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Abstract

:

The adsorption of crotonaldehyde on Cu-Pt alloy surfaces was characterized by density functional theory (DFT). Two surfaces were considered: Cu2Pt/Cu(111) and Cu3Pt/Cu(111). It was determined that the presence of Pt on the surface, even when isolated as single atoms fully surrounded by Cu, provides additional stability for the adsorbates, increasing the magnitude of the adsorption energy by as much as 40 kJ/mol. The preferred bonding on both surfaces is via multiple coordination, with the most stable configuration being a cis arrangement with di-σ bonding of the C=O bond across a Cu–Cu bridge and an additional π bonding to a Pt atom. The fact that Pt significantly affects the adsorption of unsaturated aldehydes such as crotonaldehyde explains why the kinetics of their hydrogenation using single-atom alloy (SAA) catalysts vary with alloy composition, as we previously reported, and brings into question the simple model in which the role of Pt is only to promote the dissociation of H2.
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1. Introduction


Heterogeneous catalysis is at the center of a vast range of industrial processes, and many of the catalysts used in these are based on transition-metal nanoparticles (NPs) dispersed on high-surface-area supports [1,2,3]. It has long been recognized that the performance of pure metals is not always optimal and needs to be improved via the addition of other elements; alloys in particular afford the fine-tuning of the electronic properties of metals for this purpose [4,5,6]. Metal alloying has been a useful approach when designing selective hydrogenation catalysts, as it is often the case that platinum-group metals (Pt, Pd, and Rh in particular) are the most active promoters of hydrogenations of organic feedstocks with multiple unsaturations but are not particularly discriminating; the main product usually is the fully hydrogenated molecules [1,7,8,9].



In order to tame the activity of Pt, Pd, Rh, or Ir metals and to improve their selectivity, it has been customary to add a second metal as an additive [1,6,10]. Sn, for instance, has been used extensively to modify the performance of Pt-based catalysts in oil-refining processes [4,11,12,13,14,15]. More recently, this line of thought has been turned on its head, because when it comes to hydrogenation selectivity, it is quite possible that coinage metals may be the best choices [16,17,18]. Unfortunately, pure coinage metals are often not viable hydrogenation catalysts because they are not effective at promoting the required scission of the H–H bond in H2 [17,19,20]. For that, it may be a good solution to add a platinum metal (Pt, Pd) as an additive and a minority component. Accordingly, it may be that once hydrogen atoms are produced on the Pt or Pd sites and spilled over onto the coinage metal substrate, the rest of the hydrogenation steps can take place selectively. This is the premise underpinning the excitement over the new generation of so-called single-atom alloy (SAA) catalysts [21,22,23,24].



Much surface-science work with model systems [25,26], in conjunction with quantum mechanics calculations [27,28], has provided support for the viability of SAAs functioning according to the mechanism stated above. However, with realistic supported catalysts and in catalytic processes carried out under atmospheric conditions, a number of complications arise requiring further consideration [29]. For one, individual atoms within alloys can easily diffuse in and out of the surface of the bimetallic NPs, a process often facilitated by temperature and also by the presence of the reaction mixture [16,30,31,32,33,34,35]. It is therefore important to determine where the minority metal in SAAs is placed within the supported bimetallic NPs during the catalytic reaction. In addition, alloying one metal with another modifies its electronic properties, potentially changing its chemical behavior [36,37,38,39]. It has been recently argued that the d band of platinum-group and coinage metals display maximum density of states (DOS) at significantly different energies, a fact that minimizes any orbital mixing when alloying the two [27,28,39,40,41]; this would justify considering the minority metal (Pt, Pd) as isolated and unaffected by the surrounding majority component (Cu, Ag, Au). Nevertheless, some electron transfer is still likely to happen, and, in any case, if not the d orbitals, at least the sp band is fully delocalized across the whole bimetallic NP and can be affected by metal mixing [42]. Additional entropic factors may be introduced by the reaction mixture as well [43].



Lastly, many adsorbates require multiple-atom ensembles to bind to the surface, and new combinations of those become available in bimetallic NPs [44,45,46]. The added flexibility in creating new atom ensembles on the surface is in fact the basis for much catalysis design, to, for instance, minimize coke formation in reforming processes [47]. It is therefore important to understand how the addition of a second metal in SAAs may affect the adsorption energetics of the reactants [48,49]. This is the issue addressed in the present report. Our study focuses on the adsorption of crotonaldehyde, a prototypical unsaturated aldehyde, and on Cu surfaces modified by diluted Pt atoms. Cu-Pt SAAs have already been shown to improve the selectivity of several hydrocarbon conversions [33,50,51,52,53], including the hydrogenation of unsaturated aldehydes [16,54]. However, kinetic data acquired for those reactions as a function of alloy composition have suggested that the role of the added Pt is not only to promote H2 activation, that is, to help with the dissociation of the H–H bond, but to also affect the subsequent hydrogenation of the unsaturations of the reactant, the C=C and C=O bonds in the case of unsaturated aldehydes [54]. Here, we provide results from density functional theory (DFT) calculations indicating that, indeed, the addition of Pt atoms to Cu surfaces modifies the uptake of unsaturated aldehydes, changing their adsorption geometry to favor multiple coordinations and increasing their adsorption energy. It is argued that the role of the added Pt in these SAAs is more complex than previously appreciated.




2. Methods


The quantum mechanics study reported here relied on spin-unrestricted first-principles calculations based on periodic DFT, as implemented in the Vienna Ab initio Simulation Package (VASP) [55]. The calculations were performed using the Projector Augmented Wave (PAW) pseudopotentials [56,57]. The exchange-correlation energy was described using the generalized gradient approximation with the Perdew-Burke-Ernzerhof (PBE-GGA) parameterization [58]. The electronic states were expanded in plane waves with an energy cutoff of 400 eV. Forces on individual atoms were optimized up to 1 × 103 Ry/a.u. The Van der Waals interactions were modeled using the Grimme D3 method [59]. The Brillouin zone integrations were performed using 10 × 10 × 10 and 5 × 5 × 1 Monkhorst-Pack k-point grids [60] for the bulk and the surfaces, respectively, and a Methfessel-Paxton smearing [61] of the second order of the Fermi-Dirac distribution function was used, with a width of 0.2 eV. The lattice parameter used for bulk Cu, which was structurally optimized, was a = 0.36 nm. Using the supercell method, the surfaces were modeled by periodically repeating slabs with nine atomic planes along the [111] direction and with a vacuum larger than 10 Å. The bimetallic surfaces, the Cu3Pt/Cu(111) and Cu2Pt/Cu(111) systems, were constructed by adding Pt atoms in the periodic patterns shown in Figure 1a, but only on the topmost layer; all the other subsurface layers consisted of pure Cu. The structures of all these cells were optimized before exploring the adsorption of crotonaldehyde. It is worth pointing out that the size and shape of the unit cells are different in the two alloy cases, as the periodicity of the alloys is defined by their stoichiometry and fixes the characteristics of their repetitive pattern. The Hessian matrix and phonon frequencies were calculated using the finite differences method. The infrared absorption spectroscopy intensities were calculated using Density Functional Perturbation Theory (DFPT) [62] and processed using the program published by David Karhánek [63] based on linear response theory. The illustrations of the crystal structures and graphs presented in this paper were generated using the VESTA [64] and Matplotlib [65] codes, respectively.



On the basis of our quantum mechanical calculations, adsorption energies were calculated using the following equation:


Eads = Esurface crotonaldehyde − Esurface − Eisolated crotonaldeyde








where Esurface crotonaldehyde reflects the energy of every adsorption configuration considered in this study, Esurface is the energy of the clean surface in each case (for each alloy), and Eisolated crotonaldeyde is the energy of the isolated molecule in the gas phase. All Eads is reported in units of kJ/mol.




3. Results


3.1. Energetics and Structural Properties


Calculations were first carried out for the four rotational conformers of crotonaldehyde in the gas phase: E-(s)-trans, E-(s)-cis, Z-(s)-trans, and Z-(s)-cis (Figure 1b). E-(s)-trans was found to be the most stable conformer, and the other structures to exhibit higher energies by differences of 9.6, 11.8, and 16.0 kJ/mol, respectively. In the following study, only the adsorption of crotonaldehyde in its E-(s) configurations was considered, because those are the most stable.



The bonding of crotonaldehyde to the Cu2Pt/Cu(111) and Cu3Pt/Cu(111) surfaces was optimized for both the cis and trans isomers considering a variety of coordination modes, ranging from a single coordination via the oxygen atom (η1-O) to a fourfold coordination via bonding to all O, C1, C2, and C3 atoms (η4). The most stable structures obtained for each case are shown in Figure 2, and the corresponding energetics of adsorption reported in Figure 3. The adsorption energies for cis- and trans-crotonaldehydes on pure Cu(111) and Pt(111), reported before [66], were included in Figure 3 for reference. The key bond distances estimated for the adsorbed structures calculated for the cis and trans isomers are summarized in Table 1 and Table 2, respectively.



Some interesting trends are evident from the data in Figure 2 and Figure 3. In terms of bonding, it is seen that, in all cases, single coordination of crotonaldehyde to the surface is via the formation of a Cu–O bond. On pure Pt η1 bonding is also via the terminal oxygen atom, but in both alloy surfaces attachment to the Cu atoms is still preferred. On the other hand, the η2-OC1 and η2-C2C3 coordinations are the most stable if the carbon atom binds to an adjacent Pt center (the oxygen atom still binds to Cu); the latter is the most stable of the two in all four surfaces considered here. In terms of the relative behavior of the cis versus trans isomers, the former is always less stable than the latter in the low-coordination η1-O and η2-OC1 configurations, but that trend flips for the η2-C2C3 case (except on pure Cu(111)); the possibility of having the C3 atom interact with a surface Pt center provides a particularly large stabilizing effect. Then, for the η3-OC2C3 and η4 coordinations, the cis isomer is always the most stable of the two. This can be justified in terms of an increase in chain stress forced by the multiple coordination to the surface in the trans case, but it is also interesting to note that, in the structures shown in Figure 2, the C=C double bond coordinates to the surface of the alloys in a di-σ rehybridized form across a Cu–Pt bridge in the trans cases but it does so via π bonding to a single Pt atom with the cis isomer. Curiously, the same difference in bonding mode was seen on pure Cu(111) and Pt(111) surfaces [66]. It has been previously reported that the most stable form of adsorbed ethylene on both Cu(111) and Cu3Pt(111) is in the π geometry, on Cu3Pt(111) on a Pt atop site, and the vibrational spectrum of ethylene adsorbed on Cu(111) was found to be very different from that observed on Cu3Pt(111) [67]. It can be inferred that π bonding of C=C double bonds is favored over di-σ coordination, hence the stronger adsorption of the cis- (versus trans-) crotonaldehyde reported here.



Another observation deriving from the calculations reported in Figure 2 and Figure 3 is that, in general, higher coordination to the surface stabilizes the adsorbates. This trend is more clearly seen with the cis isomer but it often applies to the trans configuration as well, the exception being the η3-OC2C3 bonding mode, which appears to be destabilized by the strain put on the hydrocarbon chain. As a consequence, the most stable adsorbed species in almost all cases is the one with η4 coordination to the surface; only with the trans isomer does a η2-C2C3 coordination prevail over the η4 option on Cu(111) and Cu2Pt/Cu(111). It should be noted that higher coordination typically leads to a larger footprint of the adsorbates on the surface, which may be viable only at low coverages. As the coverage increases, more compressed layers form, thus destabilizing such multiple bonding. The end result is that, at times, the adsorption geometry may change to a less coordinated arrangement. In the case of acrolein on Cu(111), for instance, a switch from η4 to η3-OC2C3 was calculated when transitioning from a coverage of θ = 1/9 ML to θ = 1/4 [18].



Additional details on the nature of the bonds in the adsorbed crotonaldehyde can be extracted from the information on bond distances provided in Table 1 and Table 2. For one, it is interesting to note that, in spite of the fact that most of the configurations considered here involve some bonding through the oxygen atom in the carbonyl moiety, the C1=O bond only stretches marginally upon bonding to the surface, by less than 0.08 Å, and often by only ~0.02 Å in the η1-O coordination. Some rehybridization of the C=O bond would be expected in that case, but the final bond lengths seen here are quite far from those expected for C–O single bonds (1.43 Å in ethanol); the limited bond hybridization justifies the weak nature of the adsorption of the aldehyde on the Cu surfaces. Not surprisingly, larger C–O bond lengths are observed in the structures where the bond is oriented close to parallel to the surface plane (a di-σ rehybridized structure), as seen in some of the η2-OC1, η3-OC2C3, and η4 configurations. Similar arguments can be put forward for the C2=C3 double bond: its length is affected only when it interacts with the surface via di-σ bonding. On the other hand, the effect in the C=C bond is more pronounced than in the C=O case, as values as high as 1.46 Å can be seen (for the η3-OC2C3 configuration of the trans isomer in Cu3Pt/Cu(111)), an elongation more than half way toward the length of a C–C single bond (1.54 Å in ethane). It should be noted that the differences seen here between the cis and trans isomers are not too significant and cannot be used to fully explain the adsorption energy differences estimated for the two isomers. What may be relevant is that the C1–C2 bond distance is also affected by the adsorption, becoming shorter to different extents in the several cases considered; it appears that a degree of intramolecular rehybridization may take place. An extreme of this rehybridization can be seen for trans-crotonaldehyde adsorbed on C3Pt/Cu(111) in a η4 configuration: the C1–C2 and C2=C3 bond distances calculated for that adsorbate are 1.434 and 1.440 Å, respectively, suggestive of the formation of an allylic species with a delocalized double bond.



An important conclusion from these calculations is that the presence of Pt atoms on the surface appears to provide an additional stabilizing factor leading to stronger bonding of crotonaldehyde to the surface via multiple coordination. It is particularly notable that, whereas the adsorption energies of both cis and trans isomers of crotonaldehyde remain relatively unaffected by the extent of coordination on the Cu(111) surface, larger effects are seen on the other three surfaces. As indicated above, this is due to the additional bond that appears to form between the C3 atom and a Pt surface atom. The observed behavior is true regardless of the presence of Cu (in the alloys, compared to pure Pt(111)), or of the coordination mode of the C=C bond, di-σ with the trans isomer or π with the cis counterpart (although the effect is larger in the latter case). It can be said that, if Pt atoms are present on the surface of the Cu-Pt SAA catalysts, they are likely to affect the energetics of the hydrogenation steps during unsaturated aldehyde hydrogenation; the role of such Pt may therefore not just be that of activating the H–H bond in H2. Our previous kinetic studies on the catalytic hydrogenation of cinnamaldehyde promoted by CuPtx/SBA-15 catalysts had already provided indirect evidence for this additional contribution of Pt to the kinetics and thermodynamics of the hydrocarbon conversion steps [54].



One interesting quirk seen in the data in Figure 3 is that bonding of crotonaldehyde to Cu2Pt/Cu(111) is slightly weaker than to Cu3Pt/Cu(111), in spite of the fact that the former surface has a higher Pt coverage than the latter. However, this difference is small, and may be related to the different sizes of the unit cells used in each case (Figure 1a), which leads to slightly different surface coverages; the structure of all adsorbates, of both cis and isomers of crotonaldehyde in all η1-O to η4 configurations, are almost identical in the two alloyed surfaces (Figure 2).



To further understand the nature of the bonding of crotonaldehyde to the Cu-Pt alloys, the DOS of the various molecular orbitals were calculated for the more relevant adsorption configurations. The data for the Cu2Pt/Cu(111) surface are shown in Figure 4. Several observations are worth highlighting. For instance, the η1-O structure (Figure 4a) shows several peaks at negative energies from ~−3.0 eV to −4.5 eV related to the C2=C3 and C–H molecular bonds, as those do not interact with the surface. On the other hand, the peak at ~−1.5 eV is related to the C dangling bond that develops upon O attachment to the surface. Similar behavior is observed in the η2-OC1 configuration (Figure 4b), in which case the dangling bond associated with the C1 atom disappears because of its bonding to the surface. Notice that here the peaks at more negative energies, associated with the C2=C3 bond, remain. In the η2-C2C3 coordination (Figure 4c), the negative peaks from ~−3.0 eV to −4.5 eV are reduced because the C2=C3 bond rehybridizes and because the two carbons form two new single bonds with the surface. In exchange, a new peak consisting mainly of CH-sp and O-sp orbitals appears around the Fermi energy. A similar trend is observed in the η3-OC2C3 (Figure 4d) and η4 (Figure 4e) species: the molecular peaks for all double bonds disappear because the molecule is fully attached to the surface. A fact to point out here is that in the η3-OC2C3 case, there are no peaks related to C1 dangling bonds as in η1-O. This is probably because there is still some interaction between the C1 atom and the surface, a fact that confirms the high affinity of Cu-Pt alloys to form highly coordinated systems. Our DOS analysis shows that, in every adsorption geometry, there is a distinctive projected density of states that evidences the formation of bonds in the corresponding molecule-surface complex.




3.2. Vibrational Properties


The vibrational modes of the most stable adsorption configurations of crotonaldehyde were also calculated; they are reported in Figure 5 and in Table 3. For the Cu3Pt/Cu(111) surface, results are provided for the η4-cis, η3-OC2C3-cis, η2-C2C3-cis, and η4-trans configurations, whereas for the Cu2Pt surface only the data for the η4-cis configuration are presented. The assignments of the modes were aided by information provided in the literature for the vibrational spectra of pure crotonaldehyde [68] as well as for crotonaldehyde adsorbed on Pt(111) [69] and on the surface of a Cu polished disk [66]. Unfortunately, there are no experimental data available in the literature for the vibrational spectra of crotonaldehyde adsorbed on Cu-Pt alloys: the IR spectra reported in our past publication with CuPtx/SBA-15 catalysts is likely to be dominated by adsorption on the silica support (blank experiments were performed to check that; data not shown) [16], and we have not yet succeeded in preparing Pt/Cu surfaces under UHV stable enough to be useful to test the adsorption of molecules on them (as mentioned in the Introduction, us and others have determined that the Pt atoms tend to diffuse into the bulk at relatively low temperatures [16,30,31,32,33,34,35]). There are, however, high-resolution electron-loss spectroscopy data for acrolein adsorbed on Pt–Cu–Pt(111) and Cu–Pt–Pt(111) substrates (with a Cu layer in the subsurface or surface regions, respectively) [70], which can be used to extract general trends. Given the clearly distinct IR spectra obtained for crotonaldehyde on Pt(111) [69] versus polycrystalline Cu [66], the new calculations on the CuxPt/Cu(111) can provide some clues on what to expect in the new systems as well.



One important distinctive vibrational mode in these adsorbates is the C=O stretching mode, because it appears around 1670–1710 cm−1, in a range quite separate from the rest of the spectra. That mode is quite prominent in the traces for Pt(111) [69], but barely seen on Cu [66]. With acrolein, the peak is quite intense on Pt(111) (~1700 cm−1) [71], but not detectable on Cu(111) [72], Cu–Pt–Pt(111), or Cu–Pt–Pt(111) [70]. Here, no peaks are seen in the spectra for adsorbed crotonaldehyde in any of the configurations for which the data were calculated. As it has been discussed before, the suggestion is that the C=O bond may be oriented in a direction close to the plane of the surface, in which case the surface selection rule that apply to IR spectra on metals predicts no peak intensity at all [73,74]. What can be seen in the vibrational data for η2-C2C3-cis crotonaldehyde on Cu3Pt/Cu(111) is a feature at 1594 cm−1 associated with its C=C stretching mode. This is also a signature peak in the experimental data for crotonaldehyde on pure Cu (1650 cm−1) [66] and for acrolein on Pt–Cu–Pt (111) (1644 cm−1), but such peak is not seen with Cu–Pt–Pt(111) [70]. Overall, the relative intensities of the C=O and C=C stretching peaks can provide insightful information on the configuration adopted by unsaturated aldehydes upon adsorption; our calculations suggest that in the Cu-Pt bimetallic surfaces, they may be dominated by the features due to bonding to Cu.



The other telling region of the infrared spectra of these adsorbed species worth discussing is that between approximately 1300 and 1500 cm−1, since there is where most C–H deformation modes become visible. The asymmetric deformation of the terminal methyl group in crotonaldehyde is noticeable in most spectra, on all Pt(111), Cu(111), and the mixed Pt–Cu–Pt(111) and Cu–Pt–Pt(111) surfaces; it appears at about 1450–1470 cm−1 [66,70]. On the other hand, the symmetric deformation (or umbrella) mode of the methyl moiety, typically located between 1330 and 1370 cm−1, has not been seen in any of those surfaces. In our calculations for crotonaldehyde on CuxPt/Cu(111) surfaces, several adsorption configurations do result in a detectable vibration for that mode. This is particularly noticeable for the Cu2Pt-η4-cis case (1358 cm−1), and to a lesser extent for the Cu3Pt-η3-OC2C3-cis (1356 cm−1) and Cu3Pt-η2-C2C3-cis (1356 cm−1) species. This pair of peaks, for the symmetric and asymmetric methyl deformation modes, can also be used to test the predictions of adsorption geometries for unsaturated aldehydes (with such methyl groups) once the experimental data become available.





4. Discussion


The main purpose of this investigation has been to assess the effect that the minority metal may play in the performance of SAA catalysts for hydrocarbon conversions. The specific case of the addition of Pt to Cu to improve on the performance of the hydrogenation of unsaturated aldehydes (crotonaldehyde) was tested by using quantum mechanics (DFT) calculations. It is often assumed that the role of Pt is only to activate molecular hydrogen and to form hydrogen atoms, which then spill over onto the Cu surface where the hydrocarbon hydrogenation steps are expected to take place [22]. However, the adsorption of hydrocarbons often involves sites composed of ensembles of surface atom, and if single Pt atoms are present on the surface, they are likely to participate in such hydrocarbon bonding; the interaction of hydrocarbons with Pt is in general much stronger than with Cu. Our calculations, reported above, corroborate this hypothesis for the case of crotonaldehyde.



What was found in this study is that the initial bonding of unsaturated aldehydes on Cu-Pt bimetallic surfaces takes place via the carbonyl oxygen atom (Figure 2). Moreover, in a η1-O configuration, the molecule binds preferentially to Cu atop sites; this was previously determined to be the case on pure Cu surfaces [66], and was shown here to be true for the Cu2Pt/Cu(111) and Cu3Pt/Cu(111) surfaces as well. Similar results were also reported previously for acrolein [16,18] and for cinnamaldehyde [75]. It is somewhat surprising that on the alloys the initial bonding happens on Cu centers given that bonding to Pt is stronger, at least for the cis isomer: Eads(η1-O-cis, Pt(111)) = −67.4 kJ/mol versus Eads(η1-O-cis, Cu(111)) = −53.0 kJ/mol (Figure 3). The adsorption of the trans isomer is approximately equally strong on both metals (Eads(η1-O-trans, Pt(111)) = Eads(η1-O-trans, Cu(111)) = −72.5 kJ/mol), but perhaps the main reason for the preferential bonding to Cu relates to potential additional interactions of other parts of the molecule with the adjacent metal atoms present on these surfaces.



Indeed, what we found is that the presence of Pt atoms leads to a preference for multiple coordination of crotonaldehyde to the surface. On pure Cu, the adsorption energy is not very sensitive to additional interactions between any of the carbon atoms of crotonaldehyde and the surface [66], but on pure Pt, multiple coordination leads to much stronger binding [66,69], and the data reported here indicate that the same is true with the Cu-Pt alloys. For one, in all η2-OC1 and η2-C2C3 configurations, the carbonyl and C=C groups of crotonaldehyde (respectively) both bind across a Cu–Pt bridge, with the O atoms placed on the Cu atoms and the C bonded to the Pt in the first case (Figure 2). Moreover, and more significantly, the more extensively coordinated η3-OC2C3 and η4 adsorptions show binding with both carbonyl and C=C groups, which make those species significantly more stable: the carbonyl group still binds with the O atom attached to Cu, but the C=C bond is π-bonded to a single Pt in the case of the more stable cis isomers (the trans isomer, with its weaker adsorption energies relative to the cis form, binds in a di-σ mode across a Cu–Pt bridge instead). The bottom line is that, if Pt is present on the surface of the alloy, even in single-atom form, that atom is likely to participate in the binding of the reactant, crotonaldehyde in this case. It must be concluded that, in addition to aiding in the activation of molecular hydrogen, the addition of Pt to Cu surfaces is likely to also affect the hydrocarbon hydrogenation steps. An indirect kinetic evidence for this conclusion was already obtained by us before for the case of cinnamaldehyde: both the equilibrium constants for the adsorption of the reactant and products and the reaction constants for the hydrogen incorporation steps were seen to vary with alloy composition in the CuPtx/SBA-15 catalysts, some by up to three orders of magnitude [54].



The fact that single Pt atoms on Cu surfaces affect the adsorption energies of crotonaldehyde is not surprising, and is expected to be a general effect. Even with individual atoms, significant differences in adsorption energies have been calculated on ensemble sites in Cu surfaces that include one Pt atom (compared to pure-Cu ensemble sites): for instance, the addition of Pt to Cu(111) has been calculated to cause decreases in the adsorption energy of carbon, oxygen, and nitrogen atoms by approximately 14, 15, and 18 kJ/mol, respectively [28]. A possible reason for this is the small electronic contribution that the nearest Cu atoms receive from the Pt d orbitals, leading to a depletion of the Cu 3d DOS. Similar effects have also been reported with other SAA metal combinations; the adsorption energy estimated for acrolein, for instance, have been shown to change upon the addition of a second dopant metal to Pt, Pd, Ni, Au, and Ag surfaces [76] On Cu–Pt–Pt(111), where Cu is added to a Pt surface, acrolein adsorption in a η4 configuration was estimated to be stabilized by an additional 1.3 kJ/mol, but in the case of Pt–Cu–Pt(111), where the Cu atoms are placed on the subsurface, the adsorption is destabilized by as much as 65 kJ/mol instead [70,77]. None of these reported systems simulate SAA surfaces directly, but nevertheless point to the clear effect exerted by the addition of a second metal on adsorption energies even if they are quite diluted.



The last point to be made here is that, in these calculations, it was assumed that the minority metal, Pt, is present (in diluted form) on the surface of the SAAs. The placement of such atoms within the bimetallic nanoparticles of SAA catalysts under reaction conditions has not, however, been fully established to date. As mentioned in the introduction, both temperature and gaseous or liquid chemicals in contact with the surface of these bimetallics can induce the preferential segregation of one of the elements to the surface or its diffusion back deep into the bulk [16,30,31,32,34,35]. For the case of Pt added to Cu, it has been repeatedly observed that Pt often disappears from the surface, typically upon exposures to atmospheric environments but even under controlled ultrahigh vacuum (UHV) conditions. These changes are often reversible [34], which means that post-mortem analysis of the surfaces after catalysis may not reflect the nature of the active catalytic surface. It could be thought that the reactants in hydrocarbon hydrogenation reactions may in fact drive the Pt atoms to the surface, as that metal binds the reactants more strongly than Cu, but experiments with CO have shown the opposite behavior [16,34]. Clearly, our calculations here only address the situation where the Pt atoms are present on the surface; the conclusion that Pt affects the adsorption energies of the reactants and products and therefore the kinetics of the catalysis may not apply if those atoms diffuse into the bulk during reaction. Additional studies would need to be carried out to evaluate those circumstances, as Pt may still exert a remote electronic effect in those cases.




5. Conclusions


Quantum mechanics (DFT) calculations were performed to assess the details of the adsorption of crotonaldehyde on two Cu-Pt alloy surfaces, namely, on ordered Cu2Pt/Cu(111) and Cu3Pt/Cu(111) structures, where Pt was added only to the top-most (exposed) surface, and compared with similar estimates previously carried out by us on pure Cu(111) and pure Pt(111) [66]. Different coordination modes were considered, from single bonds, which were found to be the most stable between the O atom in the carbonyl moiety of the unsaturated aldehyde and a Cu atom in an atop position, to η4 configurations involving the O atom together with its three nearest C atoms in the hydrocarbon chain. Both cis and trans isomers of crotonaldehyde were considered as well. From an energetics point of view, it was determined that the addition of Pt atoms to the surface, even in dilute form, increases the magnitude of the adsorption energy. Two possible η2 binding forms were tested, via the carbonyl (OC1) and via the C=C (C2C3) double bonds, and the latter was found to be the more favorable of the two in all cases. Regardless, bonding in all those structures was determined to occur in di-σ fashion, across a Cu–Pt bridge. Coordination in η3-OC2C3 mode provides additional stability for the cis isomer but not for the trans counterpart, presumably because of the chain strain required to accommodate the multiple bonding in the latter case. Finally, η4-OC1C2C3 is the preferred coordination in most cases, except for the trans isomer on pure Cu(111) and on Cu2Pt/Cu(111), for which the η2-C2C3 binding is slightly preferred. Ultimately, the cis isomer is more stable than the trans counterpart on all surface, in the case of the η4 configuration apparently because the C=C double bond π coordinates to a single Pt atom (it rehybridizes to a di-σ configuration across a Cu–Pt bridge with the trans isomer). Additionally, the addition of Pt to the surface increases the magnitude of the adsorption energy of the most stable configurations by approximately 20 to 40 kJ/mol.



The stabilization of the adsorption of crotonaldehyde on the Cu-Pt alloy surfaces is also evidenced by the changes in bond distances between relevant atoms. Such changes are minor in the case of the η1-O coordination, where even the C1=O bond often stretches by less than 0.02 Å, but become more noticeable when multiple coordination is involved, especially if rehybridization to di-σ bonding occurs. In fact, with trans-crotonaldehyde, η4 adsorption on C3Pt/Cu(111) leads to the formation of an allylic species where the C1–C2 and C2–C3 bonds have approximately the same length. Further evidence of the stabilizing effect of Pt toward crotonaldehyde adsorption was obtained from calculations of vibrational frequencies. Although no experimental data are available yet to make full use of those results, some key pointers were nevertheless identified highlighting what to expect. On the whole, the main conclusion from our study is that, if Pt atoms are present on the surface as it has been proposed for Cu-Pt SAA catalysts, they are likely to not only help with the activation of H2, to start hydrogenation reactions, but also affect the energetics of the subsequent H-incorporation steps into the unsaturated aldehyde hydrogenation. Past results from in situ characterization of Cu-Pt catalysts under catalytic conditions have suggested that the Pt atoms may in fact diffuse into the bulk of the bimetallic nanoparticles, in which case the results reported here would not be directly applicable, but even in that case there may be a remote electronic effect in play. This may be worth further investigation.
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Figure 1. (a) Side (left) and top (right) views of the pristine Cu(111) and of the simulated Cu3Pt/Cu(111) and Cu2Pt/Cu(111) alloy surfaces used in this study. The corresponding (3 × 3), (2√3 × 2√3)R30°, and (3 × 3) supercells are shown in the top views. (b) Optimized structures for the different configurations of crotonaldehyde in the gas phase. 
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Figure 2. Optimized structures calculated for the cis and trans configurations of crotonaldehyde adsorbed on Cu2Pt/Cu(111) and Cu3Pt(111) surfaces, as a function of coordination mode. Atom color code: blue = Cu, grey = Pt, red = O, brown = C, and white (small) = H. 
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Figure 3. Energies of adsorption for the cis (left panel) and trans (right) configurations of crotonaldehyde on Cu (red circles), Cu3Pt (pink downward-pointing triangles), Cu2Pt (blue upward-pointing triangles), and Pt (green squares) as a function of coordination mode to the surface, for the structures shown in Figure 2. 
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[image: Chemistry 05 00034 g003]







[image: Chemistry 05 00034 g004 550] 





Figure 4. Projected DOS of the E-(s)-cis isomer of crotonaldehyde when adsorbed on the Cu2Pt/Cu(111) surface in the (a) η1-O, (b) η2-OC1, (c) η2-C2C3, (d) η3-OC2C3, and (e) η4 adsorption configurations. 
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Figure 5. Calculated vibrational spectra of crotonaldehyde adsorbed on the indicated surfaces and configurations, namely, on (from top to bottom): (b) Cu3Pt-η4-cis, (c) Cu3Pt-η3-OC2C3-cis, (d) Cu3Pt-η2-C2C3-cis, (e) Cu3Pt-η4-trans, and (f) Cu2Pt-η4-cis; these are the most stable adsorption structures calculated in this study. The sum of all the spectra is shown at the very top (a) as well. 
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Table 1. Calculated bond lengths for the E-(s)-cis crotonaldehyde in the different configurations considered in this work. Values for bonding to either Cu or Pt are indicated by the color of the numbers, blue for Cu and grey for Pt.
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Geometry

	
Gas Phase

	
Cu2Pt/Cu(111)

	
Cu3Pt/Cu(111)




	
E-(s)-cis

	
η1-O

	
η2-OC1

	
η2-C2C3

	
η3-OC2C3

	
η4-OC1C2C3

	
η1-O

	
η2-OC1

	
η2-C2C3

	
η3-OC2C3

	
η4-OC1C2C3






	
Supercell

	
-

	
3 × 3

	
3 × 3

	
3 × 3

	
3 × 3

	
3 × 3

	
2√3 × 2√3

	
2√3 × 2√3

	
2√3 × 2√3

	
2√3 × 2√3

	
2√3 × 2√3




	
Eab (kJ/mol)

	
-

	
−49.7

	
−69.57

	
−85.0

	
−85.7

	
−94.8

	
−53.3

	
−78.6

	
−92.850

	
−99.8

	
−110.5




	
d(C1=O)

	
1.227

	
1.247

	
1.287

	
1.240

	
1.270

	
1.252

	
1.250

	
1.307

	
1.236

	
1.278

	
1.273




	
d(C1–C2)

	
1.474

	
1.455

	
1.461

	
1.461

	
1.434

	
1.462

	
1.453

	
1.465

	
1.470

	
1.425

	
1.443




	
d(C2=C3)

	
1.346

	
1.348

	
1.355

	
1.428

	
1.445

	
1.418

	
1.352

	
1.359

	
1.450

	
1.457

	
1.431




	
d(C3–C4)

	
1.486

	
1.482

	
1.485

	
1.512

	
1.512

	
1.502

	
1.483

	
1.485

	
1.514

	
1.514

	
1.509




	
d(O–Cu/Pt)

	
–

	
2.304

	
2.101

	
–

	
2.285

	
2.538

	
2.236

	
2.032

	
–

	
2.149

	
2.258




	
d(C1–Cu/Pt)

	
–

	
–

	
2.430

	
–

	
–

	
2.645

	
–

	
2.299

	
2.655

	
–

	
2.435




	
d(C2–Cu/Pt)

	
–

	
–

	
–

	
2.416

	
2.277

	
2.277

	
–

	
–

	
2.226

	
2.212

	
2.456




	
d(C3–Cu/Pt)

	
–

	
–

	
–

	
2.229

	
2.201

	
2.242

	
–

	
–

	
2.180

	
2.188

	
2.182
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Table 2. Calculated bond lengths for the E-(s)-trans crotonaldehyde in the different configurations considered in this work. Values for bonding to either Cu or Pt are indicated by the color of the numbers, blue for Cu and grey for Pt.
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Geometry

	
Gas Phase

	
Cu2Pt/Cu(111)

	
Cu3Pt/Cu(111)




	
E-(s)-trans

	
η1-O

	
η2-OC1

	
η2-C2C3

	
η3-OC2C3

	
η4-OC1C2C3

	
η1-O

	
η2-OC1

	
η2-C2C3

	
η3-OC2C3

	
η4-OC1C2C3






	
Supercell

	
-

	
3 × 3

	
3 × 3

	
3 × 3

	
3 × 3

	
3 × 3

	
2√3 × 2√3

	
2√3 × 2√3

	
2√3 × 2√3

	
2√3 × 2√3

	
2√3 × 2√3




	
Eab (kJ/mol)

	
-

	
−68.7

	
−75.5

	
−84.2

	
−43.0

	
−72.8

	
−73.1

	
−81.2

	
−88.3

	
−62.2

	
−97.7




	
d(C1=O)

	
1.226

	
1.247

	
1.262

	
1.240

	
1.270

	
1.252

	
1.242

	
1.296

	
1.237

	
1.243

	
1.275




	
d(C1–C2)

	
1.463

	
1.455

	
1.457

	
1.461

	
1.434

	
1.462

	
1.444

	
1.464

	
1.463

	
1.474

	
1.434




	
d(C2=C3)

	
1.346

	
1.348

	
1.353

	
1.428

	
1.445

	
1.418

	
1.349

	
1.359

	
1.446

	
1.466

	
1.440




	
d(C3–C4)

	
1.488

	
1.482

	
1.486

	
1.512

	
1.512

	
1.502

	
1.484

	
1.483

	
1.516

	
1.512

	
1.511




	
d(O–Cu/Pt)

	
–

	
2.427

	
2.280

	
–

	
2.323

	
3.087

	
2.198

	
2.069

	
–

	
2.234

	
2.148




	
d(C1–Cu/Pt)

	
–

	
–

	
2.604

	
–

	
–

	
2.898

	
–

	
2.330

	
–

	
–

	
2.550




	
d(C2–Cu/Pt)

	
–

	
–

	
–

	
2.340

	
2.145

	
2.815

	
–

	
–

	
2.247

	
2.142

	
2.428




	
d(C3–Cu/Pt)

	
–

	
–

	
–

	
2.233

	
2.217

	
2.978

	
–

	
–

	
2.191

	
2.161

	
2.178
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Table 3. Calculated vibrational frequencies (in cm−1) for the E isomers of crotonaldehyde and for the five most stable adsorption configurations *.






Table 3. Calculated vibrational frequencies (in cm−1) for the E isomers of crotonaldehyde and for the five most stable adsorption configurations *.





	
Geometry

	
Gas phase

	
Cu3Pt/Cu(111)

	
Cu2Pt/Cu(111)




	
E-(s)-trans

	
E-(s)-cis

	
η2-C2C3-cis

	
η3-OC2C3-cis

	
η4-OC1C2C3-cis

	
η4-OC1C2C3-trans

	
η4-OC1C2C3-cis






	
Supercell

	
-

	
-

	
2√3 × 2√3

	
2√3 × 2√3

	
2√3 × 2√3

	
2√3 × 2√3

	
3 × 3




	
ν(C–H) range

	
3110-2753

	
3095–2828

	
3037–2876

	
3045–2880

	
3043–2888

	
3022–2859

	
3089–2863




	
ν(C1=O)

	
1701

	
1708

	

	

	

	

	




	
ν(C2=C3)

	
1648

	
1622

	
1594

	

	

	

	
1537




	
δa(CH3)

	

	

	

	
1457

	
1473

	
1456

	
1462




	
δ(CHx)

	
1431, 1427

	
1423, 1429

	
1432, 1441

	
1423, 1435

	
1428, 1443

	
1427, 1440

	
1422, 1435




	
δip(CH)ald

	

	

	
1393

	
1400

	
1413

	
1396

	




	
δs(CH3)

	
1355, 1365

	
1351, 1376

	
1348, 1356

	
1356

	
1363

	
1358

	
1334, 1358




	
δip(CH)vinyl

	
1234, 1293

	
1271, 1288

	
1265

	
1245, 1283

	
1266, 1308

	
1223, 1293

	
1201, 1268




	
ν(C1–C2)

	
1136

	
1119

	
1148

	
1145

	
1182

	
1128, 1166

	
1110




	
ν(C3–C4)

	
1073

	

	
1080

	
1049, 1080

	
1092

	
1066

	




	

	
1030

	
1005, 1036

	
1015

	
999

	
1005

	
1003

	
998, 1025




	
ρ(CH3), τC2H2)

	
973, 996

	
972, 989

	
985

	

	
947

	

	
963




	
δoop(CH)ald

	

	

	
926, 934

	
884, 904

	
823, 894

	
899, 920

	
913








* ν: stretching; δ: deformation; τ: twist; ip: in-plane; oop: out-of-plane; a: asymmetric; s: symmetric; ald: aldehyde.
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