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Abstract

An assessment of different density functionals and basis sets in describing the
binding of Sr** to bases which contain first and second row atoms as active sites has been
performed. CCSD(T) calculations using a very large polarized QZ basis set were used as a
reference. A total of 12 different functionals have been considered in our assessment. The
G96LYP or O3LYP functionals when associated with an enlarged LANLDZ basis set for
Sr, including d and f polarization functions and sp diffuse functions, and a 6-311+G(3df,2p)
basis set for the remaining atoms, yield Sr** binding energies in fairly good agreement with

the CCSD(T)/PQZ reference calculations.



Introduction

The interest in the interactions between doubly charged metal ions and neutral bases
in the gas phase has increased significantly in the last decade, among other things because
the advent of electrospray ionization/mass spectrometry techniques provide a mild
procedure to generate them [1]. On the other hand, the role of these interactions in many
chemical and biochemical processes has been recognized for a long time [2]. It is well
established, for instance, that the formation of polypeptides from amino acids is enhanced
by the presence of metal dications [3], and that they play an important role in DNA bases
pairing [4]. As a consequence many efforts have been devoted to the study of the structure
and stability of complexes of metal dications with different biomolecules [4,5]. Metal
dications are also assumed to be important in extreme environments, such as the upper
planets atmospheres[6,7], and they can intervene in the generation of different
astrochemical species [8]. Also importantly, the association of a doubly charged species to
a neutral system is followed by a significant electron density rearrangements which often
lead to unusual bonding properties [9-13]. We have paid particular attention in the last
years to gas-phase reactions involving Ca®** because, differently to what is usual when
dealing with divalent transition metal ions, the Ca** complexes are thermochemically
stable[14-17] and therefore the study of their unimolecular reactivity in the gas phase is
feasible. In order to investigate the reactivity trends when moving down the group of
alkaline-earth metals, we have initiated an investigation of gas-phase reactions involving
Sr®*. These studies require a reliable description of the potential energy surfaces, which is
usually attained through the use of ab initio or density functional theory (DFT) calculations.
A crucial point, however, is whether the standard approaches normally used in the study of

neutral systems and monocations perform equally well when dealing with dications, and



therefore, an assessment of the theoretical models available is needed. Some assessments
have been reported for Ca®* [18-20], but not for Sr®*. The main difficulty in these
assessment studies is the complete lack of experimental information on the structures or
binding energies of these species. Therefore, in our work we have used as a reliable
reference, as far as binding energies are concerned, the results obtained using a CCSD(T)
approach together with a very large basis set which will be described in detail in the next
section. Since we are interested in the study of gas-phase reactions involving molecules of
biochemical relevance, we have included in our assessment different DFT approaches,
because they usually provide a good compromise between accuracy and computational

cost.

Computational Details

Several effective core potentials accounting for relativistic effects have been
proposed in the literature for Sr, which essentially differ in the number of basis set used to
expand the valence shell of the atom [21]. The most extended one is that associated with
the 10-valence-electron pseudopotential proposed by Kaupp et al. [22]. This is a 7s5p4d
basis on Sr, and an all-electron 7s4p3d2flg basis set on first row atoms, such as C, O and
N, and 9s6p4d2flg on second row atoms, such as S and P [23]. Such a basis set becomes
unpractical when dealing with very large molecular compounds, which is the final goal of
our research, but is very adequate to get high accurate Sr** binding energies when used
together with a CCSD(T) approach for small systems. Hence, this level, which will be
named hereafter as CCSD(T)/QZ, will be used as a reference in our assessment of the

different functionals investigated.



Eleven different functionals were analyzed, of which, nine are hybrid functionals.
Three of them combine the Becke’s three-parameters nonlocal hybrid exchange potential
B3[24], with the LYP[25], P86[26], and PW91[27] correlation functionals. The other six
are B972[28], MPW1PW91[29], PBEO, O3LYP[30], BHandH and BMK][31]. To these,
three non-hybrid functionals: G96 [32], TPSS[33] and PBE[34] have been added. The
former was used together with the LYP correlation functional and the other two with the
TPSS [33] and PBE [34] correlation functionals, respectively.

Since we are interested in positively charged species, the first step of our assessment
was focused in selecting the ECP that yields the best results for gas-phase basicities,
acidities and ionization energies for systems for which this information is experimentally
available. For this purpose we have considered the ionization energy and electron affinity
of Sr, the ionization energies of Sr,O and SrF, the gas-phase acidity of SrH, and the proton
affinity and gas-phase basicity of SrO and SrOH. Four ECP were considered in our survey,
namely, CRENBL [35], SKBJC [36], Stuttgart [22] and LAND2DZ [23]. From the results
obtained, which are summarized in Tables S1-S6 of the supplementary material, and
although there is not a clear-cut preference between the different sets analyzed, we have
chosen the LAND2DZ as one which provides, in average, results in reasonably good

agreement with the experimental values.

Optimization of the basis set for Sr

One of the limitations of the standard LANL2DZ basis is the absence of polarization
functions which are important to describe correctly most molecular properties. Hence our
first step to improve this basis set was to optimize a set of d functions. For this purpose we

used the SrH system, and the optimized value found was oy = 0.3. Since our final goal is to



get as accurate Sr®* binding energies as possible, our next step was to extend the
aforementioned basis set to get an expansion of similar quality to the 6-311+G(3df,2p),
which will be used for the remaining atoms of the system. Hence our strategy is similar to
the one adopted previously for the optimization of extended basis sets for Br, | [37] or
Sb[38] and Pb [39]. The only difference with the aforementioned procedures is that we
have used DFT methods, in particular the B3LYP approach, instead of ab initio formalisms.

To obtain the supplementary diffuse s, p components and the d, f polarization
functions we have uncontracted the p valence of the LANL2DZ basis so it becomes
formally a quadruple zeta expansion. 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, nog, or fractions, ag/n, of the single optimized exponent ag. Using
SrH as model systems, the aforementioned uncontracted scheme for Sr and a 311G(p) basis
set for hydrogen, the best results were obtained for n=3. With the new basis so defined, the
set of diffuse sp functions (with the constraint as = o, =0.0093), were optimized for the
SrH™ species, on its LANL2DZ optimized geometry. The set of f polarization functions was
optimized for SrH, using the uncontracted basis for Sr, supplemented with the 3d
polarization functions and using a 311G(p) basis for H. The value obtained was o = 0.08.
Hence, in what follows, geometry optimizations will be carried out using the LANL2DZ
supplemented with one d function and one set of sp diffuse functions, whereas the
remaining atoms are described using a 6-31+G(d,p) basis set. From now on, and for the
sake of simplicity, we will refer to this basis set expansion as 6-31+G(d,p)

Final energies will be obtained using for Sr the uncontracted LANL2DZ basis,

supplemented with 3d and 1f polarization functions and a sp diffuse component, and a 6-



311+G(3df,2p) basis set expansion for the remaining atoms of the system. For the sake of
simplicity this basis set will be named hereafter as 6-311+G(3df,2p). In order to estimate
the possible effect of the basis set superposition error (BSSE) in our assessment we have
chosen as suitable model compounds water, as representative of the smaller systems and
CH,S and formamide as representative of the larger ones included in our study. The BSSE
was calculated using the counterpoise method [40] at the CCSD(T)/QZ level and using the
GI96LYP functional, which is one of those that exhibit a better performance, as we shall
discuss later. For the water complex, the BSSE at the CCSD(T)/QZ and G96LYP levels is
1.3 and 0.5 kJ mol™, respectively. For CH,S and formamide these values become 0.4 and
0.8 kJ mol™, and 0.8 and 0.4 kJ mol™, respectively. Hence, in all cases the BSSE can be
considered rather small, and not significantly different when CCSD(T) ab initio or DFT

approaches are used.

Assessment of the functionals

Bearing in mind that we are finally interested in the study of interactions involving
different biochemical bases, we have defined a set of small molecules, namely water,
formaldehyde, ammonia, methanimine, hydrogen cyanide, hydrogen sulfide,
thioformaldehyde (methanethial), and phosphine, which contain as basic sites O(sp®),
0(sp?), N(sp?), N(sp?), N(sp), S(sp®), S(sp?) and P(sp®). Since very often biomolecular
bases contain several basic sites, favoring the formation of bridged structures in which the
dication interacts with two or more basic sites simultaneously, we have added to the
previous set formamide and hydroxylamine, as typical bidentate bases.

Sr** binding energies, Do, were evaluated by subtracting from the energy of the

complex the energy of the neutral and that of Sr**, after including the corresponding ZPE



corrections. As indicated above, for all functionals, geometry optimizations and zero point
vibrational energies were obtained using the 6-31+G(d,p) expansion defined above.
Vibrational frequencies were evaluated using the harmonic approximation. Final energies
were obtained in single point calculations using these optimized geometries and what we
called a 6-311+G(3df,2p) basis set.

A first level of assessment was carried out by comparing these results with those
obtained at the CCSD(T)/6-311+G(3df,2p)//CCSD/6-31+G(d,p) level of theory.

To most accurate Sr** binding energies, which define our more reliable reference,
were obtained at the CCSD(T)/QZ//CCSD/6-31+G(d,p) level of theory.

All approaches provide rather similar geometries for the complexes investigated,
which are not going to be discussed here. We report, however, in Figure S1 of the
supplementary material, the values of the thermal corrections to the enthalpies, which, in
principle are sensitive both to geometrical details and to the molecular force field. As can
be seen, the values obtained do not differ significantly, either for first-row or second-row
bases. Since, very often it is necessary to obtain free energies, we showed in Figure S2 of
the supplementary material the entropy values obtained for first- and second-row bases. In
general, the dispersion of the values obtained is very small, with the only exception of
functionals TPSS, MPW1PW91 and BMK, which give too high entropy values for the
complexes with phosphine.

As far as Sr** binding energies are concerned, we present in Figure 1 the results
obtained in this assessment for ammonia, water and formaldehyde.

It can be seen that in general most of the functionals under investigation yield
binding energies in reasonably good agreement with our CCSD(T)/QZ reference values,

with perhaps the only exception of the BHandH functional which significantly



overestimates the CCSD(T)/QZ values. The performance of B3LYP, one of the most
popular hybrid functionals is reasonably good, but the best agreement is observed when the
G96LYP and the O3LYP functionals are used. It is important to emphasized that the
deviations of these two functionals are rather similar to those calculated at the CCSD(T)/6-
311+G(3df,2p) level (CCSD(T)/A in the figure caption).

When dealing with bases that contain a second-row atom as active site (see Figure
2), again the BHandH functional gives the largest deviations with respect to the
CCSD(T)/QZ values, while the best performance is obtained for the G96LYP and the
O3LYP functionals. However, although these two functionals yield quite small deviations
for phosphine binding energies, they significantly overestimate the SH, binding energy, and
even more the thioformaldehyde binding energy. This overestimation is similarly big when
using as a reference the CCSD(T)/6-311+G(3df,2p) (CCSD(T)/A in the figure) values
instead of the more accurate CCSD(T)/QZ ones. It is worth noting that in these cases the
other functionals also yield quite large deviations, with the only exception of the BMK
functional, whose results are rather similar, for S and P bases to those obtained with the
G96LYP and the O3LYP approaches.

The situation does not change significantly when considering the intrinsic basicities
of N unsaturated bases, hydrogen cyanide and methanimine, with respect to Sr**. As
illustrated in Figure 3, once more the best performance is found for the G96LYP and the
O3LYP hybrid functionals, and the worst agreement is attained when the BHandH
functional is used. The case of formamide is rather interesting, because although the system
presents two basic sites, only the structure in which the Sr** atom is attached to the oxygen
atom is found to be a minimum of the potential energy surface. The Cs structure, in which

Sr®* bridges between the carbonyl oxygen atom and the amino nitrogen (see Figure 4) is



predicted to be a transition state no matter which functional is used for the geometry
optimization. This structure is predicted to be a TS also at the CCSD/6-31+G(d,p) level.

It must be mentioned that the stability of this transition state is slightly
underestimated when the G96LYP and the O3LYP functionals are used, whereas the best
agreement in this case is found when the B3LYP functional is used.

For hydroxylamine, differently to what was found for formamide, all methods agree
in predicting that the structure in which the metal dication is interacting with both basic
sites (see Figure 4) is the global minimum of the potential energy surface, the oxygen
bound complex being the second local minimum. No matter the method used, all attempts
to obtain a complex in which Sr** is bound only to the amino group failed, because this
arrangement collapses to the global minimum.

Again, in this case the performance of both G96LYP and O3LYP functionals is
superior to the others, as illustrated in Figure 5. It is important to emphasize that all
functionals investigated yield energy gaps between the two local minimum which are very
similar and rather close to the CCSD(T)/QZ estimates.

The good performance of the O3LYP functional with respect to the popular B3LYP
functional is in agreement with previous assessments reported in the literature, which
concluded that the OPTX exchange functional is superior to the B88 one [30,41]. As a
matter of fact, the O3LYP functional was found to outperform the B3LYP and other hybrid
functionals for the evaluation of heats of reaction, and barrier heights for organic reactions
[41], or in the calculations of the atomic exchange energies, total atomic energies, as well
as in the predictions of ionization potentials, electron affinities, and proton affinities [42]. It
was also found to be superior to B3LYP for predicting geometrical parameters of selected

transition-metal compounds [43,44], or for describing metal-CO interactions [45]. The
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better performance of OPTX exchange functional included in the O3LYP approach is likely
reflected in a better description of the electronic charge density, as it has been proved
before in the literature [46] by comparing the electron density obtained with different
functionals and that evaluated in full configuration interaction calculations. This
comparison showed that the popular B3LYP functional was consistently outmatched by
O3LYP [46].

Also a good performance of the G96LYP to describe metal-ligand and metal-metal
bond energies simultaneously with main group atomization energies, atomic ionization
potentials, and bond lengths was also reported previously in the literature [47]. This
functional was also found to be quite well suited for the study of the binding of other
alkaline-earth doubly charged cations (Mg?* and Ca®*)[19] as well as complexes involving
Pb* [39].

Relative Sr** binding energies deserve also some attention. Our CCSD(T)
calculations show that Sr®* binding energies roughly follow the intrinsic basicity trends of
the compounds under investigation, although some significant exceptions are also observed.
Formaldehyde and HCN have almost identical proton affinities (712.0 and 712.9 kJ mol™,
respectively) [48], but similarly to what was found for their Ca?* binding energies [49], at
the CCSD(T) level the former is predicted to bind Sr** stronger (229.4 kJ mol™) than the
latter (218.4 kJ mol™). Both G96LYP and O3LYP lead to the same qualitative conclusion,
although the binding energy predicted for formaldehyde is slightly overestimated (235 and
233 kJ mol™?, respectively). A similar situation is observed when ammonia and
methanimine are compared. Their experimental proton affinities are almost identical (853.6
and 852.9 kJ mol™, respectively) [48], while our CCSD(T) calculations predict for

methanimine a Sr** binding energy (240.1 kJ mol™) slightly larger than that of ammonia
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(236.5 kJ mol™), as it was also found before for the corresponding Be®*, Mg?* and Ca*
binding energies [49]. Once more the same qualitative trend is predicted when the G96LYP
and the O3LYP functionals are used, even though the agreement with the CCSD(T) values
is better for the latter. Also interesting is the case of ammonia and formaldehyde. In this
case ammonia has a proton affinity significantly larger than that of formaldehyde (see
above); but quite unexpectedly their Ca®* binding energies are reversed with respect to
their proton affinities [49]. This is not the case however for the Sr** binding energies.
Although the gap between Sr* binding energies for ammonia and formaldehyde (7 kJ mol’
1) is much smaller than the gap between their proton affinities (142 kJ mol™), still ammonia
is predicted to be a slightly stronger base than formaldehyde when the reference acid is
Sr?*. The same trend is predicted when the O3LYP functional is used, although the gap is
smaller (3 kJ mol™), whereas the G96LYP predicts the Sr** binding energy for ammonia to
be slightly smaller ( by 2 kJ mol™) than that of formaldehyde.

Some interesting results are also observed when comparing the Sr’* binding
energies of water and formaldehyde with those of their sulphur containing analogues. H,O
and CH,O are weaker bases than SH; and CH,S in protonation processes[48]. However,
their CCSD(T) Sr** binding energies (201.4 and 229.4 kJ mol™, respectively) are
significantly larger than those of SH, and CH,S (142.2 and 171.8 kJ mol™, respectively).
This clearly indicates a preference of Sr** to bind oxygen rather than sulphur as has been

already found for other alkaline-earth dications such as Ca?* [50].

Conclusions
From our survey we can conclude that the G96LYP non-hybrid functional and the

O3LYP hybrid functional, when used with a 6-311+G(3df,2p)-like basis set developed in
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this work, provide Sr®* binding energies in very good agreement with those obtained at the
CCSD(T)/QZ level. As a matter of fact, the average deviation for both functionals is 4 kJ
mol™, with a maximum deviation of 11.3 and 12.9 kJ mol™, respectively which is found in
both cases for the thioformaldehyde-Sr** complex. When the base presents more than one
active site, such as formamide or hydroxylamine, the relative stability of the different local

minima is also well reproduced.
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Figure captions

1. Sr** binding enthalpies (in kJ mol™) for water, ammonia and formaldehyde.

2. Sr** binding enthalpies (in kJ mol™) for phosphines, hydrogen sulfide and
thioformaldehyde.

3. Sr** binding enthalpies (in kJ mol™) for hydrogen cyanide, methanimine and formamide.

Formamide(O) denotes the minimum in which Sr®* is attached to the carbonyl oxygen.

Formamide(N) denotes the TS in which Sr** bridges between N and O.

4. Sr** complexes of formamide (a and b) and hydroxylamine (c and d). Structure a is a

transition state.

5. Sr** binding enthalpies (in kJ mol™) for hydroxylamine. HONH,(O) denotes the

minimum in which Sr?* is attached to the oxygen atom HONH,(N) denotes the minimum in

which Sr?* bridges between N and O.



