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Optimization of extended basis sets and assessment of different theoretical schemes for Pb containing compounds

Extended basis sets for Pb to be used in conjunction with the SKBJ and the Stuttgart effective core potentials (ECPs) have been optimized. An assessment of different ab initio and density functional procedures showed that all methods based on the use of the SKBJ ECP exaggerate the Pb + binding enthalpies, which are systematically 35-50 kJ mol -1 larger than those obtained when the Stuttgart ECP is employed. The G96LYP/Stutt method yields values in close agreement with those obtained at the QCISD(T)/Stutt and CCSD(T)/Stutt levels of theory, but at a significantly lower cost. Also the B3LYP/Stutt, the BLYP/Stutt and the MP2/Stutt approaches provide a good compromise between accuracy and computational cost for the calculation of binding enthalpies.

Introduction

The study of the reactivity of transition metal ions attracted much attention in the last two decades [START_REF] Freiser | Organometallic Ion Chemistry[END_REF][START_REF] Sigel | Metal ions in biological systems[END_REF] because they are involved in many chemical and biochemical processes. A large number of these transition metals are highly toxic, and this toxicity is normally related to the reactivity of their cationic forms. Lead is an archetype example that produces damages to mammals health. It perturbs the heme biosynthesis, interacts with nucleic acids, crosses the placenta and affects protein synthesis [START_REF] Uhlenbeck | [END_REF], and is a largely spread pollutant. [4] All this motivated a growing interest in the comprehension of the factors governing the reactivity of Pb + and Pb 2+ , that frequently exhibit a specific reactivity. [5,6] A good knowledge of the reactivity patterns of metal ions requires an accurate description of the topology of the corresponding potential energy surface (PES). This description is normally attained through the use of ab initio or density functional theory (DFT) calculations. If a reliable description of reactants, products and reaction intermediates is needed one is compelled to use the so-called high-level ab initio or DFT calculations, that require flexible enough basis sets, which are not always available, in particular when dealing with atoms of the third or fourth row [7][8][9].

The aim of this paper is to provide extended basis sets for lead to be used in conjunction with the typical basis set expansions employed in high-level ab initio approaches, such as the G2 theory [10]. The second part of this article will be devoted to the assessment of the optimized basis expansions when used with different ab initio and DFT methods.

Computational Details

Different effective core potentials have been proposed in the literature for Pb. In our study we have considered two of them: the Stuttgart relativistic pseudopotential [11] and the SKBJ pseudo-potential of Stevens et al [12]. These two ECP approaches use different basis sets to describe the valence electrons for third and fourthrow atoms. The SKBJ method employs a (5s,5p)/[2s,2p] basis set which implies a [4,[START_REF] Freiser | Organometallic Ion Chemistry[END_REF] contraction scheme; the Stuttgart ECP uses a smaller (4s,4p)/[2s,2p] basis with a [START_REF] Uhlenbeck | [END_REF][START_REF] Freiser | Organometallic Ion Chemistry[END_REF] contraction scheme. On the other hand in the SKBJ approach a typical shell-structure (αs= αp) is adopted while this approximation is not used in the Sttutgart method, which in contrast includes a set of d polarization functions, which is not included in the SKBJ ECP.

In most of the so-called high-level methods, geometry optimizations are carried out at MP2/6-31G(d) or B3LYP/6-31G(d) level of theory. The Sttutgart ECP contains d polarization functions, and therefore the corresponding (4s,4p,1d)/[2s,2p,1d] basis set can be directly used for the geometry optimizations without further refinement. For the SKBJ pseudo-potential, the optimization of the d polarization function must be carried out. The exponent of this polarization function was optimized for PbH4, on its experimental geometry [13] at the MP2 level. The value so obtained is shown in Table 1.

Hereafter, the basis set developed for Pb to be used in conjunction with 6-31G(d), 6-311G(d), and 6-311+G(3df,2p) basis for the remaining atoms will be also referred to as 6-31G(d), 6-311G(d) and 6-311+G(3df,2p) basis sets, for the sake simplicity.

To obtain the supplementary diffuse s, p components and the d, f polarization functions required to built a G2-type 6-311+G(3df,2p) basis set, we have followed similar procedures to those described in the literature [7,8]. To generate a triple-zeta quality (6-311G-type) basis set, we have partially uncontracted the original valence basis sets of the Stuttgart scheme, by replacing the [START_REF] Uhlenbeck | [END_REF][START_REF] Freiser | Organometallic Ion Chemistry[END_REF] contraction by a [2,1,1] one, whereas in the particular case of the SKBJ ECP, we have completely uncontracted the original [4,[START_REF] Freiser | Organometallic Ion Chemistry[END_REF] scheme, following the suggestion of refs. [7,8].

Optimization of the 3d functions to build 6-311+G(3df,2p)-type basis Using the aforementioned contraction schemes for Pb and a 311G(p) basis set for hydrogen, the exponent of the d polarization function was optimized through QCISD(T) calculations for PbH4. To create multiple sets of d functions from a single optimized function we have adopted the usual procedure, in which the new exponents are obtained as multiples, nαd, or fractions, αd/n, of the single optimized exponent αd.

The best results are obtained for n=1.5 for the (2d) splitting and n=2 for the (3d) splitting, which coincide with the values normally used for fourth-row elements [7].

Optimization of the f and the set of sp diffuse functions

With the 6-311G(d,p) basis generated in the previous step a set of diffuse s, p functions (with the constraint αs = αp in the case of SKBJ potential), was optimized at the QCISD(T) level of theory for the PbH3 -species, on its LANL2 optimized geometry.

The set of f polarization functions was then obtained through QCISD(T)/6-311G(2df, p) calculations for PbH4. The values of the different exponents so optimized are given in Table 1.

With the two sets of extended basis set optimized as indicated above the assessment of different ab initio methods including MP2, QCISD(T) and CCSD(T) and several density functionals, namely BLYP, B3LYP, G96LYP, B3PW91, MPW1PW91, PBEPBE and PBE1PBE, which include hybrid and non-hybrid approaches was carried out, by comparing calculated and experimental binding enthalpies, vibrational frequencies and geometries. Unfortunately, there is not much accurate experimental information regarding Pb containing systems. We are only aware of the existence of measured binding enthalpies [START_REF] Freiser | Organometallic Ion Chemistry[END_REF]for the following complexes: H2O-Pb + , NH3-Pb + , CH3OH-Pb + and CH3NH2-Pb + , that will be used in our assessment.

Results and discussion

Geometries

For the best of our knowledge only for PbH4 an extrapolated value for the PbH bond length have been reported in the literature [13]so far. The optimized values using the MP2 method and different functionals are summarized in Table 2. In general, the agreement between calculated and "experimental" values is always reasonably good, although the Stuttgart ECP yields bond length slightly short.

Vibrational Frequencies

We have found experimental vibrational frequencies only for the Σg + and the Σu + vibrational bands PbO2. [14] In Table 3 we compare the experimental values with those predicted by different theoretical schemes. As it could be anticipated the MP2 values overestimate the experimental ones. However, the agreement is very good if the MP2 values are scaled by the empirical factor 0.9427 proposed in the literature [START_REF] Frisch | Exploring Chemistry with electronic structure methods[END_REF].

Conversely, and with the only exception of the B3LYP/SKBJ method, the DFT values slightly underestimate the experimental ones. The best agreement is obtained at the G96LYP/SKBJ method, but as we shall discuss in forthcoming sections, this approach performs quite poorly as far as Pb + binding enthalpies are concerned.

Pb + binding enthalpies

The Pb + binding enthalpy of a ligand L is given by the enthalpy of reaction (1)

Pb + + L Pb(L) + ∆H° (1) 
The calculated values include systematically the corresponding counterpoise BSSE correction.

In the nomenclature adopted hereafter, the name of the theoretical scheme, for example CCSD(T)/Stutt implies that the CCSD(T) procedure using the Stuttgart ECP was used together with a 6-311+G(2df,2p) basis set. 

Effect of the third set of d polarization functions

In previous studies involving transition metal cations it was claimed [START_REF] Luna | [END_REF]that the role of the third set of d polarization functions in a 6-311+G(3df,2p) expansion has a negligible small effect on calculated binding enthalpies, so that the use of a 6-311+G(2df,2p) basis set leads to very similar values but at a lower cost. Hence, this was the first point we decided to address in our analysis of the performance of our optimized basis set. The values obtained when different ab initio and DFT approaches are used are shown in Table 4. The effect of the third set of d polarization functions for DFT methods is much smaller than for ab initio approaches. This is not surprising because in general DFT methods are less sensitive to changes in the basis set expansion. As a matter of fact, the effects of the third d basis set is negligible small when DFT methods are used being particularly small for the SKBJ ECP. For QCI and CC methods the inclusion of the third set of d functions leads to changes in the binding energy never larger than 4 kJ/mol.

We have considered also of interest to investigate the influence of the level used for the geometry optimization on the final value of the Pb + binding enthalpies when obtained in single-point high-level QCISD(T) or CCSD(T) ab initio calculations. In Table 5 we compare the Pb + binding enthalpies obtained when different optimized geometries are used. It can be observed that the optimized geometry used can account for binding enthalpy differences of about 3-4 kJ/mol. Systematically the calculated binding enthalpies based on DFT optimized structures are smaller than those based on MP2 optimized geometries, and in better agreement with the experimental values. This is consistent with previous findings reported in the literature [17] which showed that the use of DFT rather than MP2 optimized geometries, usually improves the accuracy of methods such as G2 or G3 [18]. The effect of the functional used in the geometry optimization is not significantly large, but the values obtained using B3LYP optimized geometries are, in general, closer to the experimental values than those obtained using G96LYP optimized geometries.

Performance of the different ECPs

A comparison of the values reported in Tables 4 and5, clearly shows that all methods, either ab initio or DFT based on the SKBJ ECP yield Pb + binding enthalpies from 35 to 50 kJ mol -1 larger than those obtained when the Stuttgart ECP is employed, and in much worse agreement with the experimental values. It is interesting to note that this effect is quantitatively very similar for ab initio and DFT methods. It must be also mention that a completely similar behavior was found when other functionals, namely BLYP, B3PW91, MPW1PW91, PBEPBE and PBE1PBE, were used (see Table 6).

Table 6 shows that if the Stuttgart ECP is used, the G96LYP approach yields the best Pb + binding enthalpies. Rather similar, although slightly greater, are the estimates obtained by the B3LYP/Stutt and the BLYP/Stutt methods, that yield very similar values for all ligands investigated.

It is also worthwhile to compare the DFT calculated values with those obtained at high ab initio levels. Firstly, it must be noted, as shown in Table 5, that QCISD(T)/Stutt and CCSD(T)/Stutt methods yield quite similar binding enthalpies.

Also importantly, the G96LYP/Stutt calculated values are very close to those obtained at the QCISD(T)/Stutt(B3LYP) and CCSD(T)/Stutt(B3LYP) levels of theory, but at a much lower computational cost. Also interestingly, the Pb + binding enthalpies obtained at the much cheaper MP2/Stutt level are only 3-5 kJ mol -1 higher than the QCISD(T)/Stutt(B3LYP) and CCSD(T)/Stutt(B3LYP) estimates.

Conclusions

We have shown that the 6-31G(d,p) basis sets optimized to be used either with the SKBJ or the Stuttgart ECPs, yield reasonably good geometries and vibrational frequencies, almost independently of the method used, although the best vibrational frequencies seem to be those obtained when the G96LYP/SKBJ approach is employed.

Very different is the situation as far as the Pb + binding enthalpies are concerned.

All methods based on the use of the SKBJ ECP exaggerate dramatically these binding enthalpies, which are systematically 35-50 kJ mol -1 larger than those obtained when the Stuttgart ECP is employed. We have also shown that the inclusion of a third set of d polarization functions have an almost negligible small effect on the calculated binding enthalpies, so that for the sake of economy the use of a 6-311+G(2df,2p) basis set expansion is recommended.

It seems advisable the use of DFT rather than MP2 optimized geometries for single-point high-level ab initio calculations.

The G96LYP/Stutt method yields binding enthalpies in close agreement with those obtained at the QCISD(T)/Stutt and CCSD(T)/Stutt levels of theory, but at a significantly lower cost. Also the B3LYP/Stutt, the BLYP/Stutt and the MP2/Stutt approaches provide a good compromise between accuracy and computational cost in the calculation of binding enthalpies. 

Table 1 .

 1 Optimized exponents for polarization and diffuse functions for Pb to be used

	with two different ECPs		
	Exponent	STUTTGART	SKBJ
	αd (geometry optimization)	0.1700 a	0.1766
	αd (single point)	0.1950	0.2072
	αf	0.3752	0.3021
	αsp (diffuse)	-	0.0872 b
	αs (diffuse)	0.0326 c	
	αp (diffuse)	0.0292 c	
	a This exponent is already included in the standard basis set of this ECP

b Exponents optimized with the restriction αs = αp c Exponents optimized without the restriction αs = αp

Table 2 .

 2 Optimized bond lengths (R, in Ǻ) for PbH4

	Method

Table 3 .

 3 Vibrational frequencies a ( in cm -1 ) of PbO2

	Method	Σg + band	Σu + band
	MP2/SKBJ	752 (709)	929 (876)
	MP2/Stutt	720 (679)	896 (845)
	B3LYP/SKBJ	678	776
	B3LYP/Stutt	650	711
	G96LYP/SKBJ	656	763
	G96LYP/Stutt	624	693
	BLYP/SKBJ	653	757
	BLYP/Stutt	622	691
	Experiment	658.6	764.8

a Values within parenthesis have been scaled by the empirical factor 0. 9427

Table 4 .

 4 Influence of the third set of d polarization functions on calculated Pb + binding enthalpies (∆H°, kJ/mol) using different theoretical schemes.

	∆H°

Table 5 .

 5 Effect of the optimized geometry on the calculated Pb + binding enthalpies (∆H°, kJ mol -1 ) .

	∆H°

a Calculations based on B3LYP/6-31g(d,p) optimized geometries b Calculations based on G96LYP/6-31g(d,p) optimized geometries
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