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Abstract: A thorough experimental optimization of supported ionic liquid catalyst (SILCA) was
performed in order to obtain a stable and efficient catalyst for the Heck reaction. Out of fifteen
proposed structures, propyl imidazolium bromide-tetramethylguanidinium pentanoate modified
SiO2 loaded with PdCl2 appeared to be the most stable and to have a good activity in the reaction
between butylacrylate and iodobezene, resulting in a complete conversion in 40 min at 100 ◦C, in
four consecutive experiments. This study elucidated on the stability of the catalytic system with an
ionic liquid layer during the catalyst synthesis but also under reaction conditions. In the bis-layered
catalyst, the imidazolium moiety as a part of internal layer, brought rigidity to the structure, while
in external layer pentanoic acid gave sufficiently acidic carboxylic group capable to coordinate
1,1,3,3-tetramethylguanidine (TMG) and thus, allow good dispersion of Pd nanoparticles. The catalyst
was characterized by means of XPS, FT-IR, TEM, ICP-OES, ζ-potential, EDX, TGA, and 13C NMR.
The release and catch mechanism was observed, whereas Pd re-deposition can be hindered by catalyst
poisoning and eventual loss of palladium.

Keywords: supported ionic liquid catalyst (SILCA); palladium; Heck reaction; catalyst
screening; optimization

1. Introduction

Upon production of fine chemicals the palladium catalyzed coupling reactions are well known
and appreciated for their capability to yield versatile intermediates with preserved functionalities [1].
Among various kinds of reactions, the Heck reaction is one of the most important ones and is used for
the production of intermediates for advanced synthesis of pharmaceuticals. This reaction reported by
both Heck and Mizoroki [2,3] couples olefins and acrylates with molecules possessing suitable leaving
groups such as aryl or vinyl (allyl) halides, triflates, acetates, etc. Next to the transition metal catalyst, it
requires a base and it benefits from high temperatures. Nowadays, the reaction is commercially applied
in the production of herbicides, sunscreen agents, coatings of electronic compounds, antiasthma agents,
and various drugs [4].

Initially, Heck reactions were catalyzed by homogenous palladium, but the major problem of such
a process is the catalyst instability which limits the number of turnovers that can be reached with a single
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charge of catalysts. Due to the steady increase of the palladium price, there is a pressure on researchers
to come up with recoverable catalysts. The key issue is to stabilize palladium nanoparticles, which can
be achieved by introducing ligands, although, however, they can hinder the product separation and
increase the total costs because the price of the tailored homogeneous ligands can be high (5000–20,000
euro/kg for chiral bisphosphine ligands) [5]. Additionally, product contamination can be an issue since
the maximum limit of residual Pd acceptable in the products of pharmaceutical industry ranges from
0.5 ppm (parenteral) to 5 ppm (oral) [6]. In order to avoid expensive nanofiltration membranes or
column chromatography separations (extensive and usually destructive), the emission of metal and
presence in the final product should be controlled already within the chemical synthesis step.

The scientific community is now turning towards the heterogeneously catalyzed Heck reactions
and avoids the use of homogeneous ligands. However, despite all the benefits that a heterogeneous
catalyst can bring into the system, the major drawbacks are the price of the catalyst in correlation with
the synthesis route, the lower activity and selectivity compared to homogeneous catalysts, and in some
cases, the contamination of the products with leached metal. At the same time, this is a reason why a
limited number of heterogeneous catalysts are used for industrial production of fine chemicals and
pharmaceuticals. However, there is a lot of interest to develop inexpensive, robust, and highly active
heterogeneous catalysts.

The mechanism of heterogeneously catalyzed Heck reaction is still a controversial issue. As it
seems for now, the reaction path can follow a real heterogeneous route [7–10] or “so to say”
pseudo-heterogeneous route where the “catalyst” is actually a precursor or reservoir for active
spices often discussed as a “release and catch” mechanism or boomerang catalysis [11–14]. In the case
of the pseudo-heterogeneous route, palladium is dissolved from the carrier surface under reaction
conditions (mainly in the presence of an aryl halide) thus forming highly active coordinatively
unsaturated Pd species that takes a part in the reaction and upon the completion redeposited back on
the surface. Next to it, under the release and catch concept there were also observations of the catalysts
with non-covalently immobilized catalytic moiety on the suitable support. In these cases, the whole
catalytic moiety, i.e., Pd-ligand couple was identified as active spices that was leached and recaptured
back on the surface at the end of the reaction [15].

Unfortunately, many truly heterogeneous studies overlook the nature of the palladium entering
the reaction cycle without monitoring the reaction heterogeneity with, for example, hot filtrate
tests, mercury poisoning tests, poly(vinylpyridine) polymer (PVPy) tests [16] or sometimes without
appropriate characterization of used catalysts. Other reasons for not taking into account the real nature
of the catalytically active species is connected to the difficulties in studying it. Operando investigations
of Heck reaction requires advanced characterization techniques. Only few studies quantitatively
investigate palladium cluster formation and Pd2+ reduction with in situ UV-visible spectroscopy [17].
Meanwhile, leaching of the palladium under reaction conditions can be monitored by quick scanning
extended X-ray absorption fine structure (QEXAFS) studies, even in the sub second time scale, thus
giving a deep insight into the reaction mechanism [18]. In addition to the point, if the researcher
is studying the mechanism or heterogeneity, it is important to distinguish which one of these two
mechanisms is actually prevailing before going deeper into the catalyst or process design. Obviously,
it would be devastating to use a pseudo-heterogeneous catalyst in a continuous flow reactor.

Throughout the years, N-heterocyclic carbenes have appeared as great ligands in coordination
chemistry due to their strong σ-donor and π-acceptor characteristics [19,20]. In palladium catalyzed
reactions they have been proposed as a replacement for phosphine ligands as being non-toxic, less
expensive, and with a higher thermal stability [21–24]. In the chemistry of Heck reactions they have
been studied in their heterogenized forms as molecules anchored on the surface of the carrier [16] and
more lately as supported ionic liquids [25–27] to give what is today called a supported ionic liquid
catalyst (SILCA).

In our previous work, we developed a catalyst that operates through the release and catch
mechanism and utilizes N-heterocyclic carbene, CO, and tetramethylguanidine ligands in an ionic
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liquid form [28]. The obtained results encouraged us to continue in the same direction and here we
present a set of new catalysts derived from the first one. The ionic liquid layer was optimized to meet
the requirements in terms of the balance between the catalyst activity and reusability in the Heck
reaction of iodobenzene and butyl acrylate. The screening resulted in a PdCl2 based catalyst with
propyl imidazolium bromide as a first layer and tetramethylguanidinium pentanoate as a second
(external) layer, which was stable in four successive experiments with a turnover frequency of 1660 h−1

at the temperature of 100 ◦C. The catalysts structures were studied and characterized with relevant
techniques such as XPS, FT-IR, TEM, ICP-OES, ζ-potential, EDX, TGA, and 13C NMR.

2. Results and Discussion

The new group of catalysts which were synthesized, characterized, and tested in the Heck reaction
are discussed. These new catalysts were synthesized based on the modification of the previously
reported procedure developed by our group [28] with a detailed experimental optimization of the ionic
liquid layer structure in order to gain a higher activity and better stability in the Heck reaction. Smart
adjusting of the ionic liquid layers was commenced in order to make a heterogenized ligand system
capable of stabilizing the palladium nanoparticles. The anticipated structures of the synthesized
SILCAs are displayed in Table 1.

Therefore, the obtained catalysts were tested for the Heck reaction of iodobenzene and butyl
acrylate at 100 ◦C, displayed in Figure 1. On the basis of our recent studies N-Methyl-2-pyrrolidone
was used as a solvent, triethanolamine as the base, and catalyst loading was 0.09 mol % of Pd [28].
The reaction was performed until completion and next to the main product—butyl cinnamate, no
other products were detected. Not too high reaction temperature was chosen in order to keep the
palladium cluster size as low as possible since this affects the amount of palladium that actually enrolls
in the catalytic cycle. In order to compare the catalysts, the activity of the fresh catalyst in the first
reaction cycle was calculated (shown as a turnover frequency, TOF) and the stability was taken into
consideration, too. The stability was evaluated on the basis of the number of the reaction cycles that the
catalysts were capable to catalyze until completion with no need for prolonged reaction time compared
to that for the fresh catalyst.

It was noticeable that the reaction is strongly dependent on the reaction conditions, so any
deviations in temperature and catalysts amount can result in a prolonged reaction time. This imposed
difficulties when recycling the catalysts. Since very small amounts of material were handled here
(approx. 10 mg), even loss of just 1 mg of catalyst between the cycles can have a significant impact on
the outcome of the next experiment. Thus, recyclability tests were done multiple times (3–6) and the
average (rounded) values are reported.

The reaction itself happens in the liquid phase while auxiliaries on the SiO2 have a role to stabilize
the palladium re-taken at the end of the reaction cycle. In the presence of aryl halide, the palladium
leaches and enters the cycle through the oxidative addition step and up on halide consumption it is
redeposited back on the carrier [13,29,30]. Otherwise, in the absence of supported ionic liquid or any
other ligand-like molecule, there is a serious threat that the palladium can form an inactive palladium
back and precipitate. Therefore, the adequate choice of the moiety will make the support capable of
efficiently releasing and catching the palladium.
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Table 1. Schematic presentation of assumed structures of synthetized supported ionic liquid catalysts
(SILCAs) with variable auxiliaries.

SILCA Predicted Structure SILCA Predicted Structure
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different SILCAs, used to evaluate catalyst performance.

In the first set of experiments, catalysts with different acidic heads were compared (SILCAs 1–3,
Figure 2). In terms of activity and stability, SILCA 2 gave the best results leading to reaction completion
in 40 min and enabling the reuse of the catalyst in four consecutive cycles under identical reaction
conditions. In the case of SILCA 1 and SILCA 3, a prolonged reaction time was needed (90 and 50 min)
and the stability of the catalyst decreased to approximately two and three reaction cycles. To gain
a deeper understanding of these reaction outcomes, the catalysts were characterized with different
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techniques, of which the most valuable analytics were FT-IR, XPS, TEM, and ζ-potential measurements.
Firstly, by means of FT-IR and XPS, the surface composition was overviewed. The obtained FT-IR
scans are shown in Figure 3. Comparing the scans of the first three catalysts (Figure 3a, SILCAs 1-3),
small differences were observed in the peak at 1565 cm−1 which was assigned to C=N vibrations of the
imidazole ring and/or TMG. This peak was most evident in the case of SILCA 2 and a potential hint of
the rigidity of this C=N bond during the catalyst preparation. Unfortunately, the FT-IR spectra can
just indicate the presence of various bonds and groups in a sample, but they cannot give information
on how these bonds are arranged on the surface. Therefore, for the additional information on the
surface composition, FT-IR was coupled with XPS. The XPS helped verify promptly if the real surface
composition correspond to the expected composition, i.e., those presented in Table 1. The obtained
results are presented in Figure 4 as atomic concentrations of C, N, and Pd at the surface for certain
samples (Figure 4a) and percent amount of different chemical states fitted for C 1s, N 1s, and Pd 3d
photoelectron lines (Figure 4b–d) whereas all the peak components are assigned to relevant functional
groups on the basis of the literature data [31,32]. The presence of –CF2 was noticeable in all the
samples that were in contact with Teflon lined magnetic bars in DMF at high temperature, during the
course of catalyst synthesis. When glass lined magnetic bars were used instead, there was no fluorine
contamination (Figure 4b, SILCAs 9–12). However, it complicated the synthesis much more due to
fragility of the glass bars. Due to the fluorocarbon inertness, no significant attention was given to this
kind of contamination.
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Figure 2. Catalytic performances of the SILCAs with different auxiliaries and palladium sources.
Activity presented as a turnover frequency (TOF, h−1) calculated at full conversion. Recyclability
presented as rounded average numbers of obtained reaction cycles.

Comparing the XPS of SILCA 1–3, the first evident difference was in the nitrogen group content
(Figure 4c). For SILCAs 1 and 2, the peaks assigned to amino group and quaternary ammonium cation
of imidazole and/or tetramethylguanidine species were found, and thus, indicating on the ionic nature
of the layer (see details in Supplementary Materials). These groups were absent in the spectra of SILCA
3, and instead, amide C=O group was observed. This was resulting from the deterioration of imidazole
ring by bromosuccinate, absence of TMG species, and mostly leaching of the nitrogen compounds
during the catalyst synthesis, as is also evident when looking at Figure 4a. This means that the obtained
structure does not correspond to the expected structure illustrated in Table 1. Interestingly, this catalyst
still turned out to be active in the test reaction for three consecutive experiments (Figure 2). The main
difference between SILCA 1 and more active and stable SILCA 2 was the amount of acidic groups, the
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latter one having a higher amount of them: 2% vs. 5%. It was assumed that the main function of the
O−C=O heads was to coordinate and keep the TMG cation which has an important role in terms of
stabilizing and recapturing palladium nanoparticles [28]. Indeed, SILCA 2 turned out to not lose the
activity in four consecutive cycles.
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Figure 3. FT-IR spectra of reference materials and synthesized SILCAs 1-6 (a), SILCAs 7-12 (b) and
SILCAs 13-15 (c).
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Figure 4. XPS data for synthesized catalysts. (a) Atomic concentrations of C, N, and Pd; (b) percent
fractions of different carbon chemical states obtained by C 1s line fitting; (c) percent fractions of different
nitrogen chemical states obtained by N 1s line fitting; (d) percent fractions of different palladium
chemical states (after first 5 min of irradiation) obtained by Pd 3d line fitting.
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ζ—potential measurements were carried out in the absence of more sophisticated techniques
which could confirm the basicity of the modified surface that is expected to be in correlation with the
stabilization of the Pd nanoparticles. Temperature programmed desorption (TPD) of CO2 is generally
used to estimate the basicity of catalyst surface; however, this should not be used for supported
ionic liquids due to potential CO2 absorption and the limited thermal stability of the material (in this
case 250 ◦C—detected by TGA). The isoelectric point (IEP) derived from ζ—potential measurements
indicates the global basicity or acidity of the molecule [33]. The molecules with a higher value of IEP
can be considered more basic and more negative. Applied on heterogeneous catalytic systems, the
more negative charged the surface is, the more firm the Pd2+ adhesion would be and, thus, the catalyst
would have a better recyclability [34] and on the contrary, the more positively charged the surface is,
the faster is the leaching of the cations and the reaction rate. In this context, it should be noted that if
the pH value of the solution is less than the IEP, the surface charge is positive, if it is higher, then it is
negative and capable of adsorbing cations. Most cross-coupling reactions are conducted under basic
conditions at pH around 10, which in turn, is in most of the cases above the IEPs [10].

The IEP obtained from ζ—potential measurements of 12 catalysts (see Supplementary Materials)
and with different surface auxiliaries are presented in Figure 5. The results show that among the tested
catalysts, SILCA 2 gives the highest value of isoelectric point ~6.9 pH, and potentially the strongest
basicity and capability to stabilize palladium, and at the same time, that those with lower value of IEP
are more active in the reaction (probably due to the faster Pd leaching) such as in the case of SILCAs
9–12. However, since ζ—potential measurements were conducted in an aqueous solution of the catalyst,
they should be considered with skepticism due to the possibility of TMG hydrolysis [35]. Other
potential important insight gained by this analysis is the stability of the materials, namely, for many of
the catalysts two additional isoelectric points were detected, above 6 pH (IEP2) and around 7 pH (IEP3),
as well as lack of IEP in the case of SILCAs 7 and 8. The appearance of more than one isoelectric point
can imply on leaching and instability of the analyzed materials under analysis conditions [36]. This
could mean that these modifications are unstable under the reaction conditions (pH > 7) which can
cause Pd leaching and catalyst deactivation. The obtained results reflected the difficulties in correlating
the catalyst features with their structures and in predicting the catalyst performance.
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Figure 5. The values of isoelectric points (IEPs) for SILCAs 1–12 obtained with zeta potential
measurements in water solution, at room temperature measured in the pH range from 2–8.

The FT-IR analysis of SILCAs 4–6 whereupon the imidazole modification was exchanged with
aminoethylamino group, showed the main differences in the peaks at 1650–1690 cm−1 which is assumed
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to result from the contribution of amide C=O and acidic C=O, alongside with the difference in the
peak at 665 cm−1 belonging to the N-H wagging of the secondary amine. Amide formation was also
confirmed with XPS, showing that all the present nitrogen is within the N-(C=O)-O- group with no
TMG coordinated. This disapproved the expected structures in Table 1 indicating that neither succinic
acid, nor aminoethylamino group can form ionic liquid layer under the given conditions and further
led to the continuation of the work with SILCA 2-like structures as the most stable and recyclable ones.

Considering the FT-IR spectra of the SILCAs 7 and 8, the catalysts with the different chain lengths
compared to SILCA 2, a visible stronger peak intensity of SILCA 7 was detected. The peaks assigned
to nitrogen bonds (at 665 and 1565 cm−1) and to C=O bond at 1650 cm−1 are seen on SILCA 7 which
has shorter C–C chain length, and therefore, higher N/C and O/C ratio. The dominance of nitrogen
related groups is also visible from XPS results, whereas the higher relative amount of N and lower
amount of C is found in SILCA 7 or more precisely higher amount of C–NR2, C–OH (C–O–C), and
lower amount of C–C (C–H) (see Figure 4a–c).

Shortening (SILCA 7) and prolonging (SILCA 8) the carbon chain length of SILCA 2 did not bring
any significant improvement in the catalyst activity but affected negatively the catalyst recyclability
(Figure 2)—for no obvious reason at this moment. Therefore, in the following work the original
modification of SILCA 2 was maintained and different super bases were screened for coordination
with the acidic head as shown in Table 1 for SILCAs 9–12.

Applying bicyclic amidines such as in the case of SILCAs 9 and 10 and guanidines for SILCA 11–12,
respectively, brought slight differences in the FT-IR spectra. All the expected peaks were still present
but more prominently, with the addition of a broad peak in the area of 3450 cm−1 which was assigned to
CO–H stretching of acidic head implying on inefficient proton migration to the superbase. In the case of
SILCA 11, the formation of amide C=O group was detected at 1650 cm−1 and was confirmed with XPS
analysis indicating partial deterioration of the anchored modification by triazabicyclodecene superbase.
New changes did not bring any improvement in terms of the catalyst recyclability. The achieved TOF
was in the range of 2200–2700 h−1 and the activity was preserved in two consecutive cycles. Therefore,
in the final study for SILCAs 13–15, the different sources of palladium were investigated with SILCA
2 structures. Instead of PdCl2 the Pd(AcAc)2, Pd(OAc)2, and Pd(NO3)2 were utilized and analyzed.
As expected, no significant differences were observed in the FT-IR spectra (Figure 3c). The main
difference was found in the palladium amount of SILCA 13. Almost three times lower amount of
palladium was impregnated in this case, which was firstly observed during the XPS analysis, and also
confirmed with the ICP-OES analysis as tabulated in Table 2. The average amount of impregnated Pd
was 10 × 10−2 mmol/g while in the case of SILCA 13 this was just above 3 × 10−2 mmol/g. Therefore,
compared to other catalysts, it can be considered as an unsuccessful impregnation. Tested in the
Heck reaction, these catalysts did not bring any improvement of the stability although the activity
was enhanced to 5100–5500 h−1 for SILCAs 14 and 15, probably resulting from a more rapid leaching
(releasing) of Pd from the surface.

Traditionally, XPS is used to identify the oxidation state of the metals. During acquisition of Pd 3d
spectrum for the samples produced in this study, it was noticed that Pd is reduced under X-rays and
low energy electrons during the XPS experiment (see Supplementary Materials). Therefore, for all the
samples, five scans (5 min total) for Pd 3d line at the beginning of XPS measurements were included
(even before survey spectrum) to gain an “original” Pd 3d spectrum. The obtained results confirmed
the presence of Pd2+ and Pd0 on the surface of the catalyst, with the exception of SILCA 13, where
just non-metallic Pd2+ was found (Figure 4d). However, the amount of Pd0 given in Figure 4d can be
overestimated due to the possible formation of metallic Pd even during first 5 min of acquisition.
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Table 2. Palladium amount in synthesized SILCAs detected by ICP-OES analyses and comments for
the TEM images of fresh catalysts.

SILCA Pd, ×10−2 mmol/g TEM Observation

1 9.3 Low coverage of Pd, irregularly scattered with few big agglomerates
2 8.1 Good coverage of regularly dispersed nanoparticles of 8 nm average size
3 8.6 Good coverage, with raspberry-like agglomerates of average size 27 nm
4 12.7 Good coverage, with mostly individual nanoparticles of average size 13 nm
5 11.2 Low coverage, particles of irregular size and shape (round, qubic, triangle)
6 8.4 Medium coverage with nanoparticles of 8.5 nm average size
7 9.7 Few agglomerates of Pd, with no visible individual nanoparticles
8 11.4 Very few agglomerates
9 10.8 Very few big agglomerates
10 11.7 Very few agglomerated big nanoparticles
11 11.1 Almost none of Pd, few big nanoparticles
12 10.6 Very few big individual nanoparticles, with few big agglomerates
13 3.2 Almost none of Pd, just few nanoparticles
14 9.0 Densely dispersed nanoparticles of 7.5 nm average size
15 8.1 Good coverage of grape-like agglomerated nanoparticles

Visual inspection of the materials was possible with TEM analysis that provided an overall
overview of the catalysts and gave the insight on how the structure of the layer affects the palladium
size and disposition. The obtained images (see Supplementary Materials) are commented in Table 2.
The TEM results are in relatively good agreement with the XPS analysis, i.e., the samples that initially
had more metallic palladium (Pd0) showed more visible nanoparticles and oppositely, those which
had a higher percentage of Pd2+ (e.g., SILCAs 7–13) were hard to identify. TEM images of the most
relevant catalyst—SILCA 2, being the most recyclable, are presented in Figure 6. High dispersion of the
nanoparticles was observed with this catalyst, and it is assumed that the stability of this catalyst lies in
the capability of the anchored layer to stabilize nanoparticles and avoid overgrowth of nanoparticles
and agglomeration.

Finally, the structure of this catalyst was confirmed with energy-dispersive X-ray spectroscopy
(EDX) and carbon nuclear magnet resonance (NMR). The EDX spectrum of the catalyst enabled
elemental analysis and verified the presence of bromine in the ionic liquid layer. The carbon peak
and its atomic percentage appears to be much higher than it is, in reality, because of the analytic
shortcomings, i.e., the usage of carbon-tape to deposit the catalyst prior to exposing it to the beam.
This means that the actual atomic percentage of other elements is much higher than it is presented in
Figure 7. Nevertheless, a good overview of the material was obtained.

13C NMR analysis of fresh and spent catalyst confirmed the layer structure and stability. The most
evident peaks were those denoted to the carbons of propyl chain of modified surface at 7.3, 21.6, and
49.0 ppm (Figure 8), as well as the carbon atoms of imidazolium ring which were found at 121.0 and
134.5 ppm [26,28]. Aliphatic carbons originating from anchored acid resonated in the range of 21.6
to 34.6 ppm being partially overlapped with the peak of carbon number 2 [25], followed by ending
the carboxylic group with a peak at 178.1 ppm. Tetramethylguanidinium contributed with two small
peaks, the first one at 38.9 ppm belonging to methyl groups that falls in the region of aliphatic carbons
and the peak at 172.7 ppm of imine carbon that is slightly shifted downfield, most probably due to
the higher polarization of the ionic version of TMG compared to the molecular one [37]. The NMR
analysis of the recovered catalyst after the use in one reaction cycle (Figure 8, red) showed the stability
of the attached structure under the reaction conditions. All the carbon peaks were still present with
an additional peak at 55.6 ppm that was assumed to belong to residual molecules of solvents and
base, or more precisely NMP related structures and/or (EtOH)3NH+I- residual salts [37]. This indicates
the potential of catalyst deactivation due to poisoning, since the adsorbed species can block the sites
capable to stabilize Pd nanoparticles, therefore resulting in their leaching.
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Thermal stability of the catalyst was analyzed with thermal gravimetric analysis (TGA). As shown
in Figure 9, the ionic liquid layer is stable up to 250 ◦C, after which thermal decomposition of organic
moieties takes place. A small mass drop of approximately 0.5 wt% at the temperatures under 250 ◦C
was considered to belong to adsorbed water and residual solvents, while at the temperatures above
this, the mass drop of 6–7 wt%, corresponds to the contribution of the ionic liquid layer. Therefore,
at the reaction conditions, no loss of the ionic liquid layer should take place as a consequence of
thermal destructions.Catalysts 2020, 10, x FOR PEER REVIEW 12 of 18 
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Figure 9. Thermal gravimetric analysis curve for pristine SiO2 and synthesized catalyst.

While monitoring the reaction progress via sampling in defined time intervals (5 min), for all the
catalysts, concentration curves resembling the one presented in Figure 10 for SILCA 2 were obtained.
An initial induction time was observed, which in case of SILCA 2 was approximately 25 min after which
the reaction ignited. To understand this induction time and to confirm the release and catch mechanism
in the reaction with SILCA 2, the relative amount of leached Pd in slurry was monitored with ICP-OES
during the course of the reaction and results are over-layered with concentration curves in Figure 10.
The initial period corresponds to the start of slow emission of Pd from the surface, whereas the reaction
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completion corresponds to the highest amount of palladium in slurry. After the reaction completion
(40 min), palladium needs 10 min more to redeposit back. Following the re-deposition dynamics, it
was evident that for the efficient use of catalyst, the reaction plus re-deposition time should be no less
than 50 min, after what the catalyst can be successfully recycled. It was not possible to fully recover
the leached palladium, after the 1st reaction cycle approximately 6 ppm of palladium was detected in
the solvent, which corresponds to 10% of initially loaded Pd. Together with the catalyst poisoning this
can be the reason for the decline of the catalyst activity.
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Figure 10. Progress of the reaction catalyzed by SILCA 2 correlated with Pd leaching.

3. Materials and Methods

3.1. Chemicals and Analysis

All the chemicals were of analytic grade purchased from commercial producers Sigma-Aldrich or
Alfa Aesar and they were used as received.

The materials were characterized with different techniques. Fourier transform infrared
spectroscopy (FT-IR) measurements of pelletized samples were performed on an Bruker IFS 66/S FT-IR
(Bruker Optics, Ettlingen, Germany) in the 400–4000 cm−1 region.

X-ray photoelectron spectroscopy (XPS) was used to follow the changes in the oxidation state
of palladium and the states of other elements. The spectra were collected with a Kratos Axis Ultra
DLD electron spectrometer (Kratos Analytical Ltd., Manchester, UK) using a monochromated Al Ka
source operated at 150 W. Analyzer pass energy of 160 eV was set for acquiring a wide spectra and a
pass energy of 20 eV was used for individual photoelectron lines. The surface potential was stabilized
by the spectrometer charge neutralization system. The binding energy (BE) scale was referenced to
the Si 2p line of silica, set at 103.4 eV. Processing of the spectra was accomplished with the Kratos
software. Due to the possible reduction of Pd2+ ions under X-rays and low energy electrons during
XPS measurements, Pd 3d spectrum was acquired during first 5 min of exposure, and then again with
other photoelectron lines.

The zeta potential (ζ) measurements were performed with a Zetasizer Nano ZS (Malvern
Panalytical Ltd., Malvern, UK) using the light scattering technique, while for pH measurements the
potentiometric method (MPT-2) was applied. The samples were made in deionized water and analyzed
at ambient temperature with the use of NaOH and HCl as titrants in a pH range of 3–8. The final zeta
potential vs. pH curve were averaged from three measurements and the isoelectric point was derived
from it.
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The analysis of metal amount in the catalyst was carried out with inductively coupled plasma
optical emission spectroscopy (ICP-OES) supplied with Optima 4300 DV optical atomic emission
spectrometer (Perkin Elmer, Waltham, MA, USA). The transmission electron microscopy (TEM) was
performed on a JEM 1400 plus (120 kV, 0.38 nm) with OSIS Quemesa 11 Mpix digital camera (Jeol
Ltd, Tokyo, Japan). The elemental analysis was performed with energy-dispersive X-ray spectroscopy
(EDX) on a Zeiss Leo Gemini 1530 SEM (Zeiss Leo, Oberkochen, Germany) with a Thermo-NORAN
vantage X-ray detector (Thermo Scientific, Madison, WI, USA). The thermo-gravimetric analysis
(TGA) were made on CAHN D-200 instrument (Cahn Instruments, Inc., CA, USA) in the range of
20–700 ◦C with a heating rate of 10 ◦C min−1 and under Ar atmosphere. The Solid-State 13C nuclear
magnetic resonance spectroscopy (CP MAS 13C NMR) spectra were recorded on a Bruker AVANCE-III
spectrometer (Bruker Scientific Instruments, Billerica, MA, USA) operating at 399.75 MHz (1H) and
100.5 MHz (13C) equipped with a 4 mm double resonance (H/X) CP MAS probe. The powdered sample
was spun at a 14 kHz spin rate. The proton 90◦ high-power pulse of 2.9 ms and contact time of 2 ms
was used. A total of 42,000 scans (fresh catalyst) and 200,000 scans (spent catalyst) were accumulated
using a recovery delay of 2 s. The solution state 1H and 13C NMR spectra were recorded at 300 and
298 K on a Bruker Avance-III HD 500 MHz spectrometer (Bruker Scientific Instruments, Billerica, MA,
USA) equipped with a Bruker SmartProbeTM. For analysis the samples were dissolved in deuterated
chloroform with 0.03% tetramethylsilane (TMS) as the internal standard.

The Heck reaction yield was determined with gas chromatography, GC-HP 6890 Series with
HP-5, 5% phenyl methyl siloxane capillary column (30.0 m × 320 µm, 0.25 µm) and a flame ionization
detector (Agilent Technologies, Inc., Santa Clara, CA, USA) at the constant temperature of 300 ◦C.
The temperature of the injector was 280 ◦C and gas flow was 9.5 mL min−1. Column heating from 40 to
250 ◦C was carried out with a 10 ◦C min−1 heating rate. Hexadecane was used as an internal standard.

3.2. Heck Reaction Procedure and Catalyst Recovery

The reaction was run in a flat bottom vial tube (4.5 mL) sealed with screw cap equipped with
a Teflon® lined septum and a magnetic stirrer, under air atmosphere and heated by an isolated oil
bath. In catalyst screening tests 1 mmol of iodobenzene, 1.5 mmol of butyl acrylate, 1.5 mmol of
triethanolamine, and 1 mL of N-Methyl-2-pyrrolidone were placed in a reactor together with a catalyst
amount corresponding to 0.09 mol% of Pd (detected by ICP-OES). The temperature of the oil bath
was kept at 100–105 ◦C with an assumption that this will result in a temperature of 100 ◦C in the
reaction slurry, due to the small volume of the vials. Once the temperature reached the preset value,
time measuring was initiated. In defined time intervals, samples were withdrawn with a GC syringe
injector and the progress of the reaction was monitored with a GC. Ten µL of reaction mixtures were
taken out from the reaction slurry and diluted with 240 µL of DMF to give 4.0% dilution samples,
followed by the addition of 250 µL internal standard and final dissolution of 2.0%. The as obtained
samples were analyzed with GC and the reaction was stopped after completion. For catalyst leaching
tests reaction was run in multiple vial tubes in parallel and in defined time intervals (10 min) samples
for ICP-OES were taken out one by one from the vials. One mL of reaction slurry was withdrawn from
the vial, filtered, dissolved in aqua regia, and stirred overnight prior to the analysis.

In the catalyst recyclability studies, the reaction was conducted in a flat bottom vial tube (8.5 mL)
with a screw cap and magnetic stirrer, under air atmosphere, and heated by an isolated oil bath. Vials
were submerged in the oil bath just above the level of liquid, while the temperature of the oil was kept
at 105–110 ◦C (slightly higher temperature due to the bigger vial volume) with the assumption that
this will result in the temperature of 100 ◦C in the reaction slurry. Upon a predetermined time, the
reaction was completed and the vials were cooled, and samples were withdrawn with a GC syringe
injector and analyzed with a GC. The catalyst was washed and separated by adding approx. 7.0 mL of
DMF (full vial) and centrifuging, followed by flushing with DMF (8.5 mL), diethyl ether (8.5 mL), and
air drying for 30 min. The catalysts were reused in the next cycle without removal from the vials or
stored at ambient conditions for further characterization.
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Every experiment was repeated a minimum of three times and average values are reported.

3.3. Catalyst Synthesis

The new catalysts were synthesized via a modified procedure compared to that we reported
recently [28]. Here, a more detailed synthesis route of the catalyst is presented with 3-propyl
imidazolium bromide benzoic acid modification, 1,1,3,3-tetramethylguanidine (TMG) in the role of
a cation, and PdCl2 as a source of the metal. Other catalysts were prepared accordingly and all
anticipated structures are displayed in Table 1.

3.3.1. Synthesis of PdCl2 Supported on 3-Propyl Imidazolium Bromide-Tetramethylguanidinium
Benzoate Modified SiO2 (SILCA 1)

Imidazole Modification

In order to modify the silica surface, silanol groups were firstly reacted with
(3-chloropropyl)trimethoxysilane in refluxing toluene. Under nitrogen atmosphere, 1 g of calcined
SiO2 was reacted with 5 mmol of the modifying agent for 24 h. The obtained material was filtrated,
flushed with fresh toluene, and for 24 h washed with ethanol in a Soxhlet apparatus prior to drying.

Thereafter, propylated silica was reacted with imidazole. Finely crushed imidazole flakes (10 mmol)
were dissolved in toluene and mixed with 1 g of silica. The slurry was stirred for 24 h under nitrogen
atmosphere under refluxing conditions. As before, the obtained material was flushed with fresh
toluene and for 24 h washed with ethanol in a Soxhlet apparatus prior to drying.

Acid Modification

Prior to the further modification of silica, the acidic group of 4-bromobenzoic acid had to be
protected and esterified [38]. The 4-bromobenzoic acid (6 mmol) was dissolved in 20 mL of methanol
and while stirred, a dropwise addition of 3 mL of 40% H2SO4 took place. The mixture was heated
to 50 ◦C and reacted for 12 h. After workup, 10 mL of H2O was added and the acidic solution was
neutralized with approximately 50 mL of brine. The product was isolated in dichloromethane and
dried in a rotary evaporator. The obtained white crystalline methyl 4-bromobenzoate was stored in a
cold refrigerator. See the Supplementary Materials for the NMR data.

The obtained esterified product (1.5 mmol, 0.3226 g) was dissolved in DMF, followed by addition
of 1 g modified silica. After reacting it for 24 h under refluxing conditions (N2 atm), the slurry
was cooled down and solid separated with centrifuge, washed with dichloromethane, ethanol, and
then dried.

Finally, the recovery of the acidic group from ester modified SiO2 was carried out in methanol
and catalyzed by a strong base. To the 1 g of modified silica solution, 1.25 mL of NaOH (1 M) was
added and stirred for 12 h under reflux conditions. After that, HCl (1 M) was added to acidify the
solution. The solid was separated and washed with water, ethanol, and dried.

Base Modification and Palladium Loading

In the next step, the acidified surface was coordinated with a proton acceptor (TMG). To the TMG
(5 mmol) ethanol solution, 1 g of 3-propyl imidazolium bromide benzoic acid modified SiO2 was added
and stirred for 6 h. The product was centrifuged, washed with diethyl ether, and dried. Finally, this
material was loaded with the metal. PdCl2 (0.1 mmol) was dissolved in methanol and mixed with
1 g of modified SiO2. After 12 h stirring at room temperature, the catalyst was separated and washed
with ethanol and diethyl ether. The dry material was PdCl2 supported on 3-propyl imidazolium
bromide-tetramethylguanidinium benzoate modified SiO2 or more briefly, SILCA 1 with the targeted
structure presented in Table 1.
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3.3.2. Synthesis of PdCl2 Supported on 3-Propyl Imidazolium Bromide-Tetramethylguanidinium
Pentanoate Modified SiO2 (SILCA 2)

SILCA 2 (see Table 1) was prepared in the same manner as SILCA 1 with a change in the acid that
was used. Instead of 4-bromobenzoic acid, 5-bromo-pentanoic acid was used which preliminary gave
methyl 5-bromo-pentanoate as a transparent light yellowish liquid.

3.3.3. Synthesis of PdCl2 Supported on 3-Propyl Imidazolium Bromide-Tetramethylguanidinium
Succinate Modified SiO2 (SILCA 3)

SILCA 3 (see Table 1) was prepared analogously with SILCA 1 with a variation of the acid used.
In the case of SILCA 3, bromosuccinic acid was used instead of 4-bromobenzoic acid and the reaction
yielded a viscous transparent liquid dimethyl 2-bromosuccinate. In addition, in the case of SILCA 3, a
double amount of TMG (10 mmol) was used due to the two acidic groups of bromosuccinic acid.

3.3.4. Synthesis of PdCl2 Supported on 3-(Aminoethylamino)Propyl Bromide-
Tetramethylguanidinium Benzoate (SILCA 4), Pentanoate (SILCA 5), and Succinate Modified SiO2
(SILCA 6)

SILCA 4, SILCA 5, and SILCA 6 (see Table 1) were prepared via slightly modified SILCA 1, SILCA
2, and SILCA 3 synthesis routes. Instead of imidazole modification, the aminoethylamino group was
utilized. To immobilize the modifying agent on the surface of the solid, 1 g of SiO2 was suspended
in toluene and a dropwise addition of 5 mmol of 3-(aminoethylamino)propyl trimethoxysilane was
commenced. The mixture was stirred for 24 h under reflux conditions and N2 atmosphere. The product
was separated by filtration, flushed with toluene, and for 24 h washed with ethanol in a Soxhlet
apparatus prior to drying. Further synthesis was continued as already explained with esterified
4-bromobenzoic acid, 5-bromo-pentanoic acid, and bromosuccinic acid.

3.3.5. Synthesis of PdCl2 Supported on 3-Propyl Imidazolium Bromide-Tetramethylguanidinium
Propionate modified SiO2 (SILCA 7) and 3-Propyl Imidazolium Bromide-Tetramethylguanidinium
Decanoate Modified SiO2 (SILCA 8)

SILCA 7 and SILCA 8 (see Table 1) were prepared in a similar way as SILCA 1 with a change
in acids that were used. For SILCA 7, instead of 4-bromobenzoic acid, 3-bromo-propionic acid
was used, which gave the intermediate methyl 3-bromo-propionate as a white crystalline substance.
Meanwhile, in the case of SILCA 8, 10-bromodecanoic acid was used which yielded a brownish liquid
methyl 10-bromodecanoate.

3.3.6. Synthesis of PdCl2 Supported on 3-Propyl Imidazolium Bromide-Diazabicycloundecenium,
-Diazabicyclononenium, -Triazabicyclodecenium, and -Tert-Butyl-Tetramethylguanidinium Pentanoate
Modified SiO2 (SILCAs 9-12)

SILCAs 9–12 (see Table 1) were prepared based on the synthesis procedure for SILCA 2 with
differentiation in terms of the base utilized. Instead of TMG the used bases were: 1,8-Diazabicyclo
[5.4.0]undec-7-ene (SILCA 9), 1,5-Diazabicyclo[4.3.0]non-5-ene (SILCA 10), 1,5,7-Triazabicyclo
[4.4.0]dec-5-ene (SILCA 11), and 2-Tert-Butyl-1,1,3,3-tetramethylguanidine (SILCA 12).

3.3.7. Synthesis of Pd(AcAc)2, Pd(OAc)2, and Pd(NO3)2 Supported on 3-Propyl Imidazolium
Bromide-Tetramethylguanidinium Pentanoate Modified SiO2 (SILCAs 13-15)

SILCAs 13-15 (see Table 1) were prepared based on the synthesis procedure for SILCA 2 with
variation of the palladium source. Instead of PdCl2 the used Pd was: Pd(AcAc)2 (SILCA 13), Pd(OAc)2

(SILCA 14), and Pd(NO3)2 (SILCA 15).
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4. Conclusions

In this work, a new group of catalysts was synthesized and investigated in order to develop
a catalyst with a high activity and reusability in the Heck reaction. While performing the study, it
became clear that correlating the catalyst activity, stability, and structure is a challenging task. Catalyst
performance is hardly predictable and mostly depends on the ability to successfully graft different
functionalities and obtain a durable layer which can stabilize Pd nanoparticles suppressing overgrowth
and agglomeration. Material containing propyl imidazolium bromide-tetramethylguanidinium
pentanoate modification gave a catalyst which preserved the activity in four successive cycles in
the reaction of iodobenzene and butylacrylate at 100 ◦C. It was demonstrated that the presence of
carboxylic groups helps the coordination of tetramethylguanidine which is capable of stabilizing Pd.
The imidazole ring showed to be a rigid building unit vital for the ionic liquid layer formation, on the
contrary to the aminoethylamino linker. However, this was not stable in the presence of bromosuccinate.
It was found out that among the examined superbases, only TMG efficiently coordinates the acidic
head of the auxiliary layer and that PdCl2 builds the most stable catalyst compared to other common
Pd sources.

In summary, the catalyst with propyl imidazolium bromide-tetramethylguanidinium pentanoate
resulted in a good metal distribution with controlled nanoparticle size and it showed a good thermal and
chemical stability. This catalyst operates through the release and catch mechanism and, therefore, the
use of it requires additional time for the metal re-deposition upon the end of the reaction. Slow leaching
of palladium was observed which can be a consequence of catalyst poisoning by the by-products of
Heck reaction and the solvents. Suppressing catalysts deactivation is an ongoing battle and further
development of bis-layered catalysts have a potential to open a new field of studies to tackle this issue.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/9/963/s1.
Table S1: XPS data obtained for SILCAs 1–4; Table S2: XPS data obtained for SILCAs 5–8; Table S3: XPS data
obtained for SILCAs 9–12; Table S4: XPS data obtained for SILCAs 13–15; Table S5: XPS data on Pd speciation for
SILCAs 1–15; Figure S1: XPS Pd 3d spectral line of SILCA 1 after 5 min (a) and after 20 min (b) of measurements;
Table S6: Representative TEM images of synthetized catalysts; Figure S2: Summarized isoelectric titration graphs
for pristine SiO2 and SILCAs 1–12. Solution state 1H and 13C NMR of the esterified acids.
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