Supporting Information

for

Theoretical study of Sn adsorbed on the MgO(100) surface with defects

by

Piotr Matczak

Department of Physical Chemistry, Faculty of Chemistry, University of Łódź, Pomorska 163/165, 90-236 Lodz, Poland

S1. Further details of embedded cluster models used in this work
In this work, the regular (O2- and Mg2+) and defective (Fs0, Fs+, Fs2+, Vs0, Vs- and Vs2-) adsorption sites on the MgO(100) surface are represented using the respective embedded cluster models.


The O2- center is simulated by a two-layer Mg13O13 cluster with a finite point charges embedding scheme. The cluster exhibits the structure of ideal MgO crystal lattice and it is electrically neutral. Its surface layer Mg4O9 has an O atom in the center, while a Mg atom occupies the center of subsurface layer Mg9O4. The surface layer is surrounded by 12 total ion model potentials that are placed at the positions of Mg2+ cations of ideal MgO lattice (see Fig. S1). Similarly, four total ion model potentials are inserted at the Mg2+ positions beneath the subsurface layer. The Mg13O13 cluster, together with 16 total ion model potentials, are embedded in an array of ±2 point charges. The array consists of 634 point charges in total and they are located at the ideal MgO lattice positions. The array of ±2 point charges is used to approximate the Madelung potential of extended surface. 16 positive point charges near the borders of the Mg13O13 cluster are replaced by the total ion model potentials representing the Mg2+ cations in order to account for the finite size of these cations and to avoid spurious charge polarization. The Mg13O13 cluster plus 16 total ion model potential plus the array of point charges add up to a 13 × 13 × 4 fragment of ideal MgO crystal lattice. Different basis sets are employed for the Mg and O atoms, depending on their positions in the cluster. Five O atoms in the center of surface layer are described by the 6-31+G(d) basis set and four nearby surface Mg atoms are treated with 6-31G(d). The 6-31G basis set is ascribed to the rest of the Mg13O13 cluster. The total ion model potentials utilize the LANL2 effective core potential of Mg2+.

The geometry of the embedded Mg13O13 cluster has been partially optimized to take the effect of surface relaxation into account. The positions of five central atoms belonging to the surface layer (one O atom and four Mg atoms) have been optimized for two electronic states of the cluster. One state is a low-spin state possessing a singlet spin multiplicity, whereas another is a triplet state. The optimized geometry of the cluster is only slightly affected by the relaxation of surface atoms. Singlet state has turned out to be the ground state of the optimized cluster.


The adsorption of Sn at the O2- center is rendered as an optimization of the distance between a Sn atom and the central surface O atom of the embedded Mg13O13 cluster. The Sn atom is initially placed at a distance of 2.5 Å at the top of the central surface O atom. Coordinates of five central surface atoms of the embedded Mg13O13 cluster and the perpendicular distance of the Sn atom from the surface of the cluster are optimized.


The LANL08d basis set has been ascribed to the Sn atom. This basis set employs the relativistic LANL2 pseudopotential to describe 46 inner electrons of Sn. The four remaining 5s25p2 electrons have been treated with a (3s4p1d)/[3s4p1d] valence basis set.

The Mg2+ center is represented by a two-layer Mg13O13 cluster with a finite point charges embedding scheme. Its surface layer Mg9O4 has a Mg atom in the center, while an O atom occupies the center of subsurface layer Mg4O9. The subsurface layer is surrounded by 12 total ion model potentials that replace the corresponding +2 point charges of embedding array (see Fig. S1). Beneath the subsurface layer subsequent nine positive point charges are replaced by the total ion model potentials. The embedding array consists of 629 point charges. Five atoms (one Mg atom and four O atoms) in the center of surface layer are described by the 6-31+G(d) basis set and four neighboring Mg atoms are treated with 6-31G(d). The 6-31G basis set is ascribed to the rest of the Mg13O13 cluster. The ground state of this embedded cluster is a singlet state. The adsorption of Sn at the Mg2+ center is rendered as an optimization of the distance between a Sn atom and the central surface Mg atom of the embedded Mg13O13 cluster.


The embedded cluster models representing the Fs0, Fs+ and Fs2+ centers are based on the model of O2- center. Below only changes relative to the model of O2- center are indicated. The Fs0, Fs+ and Fs2+ centers are obtained by removing the central surface O atom from the embedded Mg13O13 cluster of O2- center and then an appropriate charge state is imposed on the resulting embedded Mg13O12 cluster. The neutral Fs center (denoted as Fs0) is characterized as [Mg13O12]0, while the singly and doubly charged Fs centers (Fs+ and Fs2+) corresponds to [Mg13O12]+ and [Mg13O12]2+, respectively. In other words, the Fs0, Fs+ and Fs2+ centers are formed by eliminating the central surface O, O- and O2- atoms or ions, respectively, from the embedded Mg13O13 cluster of O2- center. In order to provide an accurate description of these adsorption sites, the 6-31G basis set of the central Mg atom of subsurface layer is augmented with polarization and diffuse functions (that is, 6-31+G(d)). The ground states of the embedded clusters representing the Fs0, Fs+ and Fs2+ centers correspond to singlet, doublet and singlet spin multiplicities, respectively. Coordinates of four Mg surface atoms surrounding each O vacancy and the perpendicular distance of the Sn atom from the vacancy are optimized while the Sn atom is being adsorbed.

The embedded cluster models representing the Vs0, Vs- and Vs2- centers are based on the model of Mg2+ center. Below only changes relative to the model of Mg2+ center are indicated. The Vs0, Vs- and Vs2-  centers corresponds to the removal of the central surface Mg, Mg+ and Mg2+ atom or ion, respectively, from the embedded Mg13O13 cluster of Mg2+ center. The 6-31+G(d) basis set is assigned to the central O atom of subsurface layer. The ground states of the embedded clusters representing the Vs0, Vs- and Vs2- centers correspond to triplet, doublet and singlet spin multiplicities, respectively. Coordinates of four O surface atoms surrounding each Mg vacancy and the perpendicular distance of the Sn atom from the vacancy are optimized while the Sn atom is being adsorbed.
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Fig. S1. Mg13O13 clusters used to model the O2- (left) and Mg2+ (right) centers. The clusters are surrounded by the total ion model potentials representing Mg2+ cations. The Sn atom adsorbed at each center is also shown. Magnesium, oxygen, tin, and outer Mg2+ described by the total ion model potentials are colored yellow, red, dark blue, and white, respectively

S2. Choice of dispersion correction for B3LYP
The B3LYP density functional does not take into account dispersion interactions, and therefore, this functional may not provide a proper description of Sn adsorption on MgO(100). The widely accepted solution to this issue is to combine B3LYP with an empirical dispersion correction. Grimme et al. proposed several versions of such a correction (denoted as DFT-D) [1]. The resulting dispersion-corrected versions of B3LYP are B3LYP-D2 [2], B3LYP-D3 [3] and B3LYP-D3(BJ) [4]. These three versions of Grimme’s dispersion correction are available in Gaussian 09 D.01 and all of them will be considered in establishing a proper computational methodology for this work. For this purpose, two simple tests will be performed to determine which version of Grimme’s dispersion correction is most suitable for the investigation of Sn on MgO(100) with defects.

The first test is aimed at providing a general insight into the effect of the three dispersion corrections on the geometric and energetic parameters of three selected structures. The embedded cluster models of Sn/O2-, Sn/Fs0 and Sn/Vs- in their low- and high-spin states (these models are described in Sections 2 and S1) have been selected as candidates for representing the Sn-atom adsorption on the MgO(100) surface with defects. The geometries of these embedded clusters have been optimized using B3LYP and its three dispersion-corrected versions. For the structures in their optimized geometries, three parameters characterizing the Sn-atom adsorption (dSn‒surf, ΔE, Eads) have been calculated using the same B3LYP version as that used in the optimization. The calculated values of these parameters are listed in Table S1. The root-mean-square errors (RMSE) in the dSn‒surf, ΔE and Eads values obtained from the dispersion-corrected B3LYP versions with respect to the corresponding values calculated by the uncorrected B3LYP functional are presented in Table S2. From these tables, it is evident that the effect of dispersion correction on the dSn‒surf and ΔE parameters is small. In contrast to these two parameters, the Eads energies are largely affected by the inclusion of Grimme’s dispersion correction, as well as by its version.  


In order to reliably evaluate the accuracy of the three dispersion-corrected B3LYP versions for calculating Eads, an additional test is proposed. This test is based on the comparison of Eads calculated by the dispersion-corrected versions of B3LYP with some reference results obtained from a high level of theory. The coupled-cluster singles and doubles with perturbative triples (CCSD(T)) theory [5], together with an extrapolation to the complete basis set (CBS) limit [6,7], has been chosen to calculate the reference values of Eads. Because of the very high computational cost of CCSD(T)/CBS calculations, we did not manage to optimize or even calculate single point energies of the embedded clusters used in the production DFT calculations. In order to simplify the CCSD(T)/CBS calculations, we get rid of the embedding scheme from the Sn/O2-, Sn/Fs0 and Sn/Vs- models and then reduce their sizes to Sn/Mg9O9, Sn/Mg9O8 and Sn/Mg8O9-, respectively. These simplified bare cluster models will be denoted here as Sn/[O2-], Sn/[Fs0] and Sn/[Vs-]. The geometries of Sn/[O2-], Sn/[Fs0] and Sn/[Vs-] are taken from the B3LYP-D3-optimized geometries of low-spin Sn/O2-, Sn/Fs0 and Sn/Vs- structures. For the fixed geometries of Sn/[O2-], Sn/[Fs0] and Sn/[Vs-], the Eads energies have been calculated using CCSD(T)/CBS and B3LYP, including its three dispersion-corrected versions. All the calculations assume the low-spin state of Sn/[O2-], Sn/[Fs0] and Sn/[Vs-]. The DFT calculations have been performed using the LANL08d basis set for Sn and a mixed basis set scheme (making use of 6-31G, 6-31G(d) and 6-31+G(d)) for Mg and O belonging to the [O2-], [Fs0] and [Vs-] clusters. In the CCSD(T)/CBS calculations, the CBS procedure is based on energies calculated using a two-point extrapolation with the aug-cc-pVDZ-PP and aug-cc-pVTZ-PP basis sets [8] for Sn and a mixed basis set scheme (covering cc-pVDZ, cc-pVTZ, aug-cc-pVDZ and aug-cc-pVTZ [9]) for Mg and O in [O2-], [Fs0] and [Vs-]. The CCSD(T)/CBS total energies EtotCCSD(T)/CBS required for Eads are determined according to the following formula


EtotCCSD(T)/CBS = EHF/CBS + EcorrMP2/CBS + (EcorrCCSD(T)/DZ – EcorrMP2/DZ)

 where EHF/CBS denotes the SCF energy extrapolated to the CBS limit [7] and Ecorr stands for electron correlation energies calculated at the MP2 [10] or CCSD(T) level with a finite basis set (of double zeta quality: cc-pVDZ and aug-cc-pVDZ) or extrapolated to the CBS limit [6]. 

Table S3 shows the calculated Eads energies of the low-spin Sn/[O2-], Sn/[Fs0] and Sn/[Vs-] models. By comparing the Eads values obtained from each B3LYP version with the corresponding energies yielded by CCSD(T)/CBS, the accuracy of B3LYP versions can be assessed. The root-mean-square errors in Eads obtained from each B3LYP version relative to the reference CCSD(T)/CBS results are listed in Table S4. The lowest value of RMSE(Eads) occurs for B3LYP-D3(BJ), which means that the Eads energies yielded by this dispersion-corrected B3LYP functional are closest to the reference results. The other two dispersion-corrected B3LYP versions produce slightly larger RMSE(Eads) values. Unsurprisingly, the uncorrected B3LYP functional fails badly. The results of the second test clearly indicate that the combination of B3LYP and the D3(BJ) dispersion correction leads to the best agreement with the CCSD(T)/CBS Eads energies of Sn/[O2-], Sn/[Fs0] and Sn/[Vs-]. On this basis, it can be expected that B3LYP-D3(BJ) will allow us to reliably predict energetic parameters (Eads and Ebin) for the Sn-atom adsorption on the defective MgO(100) surface.


To sum up, the inclusion of dispersion correction is necessary to improve the performance of B3LYP, especially in calculating Eads. Furthermore, the choice of D3(BJ) seems to be most suitable for the systems investigated in this work.

Table S1
Distance between Sn and the surface (dSn(surf), relative total energy (ΔE) and adsorption energy (Eads) calculated using B3LYP with different Grimme’s dispersion corrections for three selected Sn/site structures in their low- and high-spin states.a,b
	Sn/site
	Spin state
	B3LYP-D2
	B3LYP-D3
	B3LYP-D3(BJ)


	
	
	dSn‒surf
	ΔE
	Eads
	dSn‒surf
	ΔE
	Eads
	dSn‒surf
	ΔE
	Eads

	Sn/O2-
	Low
	2.367
	0.81
	-1.02
	2.437
	0.82
	-0.98
	2.420
	0.82
	-1.11

	
	High
	2.385
	0.00
	-1.83
	2.443
	0.00
	-1.79
	2.424
	0.00
	-1.93

	Sn/Fs0
	Low
	2.265
	0.73
	-2.16
	2.233
	0.72
	-2.18
	2.207
	0.72
	-2.32

	
	High
	2.270
	0.00
	-2.89
	2.237
	0.00
	-2.90
	2.211
	0.00
	-3.05

	Sn/Vs-
	Low
	0.836
	0.00
	-8.40
	0.893
	0.00
	-8.32
	0.830
	0.00
	-8.57

	
	High
	0.406
	1.83
	-6.56
	0.423
	2.10
	-6.22
	0.361
	1.79
	-6.77


a dSn-surf in Å, all energies in eV.

b For each kind of adsorption site, ΔE are calculated relative to the energy of the structure possessing the lowest total energy.
Table S2

Root-mean-square errors (RMSE) in the dSn‒surf, ΔE and Eads parameters of the low- and high-spin Sn/O2-, Sn/Fs0 and Sn/Vs- structures calculated using three dispersion-corrected B3LYP versions relative to the corresponding results obtained from the uncorrected B3LYP functional.a
	Dispersion correction
	RMSE(dSn‒surf)
	RMSE(ΔE)
	RMSE(Eads)

	D2
	0.039
	0.04
	0.67

	D3
	0.025
	0.07
	0.57

	D3(BJ)
	0.052
	0.06
	0.82


a RMSE(dSn-surf) is given in Å, while RMSE(ΔE) and RMSE(Eads) are expressed in eV.

Table S3

Adsorption energy (Eads) calculated using four B3LYP versions and the CCSD(T)/CBS method for three low-spin Sn/[O2-], Sn/[Fs0] and Sn/[Vs-] structures.a
	Computational method
	Test model

	
	Sn/[O2-]
	Sn/[Fs0]
	Sn/[Vs-]

	B3LYP
	-0.16
	-0.69
	-7.25

	B3LYP-D2
	-0.54
	-1.08
	-7.90

	B3LYP-D3
	-0.47
	-1.02
	-7.63

	B3LYP-D3(BJ)
	-0.58
	-1.15
	-7.92

	CCSD(T)/CBS
	-0.59
	-1.51
	-7.83


a All energies in eV.
Table S4

Root-mean-square error (RMSE) in the Eads energies of the low-spin Sn/[O2-], Sn/[Fs0] and Sn/[Vs-] structures calculated using the B3LYP functional and its three dispersion-corrected versions relative to the corresponding CCSD(T)/CBS results.a
	Density functional
	RMSE(Eads)

	B3LYP
	0.63

	B3LYP-D2
	0.25

	B3LYP-D3
	0.31

	B3LYP-D3(BJ)
	0.21


a RMSE(Eads) is given in eV.
S3. Further details of Ebin calculations
The calculation of Ebin for the low- and high-spin Sn/Vs0 structures is more difficult than for other structures because the ground state of Vs0 site exhibits a triplet spin multiplicity. This makes the determination of Sn-atom and Vs0 multiplicities ambiguous when Ebin is calculated. For the low-spin Sn/Vs0 structure, which is a singlet state, two combinations of multiplicities for the Sn atom and the Vs0 center constituting the Sn/Vs0 structure are possible. The first combination is characterized by singlet spin states of Sn and Vs0, whereas another possibility assumes triplet multiplicities of Sn and Vs0 (pairing of their electrons occurs for the low-spin Sn/Vs0 structure). Similarly, two combinations of multiplicities for Sn and Vs0 are possible for the high-spin Sn/Vs0 structure, which exhibits a triplet spin multiplicity. The first combination assumes the singlet multiplicity of Sn and the triplet multiplicity of Vs0 whereas the second combination is the reverse. For that reason, each Ebin value of Sn/Vs0 in Table 2 is determined as an average of two binding energies calculated using the Sn and Vs0 energies for the aforementioned combinations of multiplicities.
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