this reaction. [25]. In this case, the applied palladium mainly acts as a
reservoir for active palladium particles resulting from leaching. Then, the heterogeneous
catalyst gradually loses its activity due to a decrease in the total palladium content. It
should be noted that leaching is not the only reason for the loss of catalyst activity. For
example, Kiwi-Minsker and co-workers showed that the loss of catalytic activity can be
caused by the sorption of Suzuki–Miyaura reaction products [58]. Washing the catalyst
with an organic solvent while stirring promotes the regeneration of the catalyst. The solvent
is an important part of the catalytic systems and forms the medium for the reaction proceed.
Often, the impact of the solvent during the reaction is neglected, so it is considered to be
a stable medium, within which the chemical reaction proceeds. Ignoring the influence of
the solvent may prevent important effects of the system from being revealed. For example,
Wang, Dai, and co-workers have reported a significant effect of solvent choice on the
performance of the catalyst based on zinc and activated carbon [59].

Previously, it was shown that metal deposition from the tris(dibenzylideneacetone)dip
alladium(0) (Pd2dba3) complex in chloroform has the ability to produce palladium nanopar-
ticles and form practically significant highly active Pd/C supported catalysts (Figure 1A)
[23,60,61]. As typically assumed, during the preparation of the catalyst, the Pd2dba3 com-
plex decomposes with the formation of palladium nanoparticles in solution, as well as with
the release of free dibenzylideneacetone (dba). Palladium particles are strongly attached to
the carbon substrate due to their high binding energy [62]. The dba ligand remains in the
solvent, within which the complex decomposes to form Pd nanoparticles [60]. Our recent
studies have shown that both nanoparticles and also individual surface palladium atoms
are formed during catalyst preparation using this method [63]. Individual palladium atoms
are easily leached by reagents from the surface of the carbon support into the reaction
mixture. It has also been found that individual palladium atoms subjected to leaching play
a key role in the catalysis of Suzuki–Miyaura and Mizoroki–Heck reactions. Individual
palladium atoms, like other surface monatomic palladium-containing centers, are usually
not visible on regular electron microscope images due to their small size and require a
special approach and tools for the investigation. The catalytic behavior of monatomic
metal centers of various metals is actively studied in many reaction systems, mainly using
high-resolution electron microscopy and X-ray absorption spectroscopy [64–66].
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Figure 1. (A) Typical picture of Pd2dba3 complex decomposition to obtain a Pd/C catalyst, which 
consists of the formation of only metal particles (nanoparticles, clusters, and single atoms). (B) The 
complete process, including the formation of “hidden”, easily leached, and highly catalytically ac-
tive species disclosed here, during the formation of a Pd/C catalyst from Pd2dba3, is demonstrated 
in this study. (C) Corresponding chemical reactions. 

2. Results and Discussions 
Practically popular, fast, and convenient catalyst preparation is based on the decom-

position of the Pd2dba3 complex in chloroform in the presence of a carbon material [60]. 
This palladium complex is unstable in solution and rapidly decomposes into Pd atoms, 
clusters, nanoparticles, and a free ligand (dba) [23,63]. These palladium particles were 

Figure 1. (A) Typical picture of Pd2dba3 complex decomposition to obtain a Pd/C catalyst, which
consists of the formation of only metal particles (nanoparticles, clusters, and single atoms). (B) The
complete process, including the formation of “hidden”, easily leached, and highly catalytically active
species disclosed here, during the formation of a Pd/C catalyst from Pd2dba3, is demonstrated in
this study. (C) Corresponding chemical reactions.
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In this study, we consider an additional way of studying systems in which monometal-
lic centers are formed (Figure 1B), the leaching of which promotes the highly efficient
catalysis of organic reactions. The combination of electrospray ionization mass spec-
trometry (ESI-MS) and scanning electron microscopy (SEM) was applied to carry out a
mechanistic study. The “hidden” easily soluble on-surface metal-containing complexes,
though previously not considered, were found to be highly active in the catalysis of the
Mizoroki–Heck reaction.

2. Results and Discussions

Practically popular, fast, and convenient catalyst preparation is based on the decompo-
sition of the Pd2dba3 complex in chloroform in the presence of a carbon material [60]. This
palladium complex is unstable in solution and rapidly decomposes into Pd atoms, clusters,
nanoparticles, and a free ligand (dba) [23,63]. These palladium particles were deposited on
a carbon support. After simply washing them with a solvent (acetone or chloroform), the
catalyst was completely ready for use.

It is very convenient to control the completeness of the catalyst formation and decom-
position of the complex by changing the color of the chloroform solution. At the initial
stage, the dissolved complex has a saturated burgundy color, but as it decomposes and
metal particles precipitate, the color disappears, and the final solution has a slightly yellow
color due to the released ligand (dba). NMR spectroscopy is a useful analytic method that is
used to register the signals corresponding to the Pd2dba3 complex (Figure 2A) and monitor
the release of free dba (Figure 2B).

The approach is universal and makes it possible to deposit palladium on various
supports, such as graphite (Figure 2C) or nanotubes (Figure 2D). It is important to note that
the rate of decomposition of the complex not only depends on the temperature (the higher
the temperature, the faster the decomposition), but also on the acidity of the medium. It
was noted that when stored for some time, the chloroform used as a solvent promotes the
faster decomposition of the complex, while in chloroform, freshly distilled over calcium
hydride, decomposition occurs more slowly at the same temperature. It is known that the
long-term storage of chloroform is accompanied by its decomposition with the formation
of hydrogen chloride (Figure 1C) [67]. The formed hydrogen chloride contributes to the
decomposition of the complex, accelerating the process of metal Pd particle formation [23].

In parallel with the above, the electronic structure of the obtained palladium nanopar-
ticles was studied since it is an important parameter for catalyst efficiency [68]. When
palladium is deposited from the Pd2dba3 complex in an inert atmosphere, the majority of
palladium should be in a zerovalent state. However, in this study, XPS analysis showed
that the nanoparticles were very rapidly oxidized in air with the formation of an oxide
phase (Figures S1 and S2). The PdO to Pd(0) ratios were 51% and 24% for the palladium
on multiwalled carbon nanotube (Pd/MWCNT) and Pd/graphite catalysts, respectively.
Interestingly, the type of carbon support strongly influenced the proportion of palladium
oxide, probably due to differences in the average diameters of nanoparticles, which, accord-
ing to scanning electron microscopy, were approximately 2 and 6 nm for MWCNTs and
graphite, respectively.

We assumed that dissolved hydrogen chloride, which caused the accelerated decom-
position of the complex, is able to react with Pd(0) and freshly formed palladium oxide,
making the formation of palladium chloride possible. Palladium chloride is a common
highly active catalyst [69], so its trace amounts can have a significant effect on catalysis, the
activity of which was previously attributed exclusively to deposited metal nanoparticles.
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Figure 2. (A) 1H NMR spectra of a solution containing the Pd2dba3 complex in CDCl3 before and
(B) after decomposition of the complex. (C) SEM images of palladium nanoparticles obtained by this
method on graphite and (D) TEM images of palladium nanoparticles deposited on carbon nanotubes.

A specially designed experiment was carried out to test the hypothesis of palladium
chloride presence in the catalyst. Palladium particles were deposited on a graphite rod,
as described above (Figure 3A,D). Next, several parts with an area of approximately
1.3 µm2 were selected so that all the nanoparticles in the area were clearly visible. The
graphite was then heated in pure N,N-dimethylformamide (DMF) at 120 ◦C for 1 h, and
the ESI-MS spectra of the resulting solution were recorded in both positive and negative
ion modes. Indeed, a PdCl2− signal was detected (m/z = 177.8475), as well as a dba
signal (m/z = 235.1125). A re-examination of previously selected areas using SEM did not
reveal noticeable changes in surface morphology (Figure 3B,E). A detailed methodology for
tracking selected areas of the catalyst is described in [63]. Previously deposited palladium
nanoparticles remained in their places, which indicates the great strength of the bond
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between palladium and graphite, even under such harsh conditions after 2 h (Figure 3C,F),
as well as the preservation of their morphology.
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Figure 3. Sequential capture via SEM of the same areas of the Pd/graphite catalyst (A,D) at 1 h (B,E)
and 2 h (C,F) in pure DMF at 120 ◦C. Mass spectra of palladium chloride were recorded at 1 h (G)
and 2 h (I), and mass spectra of the cyanide–chloride complex of palladium were recorded at 1 h
(H) and 2 h (J) in pure DMF at 120 ◦C. The red lines show the simulated theoretical spectra for the
registered ions.

An unexpected result was the registration of ions with m/z values of 194.8773, 131.9063,
157.9146, 158.9168, and others (Figures S6–S9 and S12–S16), which correspond to palladium
cyanide complexes and mixed chloride–cyanide complexes. With time, the intensity of
PdCl2− in the mass spectra decreased (Figure 3G,I), while the relative intensity of the
[Pd(CN)2Cl]− ion increased (Figure 3H,J). It is likely that palladium chloride begins to react
with the solvent (DMF) at high temperatures, resulting in the formation of cyanide ions
and the displacement of chlorine, and such a Pd-catalyzed conversion of DMF to cyanide is
well known in the literature [70]. Surface single atoms of palladium are highly coordinately
unsaturated, and therefore are highly active in various reactions [71–73]. One of the ways
of forming some palladium-containing particles can be the interaction of highly active
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single palladium atoms with a solvent and impurities in it, which can be present in trace
amounts, even in very pure reagents.

Thus, from the surface of the catalyst, obtained by the decomposition of the Pd2dba3
complex, many unexpected (“hidden”) species were leached out, which can have a signifi-
cant effect on catalysis. A special experiment was carried out to test the catalytic activity
of the leached hidden species. Within 60 min, the active species were leached out of the
catalyst 1 wt.% Pd/C (C = MWCNT or graphite) at 140◦C in pure DMF. During this time,
the amount of leached metal measured by ICP-AES was 0.54% of the total palladium
content on the substrate in the case of nanotubes and 20.38% in the case of graphite. ESI-
MS analysis on the solution showed that eight types of palladium-containing ions were
detected in the negative ion mode and six types were detected in the positive ion mode in
the case of Pd/MWCNTs (Figures S3 and S4). However, in the case of Pd/graphite, eight
palladium-containing ions were detected in the negative ion mode (Figure S5), but were
not observed in the positive ion mode. Then, the reagents of the Heck reaction were added
to the resulting solutions (Table 1). As a result, NMR analysis showed the formation of
products in all cases, confirming the catalytic activity of palladium particles leached by
the solvent. The highest conversion was achieved for the solution with the lowest content
(by ICP-AES) of leached palladium, but the highest diversity of palladium species (by
ESI-MS) obtained from the Pd/MWCNT catalyst. These results are very consistent and
complement a recent study in which we showed the extraordinary activity of individual
Pd/C catalyst particles [74].

Table 1. A comparison of catalyst activity levels in the Mizoroki–Heck reaction and the amount of
leached palladium from Pd/MWCNTs and Pd/graphite.
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Number of
Pd-Containing Ions
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ArI to Product in 5 h,
Catalyzed by Only

Leached Pd

Pd/MWCNTs 0.54% 8 (anions) + 6
(cations) 30%

Pd/graphite 20.38% 8 (anions) 10%

In addition, an experiment was carried out to detect palladium complexes 2 h after
the start of the Mizoroki–Heck reaction. The solution was found to contain an oxidative
addition complex [Pd(C6H4NO2)I2]− with m/z = 481.7381 (Figure S10). In addition, we ob-
served an ion with m/z = 391.8017, which corresponds to the formula [Pd(C6H4NO2)ICl]−

(Figure S11). Since palladium chloride (PdCl2) was not used in the preparation of the
catalyst, the appearance of palladium containing complexes [PdClLn] particles can only be
explained by the formation of PdCl2 from Pd2dba3 in chloroform during the preparation of
the catalyst. This is an interesting example of interhalide complexes found in the present
study. The role of these particles in the catalytic cycle requires further detailed investigation.

The presence of dba (Figure S17) in the obtained solution was found by the ESI-MS of
leachable particles from Pd/C (C = MWCNT). Most likely, the incompletely decomposed
Pd2dba3 complex can be adsorbed by carbon support (Figure 1B). Heterogenized Pd(dba)x
on a support (PdLx/C) cannot be detected using conventional electron microscopy, such as
single Pd atoms, unlike Pd nanoparticles. In this case, PdLx/C can easily leach out into
the solution when a solvent is added. Thus, the observed free dba signal in the ESI-MS
spectrum may also be attributed to a product of the desorption and thermal decomposition
of residual Pd(dba)x particles in the spray cone of the mass spectrometer.
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In the studied case, leaching occurred simply after the nanoscale Pd/C catalyst made
contact with the solvent (without the addition of any reagents). In contrast, it is typically
assumed that leaching involves the oxidative addition of aryl halides or other chemical
reactions. This may be the reason why leaching mediated only with soft solvents was
previously overlooked.

3. Materials and Methods

General information. Pd/C catalysts were prepared using a previously published
protocol [60,63]. In the case of a graphite bar (25 × 5 × 2 mm), palladium was deposited
from 0.4 mg of Pd2dba3. DMF (anhydrous) and other chemicals were obtained from
Sigma-Aldrich (Merck KGaA, Darmstadt, Germany) and Acros Organics (Thermo Fisher
Scientific, Geel, Belgium) without additional purification. The samples for the ESI-MS
experiments were prepared in 1.8 mL glass vials with screw-top caps fitted with Teflon-lined
septa (Agilent Technologies, Santa Clara, CA, USA). NMR measurements were performed
using a Bruker Fourier 300HD spectrometer (Bruker Daltonik GmbH, Bremen, Germany)
operating at 300.1 MHz and Bruker Avance 600 (Bruker Daltonik GmbH, Bremen, Germany)
at 600 MHz for 1H nuclei. 1H NMR chemical shifts were reported relative to the solvent
signals as internal standards. All measurements were performed at room temperature.

Mizoroki–Heck reaction. In total, 10.6 mg of 1 wt.% Pd/C (0.1 mol.% Pd) and 4 mL
of DMF were heated at 140 ◦C for 1 h. Then, the mixture was filtered to separate the solid
catalyst and the liquid phase. A test tube with a magnetic stir bar and a previously prepared
liquid phase was loaded with 1-iodo-4-nitrobenzene (249 mg, 1 mmol), styrene (115 µL,
1 mmol), and triethylamine (140 µL, 1 mmol). The reaction mixture was stirred at 140 ◦C,
the yield was measured by 1H NMR, and the samples for ESI-MS analyses were prepared.

ESI-MS study. High-resolution mass spectra were recorded on a Bruker maXis QTOF
(Bruker Daltonik GmbH, Bremen, Germany) (tandem quadrupole/time-of-flight mass
analyzer) mass spectrometer equipped with an electrospray ionization (ESI) ion source.
The m/z scanning range was 90–1200. The external calibration of the mass scale was carried
out using a low-concentration calibration solution “Tuning mix” (Agilent Technologies,
Santa Clara, CA, USA). The samples were injected using a 500 µL Hamilton RN 1750 syringe
(Hamilton Bonaduz AG, Bonaduz, GR, Switzerland). The measurements were carried out
in positive ion mode (+) (grounded spray needle, 4500 V high-voltage capillary; HV end
plate offset: −500 V) and in negative ion mode (−) (grounded spray needle, +4000-V
high-voltage capillary; HV end plate offset: −500 V). Nitrogen was applied as the nebulizer
gas (1.0 bar) and dry gas (4.0 L/min, 200 ◦C). The data were processed using Bruker Data
Analysis 4.0 software.

ESI-MS study of leaching using DMF. The catalyst (10.6 mg) and DMF (2 mL) were
placed into a 5 mL glass vial. The mixture was stirred at room temperature on a bioSan
TS-100 thermal shaker for 10 min; an aliquot (100 µL) was taken, centrifuged, and injected
into the ionization source, and mass spectra were recorded in positive and negative modes.

ESI-MS study of leaching in reaction mixtures. Aliquots of the reaction mixture
(100 µL) were taken after 2 h of heating with a syringe and filtered through a polyvinylidene
fluoride (PVDF) filter. After that, 5 µL of filtrate was taken, diluted in 1 mL of DMF, and
then centrifuged and injected into the ionization source.

TEM study. A standard copper TEM grid (200 mesh) with carbon film was immersed
in a colloid of suspended catalyst particles in isopropanol. Then, it was dried in air. Electron
microscopic observations were carried out using a Hitachi HT7700 transmission electron
microscope (Hitachi, Ltd., Tokyo, Japan) operating in bright field mode at an accelerating
voltage of 100 kV.

SEM study. Before measurements, the samples were mounted on a 25 mm aluminum
specimen stub and fixed with conductive graphite adhesive tape or a special holder. Sample
morphology was studied under native conditions to exclude metal coating surface effects.
The observations were carried out using a Hitachi SU8000 field-emission scanning electron
microscope (FE-SEM) (Hitachi, Ltd., Tokyo, Japan). Images were acquired in secondary
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electron mode at an accelerating voltage of 20 kV and at a working distance of 8–10 mm. A
slight deterioration in the image quality is associated with the sorption of DMF and the
carbonization of its traces under the action of the electron beam.

ICP-AES experiments. Aliquots of the reaction mixture (2 mL) were taken after 6 h
of heating with a syringe and filtered through a PVDF filter. The following settings were
used: plasma power—1.2 kW, plasma flow—12 L × min−1, axial flow—1.0 L × min−1, and
nebulizer flow—0.75 L × min−1. A measurement time of 15 s (5 replicas of 3 s) was also set.
To prepare the calibration solutions, a monoelement solution of Pd ions from High Purity
Standards (USA) 1 g × L−1 in 5% HCl was used.

XPS study. X-ray photoelectron spectra were collected at an ESCA unit of the NanoPES
synchrotron station (Kurchatov Synchrotron Radiation Source, National Research Center
Kurchatov Institute Moscow, Russia), equipped with a high-resolution SPECS Phoibos 150
(SPECS Surface Nano Analysis GmbH, Berlin, Germany) hemispherical electron energy
analyzer with a monochromatic Al X-ray source (with an excitation energy of 1486.61 eV
and ∆E = 0.2 eV).

4. Conclusions

To summarize, the experiments suggest that the formation of a supported catalyst
is a more complicated process than previously thought. The solvent used affects the
final system, which leads to the formation of a “hidden” highly active species acting as
homogeneous catalytic centers in the liquid phase. It is important to mention that such
a “hidden” species, in addition to the already-known individual Pd atoms, may contain
palladium chloride, residual intermediates of the decomposition of Pd2dba3 and cyanides,
as well as palladium chloride–cyanide complexes formed after interacting with the solvent
(DMF) of the reaction mixture.

To obtain a deeper understanding of the operation of the catalyst, the activity of
hidden easily leached particles was addressed and separately studied. For this study, a
hybrid experiment was carried out alongside parallel ESI-MS analysis on solvent-leached
catalyst species and SEM analysis on the exact same surface area. The high activity of easily
solvent leached out “hidden” palladium particles was shown. The results obtained provide
additional insight for the phenomena described recently with the specific participation of
single-atom catalyst (SAC) centers in catalysis [63,66,73]. It was found that the concentration
of palladium in the considered catalytic system does not correlate with the activity of this
system. Using the example of the Mizoroki–Heck reaction, it was shown that the greater
the number of individual palladium-containing species recorded by ESI-MS, the higher the
activity of this catalyst, even at very low total concentrations of palladium.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics11060260/s1. Figure S1: XPS spectrum of palladium.
Figure S2: XPS spectrum of palladium. Figure S3: Full ESI-MS spectra in negative ion mode: ions
formed in 1 wt.% Pd/MWCNTs suspension in DMF. Figure S4: Full ESI-MS spectra in positive ion
mode: ions formed in 1 wt.% Pd/MWCNTs suspension in DMF. Figure S5: Full ESI-MS spectra
in negative ion mode: ions formed in 1 wt.% Pd/graphite suspension in DMF. Figure S6: ESI-MS
spectra in negative ion mode: ions formed in Pd/graphite rod (1 h of heating). Experimental (top)
and calculated (bottom) spectra of [PdCl2]−. Figure S7: ESI-MS spectra in negative ion mode: ions
formed in Pd/graphite rod (2 h of heating). Experimental (top) and calculated (bottom) spectra
of [PdCl2]−. Figure S8: ESI-MS spectra in negative ion mode: ions formed in Pd/graphite rod
(1 h of heating). Experimental (top) and calculated (bottom) spectra of [PdCl(CN)2]−. Figure S9:
ESI-MS spectra in negative ion mode: ions formed in Pd/graphite rod (2 h of heating). Experimental
(top) and calculated (bottom) spectra of [PdCl(CN)2]−. Figure S10: ESI-MS spectra in negative ion
mode: [Pd(C6H4NO2)I2]− found in reaction mixture in the Mizoroki-Heck reaction with leached
palladium species to DMF. Figure S11: ESI-MS spectra in negative ion mode: [Pd(C6H4NO2)ICl]−

found in Mizoroki-Heck reaction with leached palladium species to DMF. Figure S12: ESI-MS spectra
in negative ion mode: Experimental (top) and calculated (bottom) spectra of [Pd(CN)2]−. Figure
S13: ESI-MS spectra in negative ion mode: Experimental (top) and calculated (bottom) spectra of
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[Pd(CN)2H]−. Figure S14: ESI-MS spectra in negative ion mode: Experimental (top) and calculated
(bottom) spectra of [Pd(CN)3]−. Figure S15: ESI-MS spectra in negative ion mode: Experimental (top)
and calculated (bottom) spectra of [PdO(CN)3]−. Figure S16: ESI-MS spectra in negative ion mode:
Experimental (top) and calculated (bottom) of [Pd(CN)]−. Figure S17: ESI-MS spectra in positive
ion mode: Experimental (top) and calculated (bottom) of dibenzylideneacetone found in mixture
Pd/MWCNT in DMF.
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