Effect of retained chlorine in ENCAT™ 30 catalysts on the development of encapsulated Pd: insights from in situ Pd K, L3 and Cl K-edge XAS.
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Abstract

In situ X-ray absorption spectroscopy (XAS) and Pd K, LIII, and Cl K-edges shows that Cl can be present in significant amounts in ENCAT™30 catalysts and that it can severely retard Pd nanoparticle (NP) development in flowing solvents. We also show that whilst polymeric encapsulation protects the Pd against solvent induced agglomeration of Pd nanoparticles the evidence suggests it does not prevent the formation PdHx through reaction with the aqeous ethanol solvent, and that, as received, ENCAT™ 30 NP catalysts are not, for the most part, comprised of nanoparticulate Pd0 irrespective of the presence of Cl.
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Introduction

	Selective catalysis for fine chemicals synthesis using palladium is an extremely important and much researched field. Separation of organometallic Pd catalysts from reaction products and leaching of Pd in heterogeneous Pd catalysts are two major considerations for the successful and large scale application of Pd by the pharmaceutical industry. In order to ameliorate these issues the encapsulation of either Pd organometallic species (such as palladium acetate - ENCAT™30- or palladium phosphines) or small palladium nanoparticles (reduced ENCAT™30 = ENCAT™30 NP) using polymer matrices has proved very successful, [1-8] and for some years now a range of polyurea encapsulated catalysts (ENCAT™) have been commercially available and shown to be efficient and recyclable catalysts for a range of important conversions. [9, 10]
	As part of a wider program of research using time-resolved quick scanning EXAFS (QEXAFS) to understand the fundamental behaviour of supported Pd nanoparticles in environmentally acceptable solvents, we have recently established a number of solvent induced behaviours (size dependent reducibility of PdO, formation of PdHx species, and Pd particle growth)[11-14] that are all observed at low temperatures in mixtures of EtOH/H2O (50:50); a solvent mixture widely employed in Pd-catalysis and highly rated in ‘green’ solvent selection guides.[15-20] 
	In this paper, we report the behaviour of ENCAT™30 catalysts under aqueous ethanol (50:50w/v) solvent flows in the temperature range 298 - 350 K. During our studies we observed a variability in the nature and behaviour of the Pd in these commercial catalysts which we are able to ascribe to retention of Cl that can interact with Pd in both ENCAT™30 (palladium acetate) and ENCAT™30 NP catalysts and affect their subsequent behaviour. We also show that, as received, ENCAT™30 NP is comprised mainly of PdII rather than Pd0. In the absence of significant Cl contamination reduced Pd nanoparticles are facilely obtained through exposure of ENCAT™30 NP to flowing EtOH/H2O (50:50) at RT; however, where the catalyst is contaminated with Cl the reduction of the PdII to yield a nanoparticulate Pd is very severely retarded and essentially curtailed even at 350 K. A comparison is made between the behaviours of Cl in contact with Pd in ENCAT™ to those we have recently established for chlorinated Pd/Al2O3 catalysts experiencing similar conditions. [14]

1. Experimental methods

1.1 Pd K-edge EXAFS

Transmission EXAFS measurements were made at the bending magnet beamlines SNBL (Swiss-Norwegian Beamlines) and BM23 at the European Synchrotron radiation facility (ESRF) using Si (111) double crystal monochromators and ion chambers for detection of X-ray absorption, normalisation, and energy scale (Pd foil) calibration. The X-ray beams (0.5 mm (V) x 2 mm (H) (B18) and 0.35 mm (V) x 3 mm (H) (SNBL)) were used to sample a 4 mm deep catalyst bed. Bi-directional Quick scanning EXAFS was employed with a time per (uni-directional) spectrum (24 to 25.5 keV) of between 6 to 20 seconds. 
During experimentation QEXAFS spectra were sequentially collected along the catalyst bed at intervals of between 0.35 and 0.5mm, starting at the inlet and ending at the outlet. This process was then repeated throughout the remainder of the experiment. 
The continuous flow reactor and the overall experimental protocols followed in this study have been fully described elsewhere. [11] Briefly, the solvent used comprised 50:50 mix of H2O/EtOH. The solvent components were individually degassed using nitrogen gas bubbled through the liquids followed by sonication after mixing. The ENCAT™ samples (ENCAT™30 and ENCAT™30 NP, 4.3 wt% Pd) were packed into a quartz tube – to yield beds of ca. 5 mm in length – and secured on either side using -Al2O3 of a smaller particle size and then quartz sand. Once loaded in the reactor the sample was located and mapped in a dry state prior to the solvent being syringe pumped through at 0.1mL min–1 flow and the bed mapped again “wet”. The sample was then heated at 1 Kmin–1 under the flowing solvent to 350 K whereupon it was held at this temperature for the remainder of the experiment. Pd K‑edge EXAFS maps of the bed were continually collected throughout with a single complete axial map of the bed being obtained every 5–7 minutes.

1.2 Cl K and Pd L3-edge measurements.

Fluorescence yield, Cl K and Pd L3-edge measurements were made at the XMaS EPSRC UK-CRG beamline the ESRF, Grenoble France, using a Si (111) double crystal monochromator, a Ni grid or scatter foil/Vortex Si fluorescence detector to measure the reference X-ray intensity (I0), and a Vortex Si fluorescence detector to collect data from the samples. The latter was configured in standard fluorescence yield geometry in the horizontal plane at 90˚ to the incoming X-ray beam and at 45˚ to the sample that was held inside a purpose built chamber described in [21].
The sample (a few milligrams) was loaded into the reactor and sealed beneath a PEEK cap using 2.5 m thick Mylar. The Mylar served to retain the samples under liquid flow (0.1 mlmin-1) and provide a highly transmissive X-ray window (ca. 93-96% X-ray transmission in the energy range 2.5-3.2 keV: source, [22]). This cell was mounted into a stainless steel vessel which was then maintained under a flow of He throughout all measurements.  
Once loaded and mounted XAFS was collected Cl K and Pd L3-edges prior to the introduction of the flowing liquid solvent. The sample was then measured again before being heated at 1 Kmin-1 to 350 K. At 350 K the Cl K-edge and Pd L3-edges were then measured again before the sample was cooled back to RT. A counting time per point during the XAFS scans of 10 seconds/point was used in all measurements.

1.3. ENCAT™ catalysts and 5 and 1 wt% Pd/Al2O3 catalysts

Three separate batches of ENCAT™30 NP along with the Pd(acetate) based ENCAT™30 were bought from Aldrich and used as received in all of the studies made.
	The 1 and 5 wt% Pd/Al2O3 catalyst used for comparative purposes in this paper were  prepared using PdCl2 wet impregnation to -Al2O3 as described [23, 24] followed by drying (air at 373 K), calcination at 773K, and then reduction under flowing H2 at 773K. The as made 5wt% Pd/Al2O3 catalyst yielded a size distribution of particle between 2 and 4 nm in diameter in TEM (Jeol 2100F microscope) and a PdPd CN of 8 (from Pd K-edge EXAFS) after reduction in ethanol/water to 350 K. The 1wt% Pd/ Al2O3 reference catalyst did not yield readily observable particles in TEM and gave a PdPd CN of ca. 7 after equivalent reduction. A full description of the characterisation and behaviour of these catalysts under the same circumstances can be found in [14].

Results

	Figure 1 shows transmission Pd K-edge EXAFS derived from two separate batches of ENCAT™30 NP: Batch I measured at BM23, ESRF (a); and batch II, measured at the Swiss-Norwegian beamline (SNBL), ESRF (b). In both cases the samples were measured in their ‘as received’ state, after they had been subjected to a flow of EtOH/H2O (50:50) at room temperature (‘wet’), and again after subsequent heating to 350K under the solvent flow. Spectrum (c) is that derived from a PdCl2 derived 1 (blue) and 5 (black) wt% Pd/Al2O3 catalysts, initially comprised of nanosize PdO (2-4nm diameter, TEM [14]), after reduction under flowing EtOH/H2O (50:50) to 350 K. The corresponding k3-weighted EXAFS, along with structural and statistical information derived from analysis using EXCURV [25], for the two ENCAT™30NP samples is given as supplementary information.
	By comparison to the reduced Pd catalysts shown in figure 1(c) these data clearly show that neither of the ENCAT™30 NP samples is initially composed of Pd nanoparticles. Some Pd-Pd scattering is observed that might be indicative of a “metallic” form of Pd, however, a coordination number (CN) of 3-3.5 is much lower than what is expected for Pd nanoparticles of the size previously reported to be present in this system (ca. 2 nm diameter).9,10
	Using the methods derived by Benfield [26] and Jentys [27] to relate the EXAFS PdPd CN to average particle atomicity in fcc metals we would expect a value of ca. 9 to be returned from 2 nm diameter spherical Pd nanoparticles. The 5w% Pd/Al2O3 case shows a CN of 8 is also lower than the theoretical expectation for particles of the size indicated by TEM. However, this difference can be explained by the high levels of disorder present as a result of interactions with the solvent mixture and the resultant formation of PdHx. [12, 14, 28, 29] The values of 3-4 for the PdPd CN exhibited in the as received ENCAT™30 NP would, at best, correspond to particles of comprised of only 6-10 Pd atoms rather than the 100-200 expected from spherical particles of 2 nm diameter. 
	Further, in all these samples the Pd-Pd bond lengths observed, whilst consistent with a metallic Pd phase, are significantly different (Batch I = 2.73, Batch II = 2.80 Å and 2.76 Å for the 5 wt% Pd/Al2O3); and, whilst Batch I can be adequately fitted using only Pd and O scatterers, Batch II cannot. This is most clearly seen in the Fourier transform of the k3-weighted EXAFS data wherein an additional scatterer is required to adequately fit the EXAFS: this deficit in fitting can be removed by the addition of a Cl atom.
	Upon wetting these two samples with a flow of EtOH/H2O (50:50) and then heating to 350K, significant differences in the reactive behaviour the two catalysts become evident. Batch I is readily transformed at RT under the flowing solvent mixture into small Pd NPs. EXAFS analysis now yields a PdPd CN of 5-6, indicating particles containing ca. 20-40 Pd atoms and average diameters of around 1 nm. The PdPd bond length returned from analysis is found to be larger (2.75 Å) than that measured concurrently from a Pd foil (2.74 Å), which we attribute again to the formation of PdHx. [12-14, 28, 29] TEM [30] has previously demonstrated that, for model Al2O3 supported Pd nanoparticles of the size indicated to be present in the ENCAT™30 NP at any stage, the first shell PdPd bondlengh should be substantially lower (≤ 2.7 Å). Given the experimental circumstances the most obvious source of such a discrepancy, for those catalysts exposed to the solvent mixture, is the sequestration of atomic hydrogen from the solvent by the Pd nanoparticles to yield PdHx phase that displays considerably extended PdPd bondlenghs. [28, 29]
	In contrast Batch II remained resistant to significant changes over the period of the experiment; reduced Pd nanoparticles are never formed to any significant degree in this case. Thus, the presence of Cl is implied to significantly affect the basic reactivity of the Pd in this system. In this case, where precious little evidence of any Pd nanoparticle formation is forthcoming, we cannot, with any confidence, assign the exceptionally long PdPd bondlengths, and the very high levels of disorder observed, to the formation of PdHx. We may only speculate that these long PdPd bondlengths might result from the direct bonding of Cl to the very small Pd clusters and that the consistently high levels of disorder arise from a multiplicity of Pd states (except for well defined Pd nanoparticles) existing and persisting in this sample as a result.
	We also note that in contrast to our previous measurements regarding conventionally supported Pd catalysts and their behaviour in the same solvent mixture, [11-14] the spatially resolving component to our experimental methodology did not yield any evidence of axial gradients in Pd phase or Pd particle size along the catalyst bed.
	To investigate further we then studied Batch II and two additional ENCAT catalysts (a third batch of ENCAT™30 NP (Batch III) and its PdII(acetate) precursor ENCAT™30) at the XMaS UK CRG beamline at the ESRF. This allowed us to address these systems from the perspectives of the Cl K and Pd L3-edges using a recently developed reactor [21] that permits the study of solids in liquid flows at X-ray energies in the 2-4 keV region whilst retaining the overall approach employed in the reactor studies made at the Pd K-edge (24.35 keV). 
	Figure 2 shows the Cl K-edge XANES obtained from each sample in their as-received state and, for the two ENCAT™30 NP samples (batch II and batch III), after reaction with flowing ethanol/water (50:50) to 350 K. These are compared to the Cl K-edge XANES obtained from a PdCl2 standard. Figure 3 then shows the corresponding Pd L3-edge spectra from the ENCAT™30 catalysts. Post-reaction spectra of the two ENCAT™30 NP cases are given, and again compared with spectra derived from two (1wt% and 5 wt% Pd as indicated) Pd/Al2O3 catalysts that have been reduced in situ under flowing EtOH/H2O (50:50) at 350K and for which the Fourier transform have already been shown in figure 1 (c).
	Firstly, it is evident that in each ENCAT samples studied from these perspectives a significant edge due to Cl is found. XRF measurements (see supplementary information) indicate a Pd:Cl ratio of ca. 1 in the ENCAT™30 NP cases. Furthermore, in each of these samples a clearly observable pre-edge absorption feature at ca. 2822 eV is present. Such a feature in a  system such as this can only  arise from Cl bonding directly to oxidised metal centres (p → d orbital mixing).[31-33] Even in the case of the ENCAT™30 (Pd acetate) sample such a feature is evident with a relative intensity of ca. 0.1-0.2 compared to the PdCl2. Assuming that the intensity of the  pre-edge feature relative to the Cl K-edge jump and to that observed in PdCl2 is proportional to the fraction of Cl atoms that are directly bonded to oxidised Pd sites, approximately 10-20% of the Cl atoms present are implied to be directly bound to the PdII(acetate) present in the ENCAT™30. This fraction rises to between ca. 50-60% of the Cl binding directly to the Pd in the as received ENCAT™30 NP (Batches II and III).
	We further observe that this feature does attenuate to varying degrees in the two ENCAT™30 NP samples treated in aqueous ethanol to 350 K. This would indicate that some of this direct Cl-Pd bonding is removed by heating in the solvent mix. However, the persistence of a sizeable pre-edge feature in the Cl K-edge spectra implies that the Pd in these samples is never completely reduced to Pd0 under these conditions, in line with the observations from the Pd K-edge, and much Pd remains coordinated to Cl and in a non-zero oxidation state throughout.
	Of further note is the presence of other, post-edge features. These are most clearly seen in the spectrum of the ENCAT™ 30 sample at 2.827, 2.83, and 2.836 keV. The latter of these can also be seen to become more prominent after heating in ethanol/water to 350 K. These features correspond closely to Cl bound to Na on ClO4, ClO3, and ClO2 forms [34] implying that some of the chlorine retained is associated with residual levels of Na (arising from the use of sodium lignosulphate in polymer encapsulation process [1]) and that as a function of catalyst treatment the levels of these species can augment within the catalyst.
	The Pd L3-edge spectra (figure 3) then show that in each of the as received ENCAT™ samples the position and intensity of the Pd L3-edge white line are far more akin to that of PdII than Pd0 (as represented by the two spectra from the reduced Pd/Al2O3 samples). Whilst this is expected from the ENCAT™ 30 catalyst, it is not, a priori, expected from the ENCAT™ 30 NP cases. Congruent with both the Pd K-edge spectra (figure 1), and the Cl K-edge data (figure 2), the Pd L3-edge white line of the ENCAT30™ NP has only a marginally lower energy maximum and is broadened only slightly to lower bindging energies, compared to ENCAT™ 30. Subsequent reaction in ethanol-water is observed to cause further reduction of the white line intensity indicative of some level of Pd reduction occurring as a result of heating in the solvent. However, it is evident that the Pd in the two ENCAT™ 30 NP sample is never fully reduced under the conditions used here.
	Figure 4 then shows derivative Pd L3-edge spectra for the ENCAT™30 (Pd acetate), the reduced 1 wt% Pd/Al2O3 sample and that of ENCAT™30 NP (Batch III) measured as received and at 350 K after reaction with aqueous ethanol. The red lines are linear combinations of the differential spectra derived from the ENCAT™30 (Pd acetate) and 1 wt% Pd/Al2O3 samples. 
	This exercise in quantification of the degree to which the Pd in any of these Cl containing ENCAT™ samples exists in the reduced state likely overestimates the levels of Pd0 given the sensitivity of the Pd0 XANES to particle size (figure 3). Nevertheless, it suggests that initially less than 25% of the Pd is present as Pd0 and that this increases to only ca. 40% as a result of heating under the solvent mixture to 350 K. This shows, therefore a very severely retarded rate of formation of Pd NPs as compared to Batch I wherein no evidence of Cl-Pd coordination was forthcoming from the Pd K-edge EXAFS and in which clearly reduced Pd NPs could be induced through contact with the solvent mixture at RT.


Discussion

The results we have obtained from three differing batches of ENCAT™30 NP show that a considerable variation in their composition and basic behaviour in aqueous ethanol can be observed and that, in the case of ENCAT™30 NP, a significant proportion of the Pd acetate has not been reduced to Pd0 nanoparticles during their manufacture. This observation are consistent with previous X-ray diffraction and microscopy studies of these materials [35] and we conclude that in their as received state, the majority (>75%) of Pd in the ENCAT™30 NP  catalysts exists in a state far more akin to the Pd acetate precursor. 
[bookmark: _GoBack]	More importantly, however, our results show that Cl can be extensively present in ENCAT™ catalysts, and that the retention of this element can fundamentally influence the behaviour of the Pd. Two out of the three ENCAT™30 NP batches (batches II and III) we have investigated show significant Cl retention that results in a severe retardation of the reduction to Pd present to Pd0 nanoparticles. Indeed, only one batch (Batch I) of ENCAT™30 NP, that showed no evidence of Cl-Pd interactions, (figure 1) was able to be facilely reduced to form Pd0 nanoparticles at room temperature simply through exposure to the aqueous ethanolic solvent mixture.
	That retained Cl in these systems leads to a very significant retardation in the reduction of PdII to Pd0 is in some considerable contrast to the effect of high levels of Cl in supported Pd/Al2O3 catalysts derived from a PdCl2 precursor [14]. In that case, and in the limit of low Pd loading (1 wt%), the presence of retained Cl was found to significantly promote the reduction of oxidised phases of Pd present under the same conditions as used here. That the presence of Cl in the ENCAT™catalysts has precisely the opposite effect upon the development of the Pd nanoparticles shows again that the exact role that Cl may play in the development of different types of Pd catalysts is a strong function of the nature of the Pd found initially in the catalyst.
	The source of the chlorine in the ENCAT™ cases is deemed to lies in the chlorinated solvents (dichloroethane or chloroform [1-8]) used to solubilise the Pd(acetate) precursor prior to encapsulation. It seems these Cl containing species may become encapsulated with the Pd and are not reliably removed by subsequent washing procedures. EDX (see supplementary information) also shows that Na and S (from Sodium lignosulfonate also used in the original preparation [1]) may also be trapped and, in the former case, the Cl K-edge XANES provides evidence that this can also subsequently form NaClOx species though reaction with some of the retained Cl.
	The use of chlorinated solvents in the formation of polyurea encapsulated Pd catalysts can therefore result in extensive (to an estimated stoichiometry of PdCl, see supplementary information) retention of chlorine. In situ Pd L3 and Cl K-edge XAS shows that a significant proportion of this chlorine interacts directly with encapsulated PdII species and can severely retard and curtail the development of fully reduced encapsulated Pd0 nanoparticles under the conditions used in this study. However, when Cl retention is minimal or absent Pd0 nanoparticles can be facilely obtained at room temperature through contact with flowing ethanol/water.
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Supplemental online material.

K3-weighted Pd K-edge spectra and analytical fits using EXCURV; structural and statistical data derived from fitting of the Pd K-edge EXAFS; SEM and X-ray fluorescence (XRF) data pertaining to vesicle size distributions, levels of Cl, Na, S, and Pd found in the ENCAT™  catalysts using in this study.
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Figure captions.


Figure 1. Comparison of Pd K-edge EXAFS (Fourier transform of k3-weighted data) from two batches of ENCAT™30NP catalysts measured at (a) BM23 (batch I) and (b) SNBL (batch II) at the ESRF as indicated. Spectra are shown for the as received (“dry”) cases and at different states of sample evolution during heating to 350 K under an EtOH/H2O (50:50) solvent flow. In (b) fits to the as received case are given that neglect or contain a Cl coordination to the Pd. Spectrum (c) shows Pd K-edge EXAFS derived from 1 (blue) and 5 (black) wt% Pd/Al2O3 catalyst after heating to 350 K under the flowing solvent mixture. In each case the ordinal axes are equivalent to aid comparison of Fourier transform intensities.


Figure 2. Cl K-edge XANES spectra derived from different ENCAT™ catalysts measured in their as received state and after reaction with flowing EtOH/H2O (50:50) at 350 K – red = Batch II, black = Batch III  ENCAT™30 NP. The Cl K-edge XANES from a PdCl2 standard is also given.

Figure 3. Pd L3-edge XANES derived from different ENCAT™30 catalysts in their as received state and after reaction with flowing EtOH/H2O (50:50) at 350 K – red = Batch II, black = Batch III. These are compared to two (1 wt% and 5 wt%) Pd/Al2O3 catalysts, derived from a PdCl2 precursor, measured in situ under flowing EtOH/H2O at 350 K.

Figure 4. 1st derivative Pd L3-edge XANES for reduced 1 wt% Pd/Al2O3, as received ENCAT™30, and ENCAT™30 NP (Batch III) as received and at 350 K under flowing ethanol-water. The red lines are linear combinations of the 1 wt% Pd/Al2O3 (Pd0) as received ENCAT™30 (PdII) spectra in the proportions indicated.
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