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We have calculated the ground-state geometry, vibrational frequencies, and bonding properties af MgF
the Hartree-Fock (HF), second-order (MP2), and fourth-order MgHBtesset (MP4(SDTQ)) levels of
calculation. Several high-quality basis sets have been used, with special attention on the influence of polarization
and diffuse functions on the above properties. The best HF and MP2 calculations predict thaisMgF
linear molecule. MP2 and MP4 results are very similar. The MP2 symmetjiarfd asymmetricig) stretching
frequencies are about5% smaller than the HF values and agree well with the observed data. TheMP2
(bending) frequency is close to that found in other ab initio calculations and the experimental gas-phase
value but is 80 cm! smaller than the value observed in the IR spectrum of Mgipped in solid argon.
Polarization functions shorten noticeably the magnesitloorine equilibrium distance and increaggand

v3. An atoms in molecules (AIM) analysis of the wave functions reveals thatNgg highly ionic molecule,

the net charge of Mg being abottl.8 e, and that most basis set effects are due to the poor convergence
properties of the atomic electron dipole moments. This suggests a polarizable ions model that is shown to
account for the trends found in most of the properties studied. The origin of the bending problem in these

compounds is traced back to the polarizability of the cation.

I. Introduction In this and the following paper, referred to as papers | and
) o ] I, respectively, we report the results of first-principles calcula-

Alk_allne earth dihalide _clusters (A, are known to exist tions on (MgR), (n = 1—3) clusters. Our aim is to analyze
both in the gas phase at high temperature and low pressure angyantitatively high-quality basis sets and correlation energy
trapped in solid matrixes. Monomers and dimers have been thegffacts on the geometry, vibrational spectra, and bonding
subject of different experimentét© atomistic}'** and theo-  properties of these systems. Electron correlation has been
retical studies> 28 The symmetry of ground-state isolated AX  jncluded using standard MallePlesset perturbation theory. No
molecules is known to vary frorDwn to Cz, as the A and X gensity functional (DFT) approaches have been used, to avoid
atomic numbers increase. Most experiments on them, therefore any dependence of the results on the choice of functionals. The
have tried to elucidate the Stab|l|ty of the linear versus the bent simultaneous ana|ysis of the monomer, dimerS, and trimers will
Configurations and the influence of a matrix environment on allow us to Study how some of the above properties Change
their vibrational spectr&’ Available experimental information  with the cluster size and to what extent they are transferable on
on (AXz)n (n > 1) arise mostly from the analysis of their Infrared  passing from the MgFmolecule to bigger clusters. In this
(IR) and Raman spectra in solid matrixes. Except at very  respect, our focus will be centered on the evolution of group
low concentrations, the AXmolecules dimerize, or even frequencies, bonding properties, and Mg distances for
trimerize, easily. The formation of these polymeric species similarly coordinated Mg atoms with cluster size. The building
sometimes precludes a straightforward assignment of theup of clusters from small units, a more complex issue here than
vibrational bands of the monomer, dimers, and trimers, and in alkali metal halides due to the 1:2 stoichiometry of the giX
guantum mechanical insights become necessary for a propefkystems, has also been investigated.

understanding of these species. As the nature of the MgF interaction is concerned, and as
On the theoretical side, the influence of basis set effects on far as we know, all studies of (A, clusters have been carried
the monomers’ molecular geometry has received special atten-out in terms of standard molecular orbital theory, using Mulliken
tion in recent year} 2 and some studies concerning the effects and/or Lavdin electron population analyses. This fact artificially
of the basis set on their molecular orbitals have also been centers the attention on orbital explanations to every question
published'>1¢ Atomistic methods have been used by Gttjin about molecular properties, leaving physical mechanisms behind.
(AX ), clusters and by Martit in (CaR), (n = 1—6) clusters. In view of the large ionic contributions to bonding that are to
More recently, Eichkorn et &f. have performed SCF, second- be expected in these compounds, we feel that a theoretically
order Mgller-Plesset (MP2) and coupled-cluster calculations well-founded framework, like the theory of atoms in molectfles
on (MgCh), (n = 1—24) clusters and Molimaet al?® have (AIM), might shed light on the origin of some of the poorly
investigated (MgG), (n = 1—2) clusters at the SCF and MP2  understood characteristics of these systems. In light of this
levels. Magnesium difluorides and dichlorides have also been theory, (MgF,), clusters will reveal themselves as largely ionic
studied by Axten et af3 and beryllium and magnesium fluorides  species at any level of study. The local analysis of the electron
and chlorides, by Ystenés. density and Laplacian scalar fields at particular critical points,
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TABLE 1: Definition of Basis Sets and Contraction Schemes Used in This Work

basis set Mg contraction F contraction
6-31° [4s/3p] (6631/631) [3s/2p] (631/31)
6-31F [6s/5p] (631111/42111) [4s/3p] (6311/311)
TzVvd [6s/5p] (631111/42111) [5s/3p] (62111/411)
TZV(1d)e [6s/5p/1d] (631111/42111/ 1) [5s/3p/id] (62111/411/1)
TZV(2d1fy [6s/5p/2d/1f] (631111/42111/ 2/1) [5s/3p/2d/1f] (62111/411/2/1)
TZV(3d1f) [6s/5p/3f/1f] (631111/42111/ 3/1) [5s/3p3d/1f] (62111/411/3/1)
TZV(1d)+h [7s/6p/1d] (6311111/42111 1/1) [6s/4p/1d] (621111/4111/1)
TZV(3d1f)+" [7s/6p/3d/1f] (6311111/42111 1/3/1) [6s/4p/3d/1f] (621111/4111/3/ 1)

a Cartesian basis sets (i.e. 7 d-like and 10 f-like Gaussian functions) have been used in thisBesik.set of Francl et al. for Mgand basis
set of Hehre et al. for B2 ¢ Basis set of McLean and Chandler for M@nd basis set of Krishnan et al. foefNote that, according to the standard
notation, the label 6-311 is only correct for F, as the contraction scheme of Mg in this basis set is (631111/4Ritilgr to the 6-311 basis set
for Mg and basis set of Dunning for%®. ¢ Obtained by adding a d-type Gaussian primitiug(fg) = 0.234,a4(F) = 1.62) to the Mg and F TZV
basis setf Obtained by adding two d-type{(Mg) = 0.468,a4(Mg) = 0.117,a4(F) = 3.24,04(F) = 0.81) and one f-typeot(Mg) = 0.2, as(F)
= 1.85) Gaussian primitives to the Mg and F TZV basis $@btained by adding three d-type and one f-type Gaussian primitives to the Mg and
F TZV basis set. The d exponents are defined as follows: if the two d exponents of the TZV(2d1f) basistsetrare, (&, < 1), the three d
exponents in the TZV(3d1f) basis ar&;22¢,, and./2. The f exponent are similar to that of the TZV(2d1f) ba8izV(1d)+ and TZV(3d1f}-
bases are obtained by adding a diffuse s-type and a diffuse p-type primitives with a common expg(dg) & 0.0146,0s4F) = 0.1076) to the
TZV(1d) and TZV(3d1f) bases, respectively.

together with the study of atomic electronic multipole moments, |l. Details of the Calculation
has allowed us to |s_olate the dependerjce of different physical Restricted HF, MP2, and MP4 calculations have been done
observables on basis set and correlation effects. It turns out, . o7 S

} . on the Mgk molecule in order to determine its equilibrium
for example, that atomic monopoles (atomic charges) are already

saturated with small basis sets, while atomic dipoles (which are gggnmeg%c:?mtgg ;:?ﬁiﬁ;gé%u&gsséa;e'sg rzzogalri)u'?;ﬁgs uhs?;l/e
crucial to determine whether the linear or bent equilibrium P y prog ’ 9

geometries of the monomers are preferred and which dependthe usual frozen-core conventiéhMP4 data, including single,

on atomic polarizabilities) need extremely large polarized basis double, triple, and quadruple excitations (SDTQ), were obtained
. . ) ' ) with the GAUSSIAN 98 packag&.HF, MP2, and MP4 bending

sets to achieve similar levels of saturation. This explains the (v5), symmetric stretchingf), and asymmetric stretchings

theoretical difficulty to assess the ground-state geometry of ; y ' Y g

borderline molecules such as GaFhe AIM analyses will allow harmonic frequencies have been computed at the corresponding

o . - HF, MP2, or MP4 optimized geometries. Default methods to
us to recast the ab initio results into a very useful physical model . . .
! L . : compute the Hessian matrixes have been used both in GAMESS
of polarizable point ions with almost nominal charges and

. e . - _and in GAUSSIAN 98 calculations, i.e., analytic derivatives for
constant polarizabilities that interact by means of electrostatic . .
. . HF and MP2 results and numerical ones for MP4 calculations.
forces and short-range repulsive potentials.

Paper | is devoted to the Mgolecule. We have performed We have made extensive analyses of the convergence of

calculations with several good-quality basis sets and at different PTOP€ rties W'Fh the quality of the .baS|s sets. For the sakg of
. - - brevity, we will only present and discuss here results obtained

levels of theory to determine basis set and correlation effects ~ . : . - .

on molecular and AIM properties. Though better studied than with the representative basis set ensemble defined in Table 1.

their polymeric species, MgFstill presents some uncertain

aspects that are important on their own. It is unclear, for lll. Structural and Energetic Properties

example, why the bending, frequency, predicted to be in the A. Geometry. Although there exists a general consensus
range= 155-165 cntlin all previous calculations, differs so  about the linear geometry of MgFn the gas phase and
much from the measured value in a solid mates2@9 cnt?). practically every quantum chemical simulation predicts a linear
Since, except in the work of Ramondo et #lyibrational ground state, the difficulties posed by the ga&sé® more than
frequencies have been always obtained at the SCF level, it seemgustify a careful revision of the problem. We have therefore
necessary to analyze whether correlation effects brinigto performed HF and MP2 optimizations of the Mg distance,

agreement with the observed data or the discrepancy is indeedR(Mg—F), at fixed bending angle, the latter decreasing from
a matrix effect. Moreover, correlation effects at the MP4 level 180C° (linear configuration) to 100 and using the TZV and
and using basis sets of quality tripfesr higher on the structure,  TZV(3d1f)}+ basis sets. The evolution of the total molecular
energetic properties, and bonding of Mghre not known. In energy (referred to that of the linear configuratiaXE) and
this way, it will turn clear which basis set and level of calculation the Mg—F distance versua are displayed in Figures 1 and 2,
are necessary to obtain results of enough and uniform quality respectively. Mgk is always predicted to be linear, no matter
for dimers and trimers, which will be considered in paper Il. the calculation is a HF or MP2 one nor the basis set is TZV or
The rest of the paper is organized as follows. In section Il TZV(3d1f)+. Moreover, an energetically higher bent isomer is
we will give some details on the calculations and will describe not predicted. It is noticeable that the four curves in Figure 1
the basis sets used in our work. In section Ill, correlation and practically coincide; i.e., electron correlation effects do not bend
basis set effects on the geometry, energetic quantities, andthe molecule and have a very limited effect on the ground-state
harmonic vibrational frequencies will be discussed. A survey potential energy surface in the nearness of its minimum. Our
of the previously studied molecular properties and a discussion AE values are very similar to those reported in refs 15, 16, and
of the nature of the interactions in the light of the AIM theory 19. For instanceAE ato = 12C° is about 22.5 mhartree in the
are presented in section IV. In section V we will integrate all four calculations. A recent work on monomeric G&Fcon-
the previous data into a coherent explanation of the behavior cluded that a very large d basis on Ca is necessary to account
of the Mgk, molecule and will also introduce the polarizable for the nonlinearity of this molecule. DeKock et al. also
ions model. Finally, in section VI we will summarize our suggested that d orbitals on Ca are responsible for the nonlin-
conclusions. earity. The weak dependence AE on the d orbitals in the
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Figure 1. Bending energy of Mgk AE = E(a) — E(180), using the
TZV (a) and TZV(3d1f} (b) basis sets. The HF values given by Astier
et al.}®> Gole et all® and DeKock et al? are indicated by squares,
circles, and triangles, respectively.
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Figure 2. Change of the Mg F equilibrium distanceR,,) with respect

to its value in the linear configuration as a function of the bending
angleo. Letters a and b stand for the TZV and TzZV(3difpasis
sets, respectively. The HF value given by DeKock éf &.indicated

by a circle.

Francisco et al.

TABLE 2: Basis Set and Correlation Effects on the (Linear)
Computed Geometry of MgF (in A)

basis set Rop(HF)  Rop(MP2) Ry (MP4)
6-31 1.752 1.777 1.779
6-311 1.758 1.783 1.785
TZV 1.762 1.798 1.801
TZV(1d) 1.743 1.771 1.772
TZV(2d1f) 1.728 1.757 1.758
TZV(3d1f) 1.729 1.761 1.763
TZV(1d)+ 1.740 1.769 1.770
TZV(3d1f)y+ 1.729 1.762
Astier et alt®? 1.77
Pendergast and Hayé8 1.77
DeKock et al%¢ 1.75
Seijo et a4 1.758
Kaupp et af?¢ 1.753
Ramondo et ad*f 1.723 1.744
Axten et al?39 1.763
exptP’ 1770

aHF results using (12s/9p) and (12s/5p) basis sets for Mg and F
atoms, respectively, contracted to a valence doghiasis and improved
by additional free functions on Mg (1d) and F (1s,1pHF results
using (9s/5p)[5s/3p] and (12s/10p/4d)[4s/2p/1d] basis for F and Mg
atoms, respectively.HF Slater results using [2s/2p/1d] and (4s/4p/
3d) STO valence basis for F and Mg atoms, respectivaiF results
using (61/411/1) and (61/4111/1) valence basis sets for Mg and F,
respectively, plus the CowarGriffin relativistic ab initio model
potential (AIMP) metho#f to represent the 1s and 2s electrons for Mg
and the 1s electrons for FHF results using the basis set of McLean
and Chandléf for Mg [augmented by a diffuse sp &etnd one d
functiorf® and in addition a 5s5p valence-electron basis set (plus one
d-polarization function and a quasi relativistic pseudopotential to
represent the two core-1s electrons) fof AF and MP2 results using
a 6-31G* split-valence basis s€tMP2(full) result using a 6-3+G(2d)
basis seth Gas-phase electron diffraction experiment.

Our computed equilibrium MgF distancesRp) are com-
pared with experiment and with other theoretical results in Table
2. At the three levels of calculatioRy increases from the 6-31
to the TZV basis. The inclusion of a first d polarization function
in the TZV basis set shorteri& by 0.019, 0.027, and 0.029
Ain the HF, MP2, and MP4 calculations, respectively. A second
d-type function and an f-type function additionally shoriyp;
by 0.014 A. TzV(2d1f) calculation oRgy Seems to be basis
set converged, as the inclusion of a third d-type and diffuse s
and p functions hardly changes the Mg distance. As it will
seen below and in our second pagepolarization functions

present case shows that a further increase of the number of ddecrease MgF distances and increase the harmonic vibrational

functions or the optimization of the d exponents would not

frequencies of (Mghn» (n = 1—3). This evidences a clear role

modify essentially our results. The significance of these results of polarization in the accurate description of the potential energy

will become apparent after our AIM analysis of the atomic
electron multipoles of the MgFmolecule and will suggest a
simple appealing model that accounts easily for this variability.

Our results show that the equilibrium Mgr distance is fairly
insensitive toa, with Rop increasing by less than 0.025 A in
the HF and MP2 TZV calculations and by less than 0.015 A in
the HF and MP2 TZV(3d1f} calculations, whem decreases
from 180 to 100. Correlation effects oARyp(0) = Ropfat) —
Rop(180) are negligible for the TZV(3d1f) basis set and very
small for the TZV basis. This result is in agreement with those
reported by Kaupp et & for the alkaline earth dihalides. It is
worth mentioning that wheredR,(a) is nearly parabolic in
the HF and MP2 TZV curves, the functional dependence of
Ropt With o in the HF and MP2 TZV(3d1f} calculations seems
to be slightly more complex. Finally, our value AR for oo =
120 is very similar to that given by DeKock et # Given the
clear evidence for the linear geometry of Mg our best
calculations, we will focus our attention on this geometry in
the following.

surface of these clusters. As regards correlation effects, our MP2
Ropt Values are 0.025, 0.025, and 0.628036 A greater than

the corresponding HF values found for the 6-31, 6-311, and
TZV bases, respectively. MP4 corrections increBggby less
than 0.004 A in all cases. A geometry optimization of the
(MgF,), clusters at the MP4 level seems thus to be unnecessary.
It is to be noticed that the role of polarization on the equilibrium
Mg—F distance is contrary in sign and similar in magnitude to
that of correlation. This explains the good results obtained at
the HF level with unpolarized basis sets.

B. Energetic Properties. Total energies at a variety of
computational levels are shown in Table 3. As expected, total
and correlation energies decrease with increasing basis set size.
The 6-311 basis set is noticeably better than the 6-31, and the
TZV basis set is slightly better than the 6-311. Diffuse s and p
functions decrease the HF total energies by about 3 mhartree
on passing from the TzZV(1d)/TzV(3d1f) to the (TZV(1H)
TZV(3d1f)+) basis and hardly contribute to the correlation
energy. Contrarily to this, the (first two) d- and f-polarization
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TABLE 3: Total Energy (hartree) of MgF 2 (Deon)

J. Phys. Chem. A, Vol. 105, No. 16, 2004129

basis set HF MP2(RHE) MP2 Ecor(MP2) MP4

6-31 —398.552 859 —398.820 248 —398.820 762 —0.268 412 —398.824 905
6-311 —398.639 371 —398.939 357 —398.939 853 —0.301 003 —398.944 496
TZV —398.668 162 —398.981 050 —398.982 026 -0.314 873 —398.987 718
TZV(1d) —398.695 917 —399.150 460 —399.151 099 —0.455 834 —399.161 898
TZV(2d1f) —398.710 400 —399.269 434 —399.270 163 —0.560 524 —399.287 190
TZV(3d1f) —398.711 957 —399.278 631 —399.279 488 —0.568 432 —399.297 213
TZV(1d)+ —398.698 960 —399.156 891 —399.157 571 —0.459 287 —399.169 338
TZV(3d1f)+ —398.712 239 —399.279 364 —399.280 281 —0.568 980

aMP2 energy at the HF geometry.

TABLE 4: lonization Potential (eV) of MgF » TABLE 5: Atomization (AE) and Dissociation Energy (DE)

(eV) of MgF,

basis set HF MP2  MP4 Koopmans :
T2V 13.599 14.429 14149 15398 basis set AE(HF)  DE(HF) DE(MP2) DE(MP4)
TZV(1d) 13.717 14.498 14.190 15.447 6-31 6.494 28.320 28.926
TzV(2d1f) 13.721 14.725 14.419 15.491 6-311 6.743 27.500 25.012
TZV(3d1f) 13.729 14.780 15.510 TZV 6.874 26.117 23.107 21.866
TZV(1d)+ 13.724 14.568 14.267 15.515 TZV(1d) 7.629 26.872 27.708 26.605
TZV(3d1f)+ 13.727 14.789 15.518 TZV(2d1f) 8.023 27.266 30.947 30.014
exptl 13.3+ 0.3 13.6+ 0.2 TZV(3d1f) 8.066 27.308 31.201 30.287
TZV(1d)+ 7.712 26. 27.884 26.807
aThe IP is obtained as minus the orbital energy of the highest Tzvgsg)lf)—i- 8.073 2? g?g 31 223 6.80
occupied molecular orbital of MgH L) ® Reference 9¢ Reference DeKock etaP  10.539 ' ’
4l. exptl 10.669,10.628 26.759
rutile, exptf 30.64

functions reduce the MP2 (MP4) total energy Hy0.288
(+0.299) hartree in the calculations with the TZV bases. The
MP4 calculations decrease the MP2 total energies by abefit 3
and 16-20 mhartree when nonpolarized and polarized bases
are used, respectively. Finally, it is worth mentioning that
optimizing the geometry on passing from the HF to the MP2 TABLE 6: Harmonic Vibrational Frequencies (vi, v, v3) of
calculations lowers the total energy by less than 1 mhartree in MgF2 (cm™)
all the cases. basis set
A better insight of the influence that basis set and correlation "g_37
effects have on energetic magnitudes is gained if other proper- 6-311
ties, experimentally accessible, are studied. We have chosenTzV

2 The total energies of Mg and F atoms and ions have been computed
with the same basis sets used in the molecule but removing the
polarization and diffuse function8 Reference 19 Reference 9¢ Ref-
erence 41¢ Reference 2! Reference 42.

HF

(578, 130, 914)
(572, 135, 909)
(557, 155, 883)

MP2

(551, 119, 874)
(544, 124, 869)
(519, 148, 827)

MP4

(546, 118, 867)
(543, 122, 865)
(517, 146, 822)

the ionization potential (IP) (MgF— MgF,t + e), the TZV(1d) (582, 163,914) (554, 156, 872) (553, 155, 869)
atomization energy (AE) (MgF— Mg(1S) + 2F@P)), and the %x%gig gggs' ig? gggg Egg? igg' gggg (560, 135, 878)
dissociation energy (DE) (MgF—~ Mg?'('S) + 2F (1S)). To 17y(1q)+ (588, 166,920) (553, 157,871) (552, 155, 867)
obtain the vertical IP, we have performed spin-unrestricted HF, Tzv(3d1fy+ (588, 157,918) (549, 151, 859)

MP2, and MP4 calculations in the ground state of Mgkt ref 43 (630, 330, 990)

the optimized geometry of MgF Our results with the TZV ref 18c (533, 295, 990)

bases are collected in Table 4. We predict a HF/TZV value of re; %‘1‘ (g‘% igi 3‘2‘57’)

13.6 eV, which is in very good agreement with the experimental ::f 222 g580’ 155, 912%

value reported in refs 9 (13.& 0.3 eV) and 41 (13.6t 0.2 ref 24c (514z 150, 962) (587, 150, 920)

eV). Polarization (and diffuse) functions modify the IP by just  exptP’ (540, 165, 825)

0.1 eV. As expected, their effect in this kind of vertical transition  exptl (550, 249, 842)

is very limited. Given that the absolute value of the correlation  agas_phase electron diffraction experimerinfrared/Raman spectra
energy is greater in MgFthan in Mgk*, MP2 calculations  of MgF, trapped in solid argorf. See Table 3 for the definition of the
worsen slightly the agreement with experiment, yielding IP’s basis set and type of calculation.
0.3—1.1 eV higher than the HF values. The MP4 calculations
partially correct the MP2 results, providing IP’s 6:2.3 eV 2—4 eV (5-14%) larger than the observed valdeshereas
uniformly smaller than the MP2 numbers. Ignoring electron the HF/TZV calculations yield DE’s in remarkable agreement
density reorganizations (a Kkoopmans) in passing from MgF with the experiment. As shown in Table 5, correlated MP2 DE
to MgR" generates IP’s about 7% higher than the experimental values are slightly worse than HF results. It is interesting to
and the HF values obtained as differences between the totalremark that the addition of polarization functions change the
energies of Mgkand Mgkt. sign of the MP2 corrections to the DE’s. MP4 calculations
The AE and DE values are collected in Table 5. The HF/ decrease the MP2 values for DE by 1 e\V-@®4). Finally, it is
6-31, HF/6-311, and HF/TZV calculations produce very similar worth to mention that AE's and DE’s do not appreciably
AE values. The use of polarization functions increases the AE improve when the atomic (ionic) total energies are computed
by 0.8-2.0 eV (16-30%), due to the better variational using the counterpoise method to correct for the basis set
performance of the polarized basis sets in the molecule. Diffuse superposition error (BSSE}.
s and p functions change the AE by less than 0.1 ¥9%). C. Vibrational Frequencies. The computed vibrational
Our HF AEs are 23 eV (20-30%) smaller than the experi- frequenciesy; (symmetric stretching)y, (bending), andvs
mental resuft*! and the HartreeFock—Slater value reported  (asymmetric stretching) of MgFare collected in Table 6. MP2
by DeKock et al® The HF/6-31 and HF/6-311 DE values are calculations reduce; andvz by about 5-7% with respect to
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the HF values. MP2,, values are also smaller than the HF are called atoms. Any quantum mechanical observable, like the

values, although the reduction is not easily related to the size kinetic energy or the number of electrons, may be objectively

of the basis set or to the inclusion of polarization (and diffuse) partitioned into atomic contributions. For example, the net

functions. MP4 frequencies are-@ cn ! smaller than the MP2  charge of an atom is obtained by integration mfver its

results. attraction basin. According to the AIM theory, the basic
The inclusion of a first d polarization function raises the structural elements of a molecule are related to the critical points

computed frequencies by roughly-3%. Adding a second d  of p. In particular, a bond critical point (BCP) is a first-order

function and the f polarization function also increasgsand saddle point op. The value ofp at a BCP is clearly related to

v3. The bending frequency), however, decreases from 163 the bond order and the bond strength. Moreover, several scalar

(156) to 155 (140) cmt in passing from the HF(MP2)/TZV-  functions of the electron density, like its Laplaciarfp, or the

(1d) to the HF(MP2)/TZV(2d1f) calculation. When the third d electron localization functions (ELF), have been successfully

function is includedy; and vs decrease a few wavenumbers related to the nature of the chemical bond. For instaR@e,

but, againy, shows an opposite tendency. Our exploration with informs about the accumulatio®¥{p < 0) or depletion ¥?o >

other basis sets has evidenced the strong dependemngenoft 0) of p at a point with respect to its immediate neighborhood.

only on the number of d polarization functions but on the orbital Large, negative values 6f2p at the BCP’s are prototypical of

exponents of these functions. The crucial role played by the d covalent systems, while small positive ones appear in ionic or

basis functions on determining, is obviously related to van der Waals systems.

the discussion on the linearity of the alkaline earth mol- |t is usually possible to extract relevant physical models of
eculest>101921.24n contrast, the diffuse s and p functions have molecular behavior from AIM analyses. As we will show below,
very little influence on the computed, v,, andvz values. Itis in largely ionic systems, like the Mgfmolecule of this work,
interesting to remark that, andvs turn out to be very close to  the emergent picture is that of Coulombic forces among almost
the experimerit®’ in our best MP2 calculation (TZV(3d%). nominal ionic charges modified by multipolar fields arising from

In all these arguments, it is important to isolate direct basis the extended nature of the electron density. To this end it is
set and correlation effects from indirect contributions. As it can useful to obtain the electron atomic multipoles for each quantum
directly be seen from a comparison of Tables 2 and 6, a mostbasin in the system. In our case, a semiclassical simulation of
important, probably outweighing factor controllimgandvs is the dominant interactions will allow us to rationalize many of
the Mg—F distance at which frequencies are computed. There the findings previously presented concerning basis set and
is a very strong, intuitive correlation among the stretching correlation effects in the properties of the Mgfolecule. These
frequencies and the bond distance that is independent of direcideas will serve as guiding principles in the study of bigger
basis set or correlation effects and that superimposes on themcjusters. We will review the properties of the electron density
On the contrary,v; is much less prone to this influence, scalar fields at relevant points, followed by a study of the
revealing again the importance of polarization functions to electron multipoles of the quantum subsystems.
account fqr the bending proplem. A direct effect we have  previous studies in a large number of molecules have
observed in our explorations is a noticeable tightening of the yomqngirated that basis set effects in density-related properties
ben_dlng ffequency as the var|at|o_nal freed(_)m ofa_nonpolanzed are considerably larger than those found for geometric or
basis set is increased and the optimaH\fgdistance increases. energetic propertie€. For this reason, we only consider here

Thlis .is tfollc;wedt. by a tf;quen.cy dtecrealsed f[)n ir&troducing the AIM results corresponding to the TZV bases. In Table 7,
polarization functions in the basis set coupled to a decrease in o rocent the values of the BGRBCP), V2o(BCP), and net

the bond distance. These odd influences will be rationalized charges of Mg and F atoms at the HF, MP2, and MP4 levels of
below. Our results, as those reported by Ramondo €t al., calculation

support the idea that andv; should decrease when correlation . . .
bp a% Vs Some conclusions about the AIM analysis are best obtained

effects are properly considered. Moreover, since MP4 calcula- X e .
properly from Figure 3. As found when considering the harmonic

tions hardly change the MP2 results, it is reasonable to conclude

that correlation corrections at the MP2 level are accurate enoughiPrational frequencies, an important indirect effect accounts

to computev; andvs. for most of the basis set and theoretical level variability of these

Finally, and concerning the comparison ef with the properties. Different levels of _c_alculatlon give d_|fferent po_smons
experiment, some comments are necessary. Previous S(:IéOr the BC'.D' but suc_h positions _correlate linearly W't.h the
calculation*21-22predicted values for; close to 155 cm?, in correspor;dlng Mg F distanceRop. Furtljgrmore, the f_unct|ons
agreement with our own HF result. Considering that direct In p andV®p evaluated at the BCP pos_ltlc_)n are also I!near when
correlation effects at the MP2 and MP4 levels decrease slightly plotted Versus the BCP coordmate._ '_I'h|s Is the b_ehaV|or p_red'Cted
the SCFv, frequency, we conclude, in agreement with Kaupp by th? tail mo_d_el of valence den_smes, according to Wh"?h the
et al?? (see also references quoted in this paper), that the 16500nding Qensmes can be appr_OX|mated by the superposition of
cm~137 gas-phase ED value should be validated and that the exponenztlall_y decaying functions cente_red at each _bonded
249 cnt7 value observed for the molecule trapped in solid NUCleus? This means that the AIM properties of Mgare fairly

argon reflects a large environmental influence. independent of the basis set useql (provided this is a high-quality
one) and the level of the calculation. The rather different values

of p(BCP) andv2p(BCP) are mainly due to the changesRg:
Moreover, the ratios of cationic and anionic radii seem to be
According to the AIM theory, developed by Bader et quite stable along the series of calculations considered in this
al.2%45-49 the basic laws of quantum mechanics are fulfilled work. This conclusion is stressed if we recall the topological
within a molecular subsystem if and only if it is surrounded by properties of the electron density of solid MgRecently
a zero-flux surface, i.e., a surface fulfillinge(r)-n = 0 at each reviewed?® From Table 7 it is seen that both the density and
point. In this equatiorp(r) is the electron density scalar field its Laplacian vary continuously on passing from the isolated
of the system andi is the unit vector normal to the surface. molecule to the solid, if the different equilibrium distances are
Most subsystems house a single nucleus in their interior andtaken into account.

IV. Bonding in Light of the AIM Theory
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TABLE 7: Topological Atoms in Molecules (AIM) Properties of MgF,. BCP position, o(BCP), and V2p(BCP) in A, e/A3, and
e/A5 Respectively

basis set BCP rir-® o(BCP) V2p(BCP) q(Mg)
HF Results
TZV 0.7943 0.8208 0.4886 17.755 898 1.8£4.000
TZV(1d) 0.7837 0.8169 0.5399 19.533 977 1.826.000
TZV(2d1f) 0.7719 0.8073 0.6107 20.803 765 1.884.091
TZV(3d1f) 0.7751 0.8126 0.6074 20.040 533
TZV(1d)+ 0.7819 0.8161 0.5507 19.721 128 1.829.000
MP2 Results
TZV 0.8094 0.8187 0.4447 15.038 425 1.76®.000
TZV(1d) 0.7960 0.8164 0.5007 17.091 760 1.786.000
TZV(2d1f) 0.7861 0.8097 0.5561 17.973 293 1.799.000
TZV(3d1f) 0.7909 0.8153 0.5466 17.120 100 1.796.000
TZV(1d)+ 0.7947 0.8157 0.5088 17.167 478 1.7849.000
TZV(3d1f)+ 0.7912 0.8150 0.5453 17.051 105 1.70%.000
MP2 at the HF Geometry
TZV 0.7968 0.8255 0.4879 17.177 841 1.766.000
TZV(1d) 0.7863 0.8219 0.5372 18.976 380 1.789.001
TZV(2d1f) 0.7760 0.8151 0.5993 20.022 483 1.794.001
TZV(3d1f) 0.7795 0.8210 0.5945 19.269 083 1.7990.002
TZV(1d)+ 0.7846 0.8212 0.5480 19.144 493 1.7849.001
TZV(3d1f)+ 0.7795 0.8210 0.5945 19.264 264 1.709.000
MP4 Results
TZV 0.8102 0.8177 0.4407 14.925 956 1.768.002
TZV(1d) 0.7960 0.8156 0.4994 17.092 507 1.789.000
TZV(1d)+ 0.7947 0.8148 0.5081 17.167 912 1.78D.000
rutile(ay 0.8663 0.797 0.2672 9.4611 1.8890.000
rutile(b) 0.8790 0.799 0.2369

2Bond critical pointz in the notation (0,&), where (0,0,0) and (0,Byp9) are the coordinates of Mg and F, respectivélRatio between the Mg
and F topological radii¢ From ref 53. In rutile there are two (a, b) slightly different MG bonds.

The electronic charge monopoles, or atomic charges, haveatom has completely lost its outermost electron shell (the 3s
been largely used to describe bonding type along the years. Itelectrons of neutral Mg), giving almost a complete electron to
is also known that most methods used to obtain those chargesgach of the F atoms. It is also worth to mention the sphericity
like Mulliken’s population analysis, lack theoretical foundation. of the Mg electron pairs, whereas each of the F atoms has lost
By contrast, the AIM charges, collected in Table 7, have been the spherical symmetry, yielding a net charge polarization in
obtained for Mg and F by integration of the electron density the binding region. Our solid-state resfftseveal that this
over their corresponding atomic basins. This procedure has acharge polarization has largely disappeared in the solid.
sound theoretical origin, as explained in detail elsewFRtTde Moreover, a deeper analysis of the interatomic surfaces separat-
net charge of Mgduyg) is close to+1.8 e, indicating that the  ing the Mg and F atoms shows a very convex surface from the
Mg—F bond is highly heteropolar, in agreement with traditional point of view of Mg and, thus, a very concave one for F. We
thinking. The global effect of polarization and diffuse functions have already showh that convex and concave interatomic
iS to increaseyvy, making Mgk slightly more ionic. This fact surfaces are characteristic of cationic and anionic roles, respec-
has usually been explained as an enhancing of the charge transfetively.
as the variational flexibility of the basis is increased. On the Dipolar and quadrupolar electronic moments integrated over
contrary, inclusion of correlation effects decreaggg As the the atomic basins are shown in Table 8. The fluoride’s dipole
MP2 net charges computed at the HF and MP2 geometries aremoment, at any theoretical level and using any basis set, shows
practically the same, we conclude that charge transfer does nota net displacement of the valence density toward the magnesium
change appreciably witR(Mg—F), at least for values close to  jon, in agreement with the behavior of the Laplacian just
Ropt. Moreover, we notice that the point-charges dissociation explored. This is the characteristic, well-known valence polar-
energy of MgF; (without taking into account the widely screened ization of ionic compounds. A similar counterpolarization of
F—F repulsion) is computed as 32.54 eV using nominal charges, the cation is not found here due to the cationic site symmetry.
but it decreases to 26.36 eV (in excellent agreement with our Both ions show densities compressed along the molecular axis,
top MP4 result) if topological charges are used instead. This as evidenced by their appreciable positive quadrupole moments.
result is in the usual 10% window of agreement between Contrarily to the easy convergence of net charges with basis
electrostatic and actual lattice energies in highly ionic crystals set and the overall small effect of correlation on its magnitude,
such as NaCl. It is also interesting to observe how the Mg net the anion’s dipole shows a very large dependence on the number
charge in the solid £1.89) is slightly larger than in the and type of polarization functions in the basis set and a much
monomer, a result that is also in agreement with traditional smaller one on the presence of diffuse functions. To exclude
reasoning. The overall energetics of the system is then veryinteratomic distance effects, Table 8 also includes results from
well explained by a simple ionic model. calculations with varying basis sets at the experimental MgF

Other evidence of the high ionicity of MgHs given by geometry. From the joint analysis of both data sets it turns clear
V2o(BCP). Its value in the bonding region is large and positive. that the bond distance influence on the dipole is not large and
Figure 3d shows§2p (HF/TZV(1d)+) in a plane containing the  that correlation effects are quite small and tend to increase the
Mg and the two F atoms. Once again, it is clearly seen that the charge displacement. The presence of a large number of
Mg—F bonds are prototypical closed-shell interactions: The Mg polarization functions is actually needed to allow for the non-
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Francisco et al.

(a) ' negligible valence polarization of the anions. The largest effect
0.81 | is found when including the first f-type function, as electronic
displacements along the internuclear charges are best accounted
for with odd parity functions. Atomic quadrupolar moments,
0.80 in turn, show a better basis set convergence and do not seem to
2 . depend drastically on polarization functions. Correlation effects
5 0.79 1 are also small and oscillatory at the MP2 and MP4 levels, the
A . final effect being a slight increase in magnitude over HF values
078 | at fixed geometryQ,, the molecular axis directed component
of the traceless quadrupolar tensor, is positive for both ions,
. indicating oblate or compressed atomic electron densities. The
0.77 1 anions turn out to be rather more bulky and compressed than
——— the cation, such as bond point positions also point out.
1.701.721.741.761.781.801.82 We have also found interesting to make a comparison of the
Ropt (A) atomic properties of the MgFatomic basins with those of other
related compounds. For the sake of brevity we will only present
(b) 03 a brief summary of the results on the fluoride’s basin. We have
made calculations in the NaF,,Fand BeF; molecules at the
04 1 HF/MP2/MP4 levels with the TZV basis sets of this section. In
NaF, the fluoride’s net charge is larger than in Mg&round
e 03 . —0.91 e. Its dipole moment also shows a valence polarization
2 . toward the cation that is again largely dependent on the number
g -0.6 ¢ N and type of polarization functions. Our best results stabilize
= aboutu, = 0.14 au, which is around half the value obtained for
£ 07 o the Mgk molecule, and point toward a constant ionic polariz-
ability, as will be detailed below. The slightly larger value of
08 Q.» around 1.23 au, is easily explained if the larger ionic size
(bonded radius, = 1.96 au) is taken into account. Results on
-0.9 : : : F, show that the substitution of the neighboring cation by a
0.75 077 0;7 o 08l neutral species changes the sign of the polarization of the
BCP(A) electron cloud of the fluorine atom. Even in this case, the back
32 . polarization of the fluoridey, = 0.18 au at the MP2/TZV-
() > (3d1f) level, is very difficult to converge and depends strongly
. on polarization functiongQ,, on the contrary, easily stabilizes
' around 1.85 au at the MP2 level, showing a rather compressed
o~ neutral atomic basin. Calculations on the linear configuration
< 307 o of BeR, give a forward polarized fluoride with properties very
g 2ol N similar to those of fluorides in MgF r, = 1.67 bohr,q(F) =
a - *\e —0.889 eu, = 0.52 au, an®,,0.34 au in a MP2/TZV(3d1f}
o ¢ calculation. All these facts are consistent with the importance
5 287 of the electron cloud polarization to account properly for the
. properties of ions even in largely ionic compounds.
> . . . V. Discussion and Modeling
075 077 079 081

The AIM analysis of the Mgkwave functions obtained in
this work gives us a very detailed image of the prevalent
interactions in this molecule. In the first place, the absence of
the valence shell of the magnesium ion in the Laplacian field
is a most clear sign of ionic behavior. Net ionic charges are
very close to nominal, so the dissociation energy is well
described by Coulombic terms. Neither integrated charges nor
calculated dissociation energies are very sensitive to basis set
or correlation effects, once geometrical changes on optimal
geometries are taken into account.

Electron dipole moments, as stressed before, are much more
difficult to converge, and the change of optimal geometries with
basis set correlates cleanly with their magnitude. The effect is
somewhat complex. The fluoride’s dipole decreases as the size
of a nonpolarized basis set increasgs= 0.24, 0.11, and 0.06

to the values collected in Tables 7 and 2, respectively. (b) Natural g, for the STO-3G. 6-31. and TZV basis sets respectively. This

logarithm of the electron density at the BCP versus the BCP. (c) Natural . . .
logarithm of the Laplacian of the electron density at the BCP versus is coupled to a constant mc_re_ase@g‘z, which changes from
the BCP. (d) Laplacian of the electron density of Mg the HF 0.10 to 0.81 au. Very small, rigid basis sets do not show enough

geometry using the TZV(1d) basis in a plane containing the three radial ﬂEXIblllty to face the nonspherical electric field felt by
atoms. the anion and couple valence polarization to core polarization.
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TABLE 8: Atomic Electron Dipoles, u,, and zzComponents of QuadrupolesQ,, in Linear Configurations of MgF ;2

basis set |ul (F) Q:AF) Q:{Mg) lu|(F) Q:4(F)
HF Results
TZV 0.0665 0.8070 0.3995 0.0709 0.7919
TZV(1d) 0.2403 0.7023 0.2722 0.2531 0.6467
TZV(2d1f) 0.3344 0.6062 0.3348 0.3114 0.6756
TZV(3d1f) 0.3192 0.7388
TZV(1d)+ 0.2403 0.7424 0.2750 0.2532 0.6809
TZV(3d1f)+ 0.2941 0.8170 0.2310 0.3152 0.7385
MP2 Results
TZV 0.1149 0.9283 0.5776 0.0972 0.9805
TZV(1d) 0.2934 0.7812 0.3915 0.2929 0.7831
TZV(2d1f) 0.3455 0.8872 0.3219 0.3531 0.8614
TZV(3d1f) 0.3456 0.9642 0.2988 0.3514 0.9467
TZV(1d)+ 0.2848 0.8615 0.3874 0.2855 0.8586
TZV(3d1f)+ 0.2848 0.8615 0.3874 0.2416 0.9421
MP4 Results
TZV 0.1152 0.9111 0.5808 0.0957 0.9682
TZV(1d) 0.2909 0.7626 0.3929 0.2899 0.7667
TZV(1d)+ 0.2834 0.8381 0.3881 0.2834 0.8381

aDipoles are directed from the magnesium toward the fluorides. The BMdjstance is the experimental one in columns with the e superindex
and the optimal for each basis set and theoretical level for the others. All data are in atomic units.

TABLE 9: Atomic Electron Multipoles versus Bending Angle, oo = 180° — f at Selectedf Valuest

B (deg) Q(F) #y(F) #aAF) Qu(F) QAF) #AMg) Qy(Mg) Q:AMg)
0 —0.8977 0.3372 0.0000 0.9558 —0.4778 0.0000 0.2925 —0.1462

1 —0.8976 0.3369 —0.0048 0.9552 —0.4779 —0.0005 0.2965 —0.1454

2 —0.8976 0.3368 —0.0096 0.9554 —0.4778 —0.0010 0.2966 —0.1455

5 —0.8976 0.3361 —0.0240 0.9551 —0.4773 —0.0024 0.2963 —0.1454
10 —0.8975 0.3342 —0.0477 0.9553 —0.4770 —0.0049 0.2951 —0.1455
20 —0.8974 0.3233 —0.0941 0.9569 —0.4754 —0.0105 0.2894 —0.1456
40 —0.8970 0.2835 —0.1832 0.9788 —0.4790 —0.0240 0.2579 —0.1503
80 —0.8954 0.1037 —0.3514 1.1506 —0.5430 —0.0543 0.1344 —0.1723

a2 The method and basis set employed is fixed to MP2/TZV(3t18nd the Mg-F distance at each angle has been taken from Figure 2. The
molecule is contained in thg-z plane. All values except the angteare in atomic units, and all sign conventions are as in the text. Notice the
change of orientation g& = 0 with respect to previous data.

As a result, the density as a whole distorts toward the can calculate, then, effective atomic polarizabilities to predict
magnesium ion, and a large dipole emerges. Antiparallel dipolesatomic dipoles from nuclear electric fields. Using nominal
on the fluorides have two opposite energetic effects: a large charges at the MP2 level, these polarizabilities are about 2.2
attractive chargedipole interaction with the magnesium’s net au for the fluoride ion and about 0.62 au for the magnesium
charge and a smaller repulsive dipoeldipole interaction. It is ion. If topological charges are used instead, the values increase
easy to show that the first effect outweighs the second. An to 2.3-2.4 and 0.69-0.73 au, respectively. These values should
electronic dipole on the fluorides, therefore, tends to decreasenot be compared to solid-state polarizabilities, which include
the Mg—F distance. This is exactly the effect fouritdy shifting local electric field effects. Nevertheless, they are in agreement
from 1.66 bohr to 1.76 bohr on going from the STO-3G to the with chemical intuition. It is rather remarkable that the anion’s
TZV basis set. The inclusion of polarization functions into the polarizability, &5, obtained under similar circumstances in our
basis set introduces angular variational flexibility, giving rise NaF calculations is about 2.3 au using nominal charges and
to a steady increase of the fluoride’'s dipole moment, as 2.4—2.6 au using topological ones. These facts indicate a rather
commented beforeR,,: decreases accordingly. It is also easy good transferability of dipole moments, pointing toward a simple
to show that optimal geometries from different basis sets model of polarizable ions with constant polarizability. The small
correlate rather well with their final dipoles. Finally, electron but non-negligible polarizability of the magnesiugy, intro-
correlation displays its usual effects on geometries, both at theduces a rich discussion that we will summarize now.
MP2 and the MP4 levels. The complex relationship between  The role of ionic polarization on the molecular geometry can
basis set and optimal geometry is then rationalized. be understood by studying a model molecule in which the main
If we recall the clean correlation among thg v3 harmonic sources of interatomic interactions are considered. As a result
frequencies and the MgF distance, the conclusions of the last  of the AIM analysis, such a model is that of point polarizable
paragraph trace this effect back to polarization functions and aions and, for example, simple power repulsive short-range
proper valence polarization of the electron density. As regards potentials. By variation of the ionic polarizabilities, it is found
the bending problem, it is completely necessary to account alsothat polarization has a 2-fold geometrical effect. On one hand,
for the cation’s polarization. To do that, we have integrated increasing polarizabilities decrease the interionic distance. This
electron charges, dipoles, and quadrupoles over the ionic basingffect has already been commented, and it is only dependent
at each of thé&}(Mg—F)—a. points of section lllA. For the sake  on &, as far as the linear geometry is preserved.lIfs set to
of brevity, Table 9 does only show results at the MP2/TZV- zero, the molecule collapses for §llvalues exceeding a limit,
(3d1fyt level at selected: values. It is easy to verify that both 4m. This is the well-known polarization catastrophe, whose
the fluoride and magnesium dipoles are proportional to the origin is to be traced to the independence’sfwith geometry.
classical electric field felt by their nuclei at lograngles. We All optimal geometries af; = 0 are linear. On the other hand,
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TABLE 10: Results from Simulations on the MgF, Molecule The exploration of basis set and correlation effects of the
within the Polarizable lons ModeP linear/bent structure of MgFpredicts undoubtedly that this
&, Ea(au) q(F) (e) RMMg—F)(A) (v1,v2,v3) (cnY) uy(F) (au) molecule is linear in the gas phase. When the molecule is
0.0,0.0 1.00 1.652 (662, 174, 1037) 0.000 separated from the linear configuration, the total energy
0.90 1.712 (581, 148, 904) 0.000 increases by the same quantity in both HF and MP2 calculations,
0.85 1.747 (542, 135, 843) 0.000 independently of the inclusion of d polarization functions in
07,23  1.00 1.579 (722,172, 1038) 0.445  the basis set.
0.90 1.650 (639, 147, 927) 0.350

At the MP2 level, the stretching frequenciesand v; are
predicted 57% smaller than their HF values and in good

2 See text for details. agreement with the experiment. These frequencies increase by

20—40 cnt! when d and f polarization functions are used in

aéa= 0, & = 0 situation does not chang&Mg—F) in linear the calculation. Contrarily to; and v3, the computed MP2
geometries. This is what one finds until a ling¢ value is  bending frequencyy,, is considerably smaller than the infrared/
reached&”*"d at which the optimal geometry suddenly changes Raman observed value in solid argon. We agree with Kaupp et
to nonlinear leaving a saddle at the linear configuration. Finally, al22 that the matrix environment may have a strong influence
if both polarizabilities are allowed to be nonzero, fE"dvalue on v,. We also conclude that, is strongly dependent on the
decreases with increasirll, approaching zero a% tends to halide basis set. As when geometry is considered, diffuse s and
&{™. A continuous curve sets in, therefore, igaé. map that  p functions have very little effect on the computed vibrational
completely separates linear from bent optimal geometries. It is frequencies.
absolutely necessary for the molecule to bend that the cation’s  An AIM analysis of the obtained wave functions show that
polarizability be nonzero, th&, value playing a secondary role  MgF, is a highly ionic molecule. The net charge of Mg is
by enhancing the tendency to bending at fix¢dand by  predicted to beg(Mg)= +1.82 e andy(Mg)= +1.80 e in the

0.85 1.690 (584, 136, 866) 0.316

decreasing the final equilibrium angte HF and MP2 calculations, respectively. Differences in ionicities
In the case under studf is not large enough to bend the on passing to the solid are not significant, and basis set and
molecule but clearly influences the bending frequeney,To correlation effects do not modify the HF basin charges. Atomic

investigate this relation more deeply, we have made a simulationelectron dipole moments are the main responsible for the strong
of the molecule under the model just presented. We have basis set effects found on the geometry and the harmonic
obtained realistic short-range pair potentials for the-Nfgand frequencies of the MgFmolecule. These effects arise from the
F—F couples according to the method described in ref 55. Thesevalence polarization suffered by the fluorides and the core
have been used to optimize the molecular geometry and obtainpolarization of the magnesium that accompanies bending.
the harmonic vibrational frequencies at equilibrium as a function Dipoles converge very slowly and only after a large number of
of the ionic charges and the ionic polarizabilities. The main polarization functions have been included in the basis set, and
qualitative conclusion of this analysis is thatdecreases with  their final values are found to be proportional to the classical
increasing optimalR(Mg—F), as expected but with a clear electric fields felt by the basin nuclei. This gives rise to an
influence of&.: the larger the polarizability the smaller the appealing physical model of polarizable ions held together by
frequency. AsSR(Mg—F) in linear configurations is controlled  electrostatic forces and short-range repulsions. This model
basically by&,, the interplay between both ionic polarizabilities, explains beautifully most of the basis set effects on the calculated
ultimately determined by the variational flexibility of the basis properties and is key to understand why other,A¥stems are
set, gives rise to the more complex behavior shownvpbin bent.

Table 6. A summary of the simulation results with ionic As a last important conclusion, we mention that MP2 and
polarizabilities taken from our AIM analysis and typical ionic MP4 results are very similar, except in the case of the
charges is shown in Table 10. We see that ionic charges closedissociation energy (23 eV greater in the MP4 than in the

to our topological values give equilibrium distances, harmonic MP2 calculation). This result suggests that othenA6lecules
frequencies, and anionic dipolar moments in rather good can be safely investigated at the MP2 level.

agreement with our top ab initio results.
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